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The thesis

The large size of deletions in CATCH22 patients is not necessarily an argu-
ment for it being a multigene syndrome, as the underlying mutational mecha-
nism could be responsible for the size,

This thesis.

Many obstacles in the areas of expertise, software and CPU power and time
are encountered by small research groups involved in large scale genome
analysis. Therefore, analysis is best left to large genome centers.

This thesis.

DINA based diagnostics are essential for supporting clinical observations with
regards to DiGeorge craniofacial abnormalities,
This thesis.

Even though we are close to knowing the majority of the hurman genes, the
challenge of determining the function of their products and relevance to dis-
eases and syndromes remains as daunting as ever.

This thesis.

The brain

5

Godel's incompleteness theory can be applied to the consciousness of cur
inner self and the awareness of our thought processes.
K Gadel (1931) I Monatshefte fiir Math. u. Physik 38: 173-198; K Godel
(1992): On Formolly Undecidable Propositions of Principia Mathematica
and Reloted Systems. Dover, New York, NY, DR Hofstedter (1989): Gade,
Escher, Bacir: An Eternal Golden Braid. Vintage Books, New York, NY.

The unconscious homunculus: an oxymoron?
F Grick and C Koch (1999): The Unconscious Homunculus, In: T
Metzinger (ed) (1999): The Neural Correlates of Consciousness, MIT
press, Cambridge, MA,

‘An evolutionary consciousness is a unique means by which energy, using sta-
ble physico-chemical and biclogical codal processes, develops a means of
increasing the pragmatics of both laws of thermodynamics by the develop-
ment of hierarchical levels of metareferential code systermns”,

E Taborsky (1999) Biosystems 51: 153-168.

Man is a victin of its brain.
Victim of the Brain. Fifm by Piet Hoenderdos after DR Hofstadter and
DC Dennett (1982): The Mind's . Penguin.

The computer

%

wysiwyg is most cften actually wysiwywywag (what you see is what you wish
you would actually get), though sometimes it is wygiwywyws (what you get
is what you whish you would see),

The car and the computer

190:

A small sampling shows that a disproportionate number of Mac users are
Saab drivers with creative jobs. They adhere to the motto: 'Think Different,
Pay Maore.'

Compared to the MacOS, Windows has the subtlety and ergonomics of a
filipino Taxi compared to an autemobile from the Volkswagen-Audi stable,

The rest

I2:

i3

The dangers of isolation and greup behavior (forced or self-imposed) is wit-
nessed by the high incidence of certain hereditary diseases in isolated groups
like Afrikaanders, Ashkenazi and Cephardic Jews, Fins and Zeeuwen.
AD Auerbach (1997), Genet Test I: 27-33; | Rosendorff et ol (1987),
Am | Med Genet 27: 793-797; 1 Peitonen et al. (1999}, Hum Mol
Genet 8: 1913-1923.

Looking at embryonic development in 3D adds a whole new dimension to

our knowledge.
| Scarborough et al. (1997}, | Anat 191: 117-122.

Life is a fatal condition we inherit from our parents.
Thinking that honey made of pollen from genetically modified plants is harm-

ful is like thinking that giving a blind man an anarchist manual is more harrful
than giving him an innocent children's book.
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I INTRODUCING THE INTRODUCTION

i 1 GenERAL

A!I vertebrate embryos start development as a fertilized egg that
divides to form a multicellular dump of cells. Through directional
cleavage and cell movement, frem this forms an essentially three-
layered structure of endoderm, mesoderm and ectoderm (the three
germ layers) (figure 1). All adult tissues and organs form from these
layers through processes that involve growth, migration, induction,
differentiztion and cell death. Ultimately, genes are at the basis of this
develcpment. A very complex sequence of genes being switched
on, tuned and switched off at precisely defined points in the four-
dimensional space-time continuum regulates the developmental
process. Heissenberg, Turing (1953, 1990) and chaos theory
suggest that there is an indeterminatle stochastic aspect to it as well,
but since that is very difficult to experimentally infiuence and study,
for alt practical purposes genes make up developmental biology. To
paraphrase a well known saying: “Show me your genes and | will tell

you what you are”,

neurat tube
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H mesoderm
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Pharyngeal arches (in literature and in this thesis also referred to as
branchial arches) are, as the name implies, arches forming a "cage”
around the pharynx. They come in left-right pairs starting around or
bejow the lateral midline and meeting at the vertral midline of the
embryonic head, Arches are visible as arches because of the external
pharyngeal grooves or defis. Internally, these grooves are matched
by pharyngeal pouches (figure 2). This groove-pouch combination
delineates the arches by forming constrictions in the mesoderm, The
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figure 2 A Aseanaing electron microscopz photo of 20 early ffth week human embry highlighting the pharyngeal arches {numbered | through d 2ed £),
3 Ao clearly visible are the limb buds, beart and somites, Dashed line indicates the position of the cut resubting in the view depicied in 8. B: Draving showing the
i various features found in the pharyngeal region in an embryo disected acrost the dathed line in A,

i Madified from Larsen {§903).

size of the arches diminishes from anterior to posterior; they are clearly visible for only a limited
period because in higher vertebrates the second arch overgrows the posterior arches. For historical
reasons the arches in vertebrates are numbered | through 4 and 6. Number five may be there asa
separate entity very briefly, but that is a contentious issue. Branchial arches originate from the gill
arches of fish. In fish gill siits separate the arches laterally because during embryonic devetopment
the grooves and pouches merge where in higher vertebrates the intervening tissue persists.
Pharyngeal arches and pouches give rise to many components of the vertebrate neck and face and
even some of the heart. Where there is such a broad spectrum of derivatives, there is the potential
for a wide array of malformations. This is indeed the case with pharyngeal arches, Many of these
anomalies are probably related to the cranial neural crest cells that populate the pharyngeal arches
and contribute to the many arch derivatives, Neural crest constitutes a specialized subset of
neurectodermal cells and is arguably one of the most interesting and important tissues in vertebrate
development, and of vital importance to (amongst others) pharyngeal arch development,
Congenital malformations can arise from external, i.e. epigenetic, disturbances, but very often there
is a genetic defect at the basis of the syndrome. As genes are the foundation embryonic develop-
ment is buitt on, study of the genetics of <ranial neural crest refated congenital malformations wilt

Introduction
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provide us with answers to the question which genes are involved in neural crest and arch
development. A link between {mal)development of the pharyngeal arches and a chromosomal
defect is provided by a syndrome called CATCH22 or chremosome 22q1 | Deletion Syndrorme,
CATCH?22, featuring chromosome 22¢1 | deletions and malformation of arch derived structures,
rmay prove 1o be the key to unfock the genetics of pharyngeal arch and craniat neural crest development.

I @ Scope oF IS THESIS

This thesis describes our eflorts at analyzing the deleted 22q1 | region and a candidate gene located

therein, Firstly, | will show the genomic markers we mapped in the deletion. These markers

enabled us to genetically analyze patlents and asses the extent of thelr deletions, and provided a
starting point for the construction of several cosmid contigs. | will further describe the subsequent
detailed analysis of the genomic structure of the 22ql | region. By taking advantage of farge scale
sequencing efforts of the region | precisely mapped novel and established genes and determined
their genomic structure. One of the genes in the region (more specifically its murine counterpart),
HIRA, was analyzed in greater detail through cDNA analysis and expression studies in embryos and
adults. Finally | wil discuss the results in the context of the current state of knowledge.
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I INTRODUCTION TO THE NEURAL
CREST AND THE PHARYNGEAL
ARCHES

1 GenerAL
N eural crest is a transient embrycnic structure comprising of mobile
cells that gives rise to a wide variety of tissue types. The neural
crest originates on the boundary between the neural plate and the
epitheliat ectoderm. Prospective neural crest is wisible as neural
ridges between the neurectoderm and the ectederm (figure I).
Bringing neural plate in contact with ectoderm, in vitro or in vivo,
mimics this process (Moury and Jacobson 1989, Dickinsen et al.
1995, Selleck and Bronner-Fraser 1995). Crest precursors
descend from both ectodermal and neurectodermal cels and
progeny of induced neural crest cells can be found in neural crest,
epidermis and neurectoderm (Bronner-Fraser 1988b, Bronner-
Fraser [995). Such experimentally induced neural crest yields
actively migrating cells, As developrnent progresses, the neural {olds
move doser to the dorsal midline, eventually fusing and enclosing
the lumen of neural tube. Cells from the neural crest migrate away
from their point of origin (the dorsal aspect of the neural iube)
around the time of tube closure, In the timing of emergence refative
to the time of tube closure the three classes of vertebrates where
the neural crest has best been studied — maommalia, aves and
amphibia — differ. In amphibia (Axolot), Xenopus) the majority of
crest cells leave the crest after tube closure, Only in the mesen-
cephalon do they start migrating shortly before the neural folds fuse
{Raven 1931). In mammalian (mouse) development cranial neural
crest cells migrate before the tube has closed (Verwoerd and van
Qostrom 1979, Nichols 1981, 1986). Avian (chicken, quail) cranial
crest cells start migrating after tube closure (le Douarin 983).
Evolutionary speaking neural crest cells are a relatively new cell
type. Protochordates have an epidermal nerve plexus which could
be the predecessor of both the neural crest and the epidermal



placedes, both of which are of ectodermal crigin. Before there was
a neural crest there was most likely a “pre-neural crest” in a
commen predecessor of the vertebrates and urochordates, The
maodern urochordate Ciona intestinafis expresses its homolog of a
vertebrate neural crest marker in the dorsal neural tube but it does
not have a neural crest (Corbo et al. 1997).

?he evolutionary appearance of the neural crest closely correlates

with the appearance of the vertebrate head. This head is thought

to be a neomorph — an evolutionary new elfement — and not to be
derived from existing head and trunk elerments in invertebrates,
Trunk and primitive head are segmented, so a new head derived
from these struciures would be expected to be segmented in a
simitar fashion. This is not the case: segrmentation in the head, as |
will discuss below, is organized in a different fashion, Sornites are the
main source of segmentation in the trunk because the neural tube is
essentialy unsegmented; any segmentation of neural tube
derivatives (e.g. dorsal reot ganglia) is imposed by the mesoderm. In
contrast, the cranial neural tube is ciearly segmented (initially in fore-,
mid- and hindbrain (prosencephalon, mesencephalon, rhomben-
cephalon)), whereas the morphological segmentation in the meso-
derm is weak at best, Besides this difference in segmentation, an
important difference between the new head and the trunk is the
scurce of the bones, muscles and neurons, Trunk bones and muscles
derive from the mesenchyme and trunk neurons from the neurecto-
derm. In the head region the neurectoderm, in the form of neurat
crest, contributes to all three of these struciures. Aimost all morpho-
logical differences between chordate and vertebrate heads are in
structures that are derived from neural crest or dependent on it

G iven above mentioned segmentational and ontogenic novefties in

the new head, il is reasonable to propose that the vertebrate head

is a new feature and not a specialized trunk. Extra support comes
from Kuratani, who describes the sharp migration boundaries
between head and trunk neural crest, located at the level of the
circurnpharyngeal neural crest (Kuratani {997),

| aturally, this new invention was brought about by a series of

gradual changes. Gans and Noertheutt propose the following

lirecal asgmers o the CATGHID snedeomes,
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sequence of events (Gans and MNortheutt {983, Northcutt and Gans 1983, Gans 1988,
MNortheutt 1996). Early vertebrates were passive waterborne filter feeders with a distributed
epidermal nervous system, diffusion gas exchange and a ciliated collagen-supported pharynx. This
was folfowed by the development of a chorda and segmented muscle, allowing these protocher-
dates to move in a more coordinated and active fashion. Increased movement would give selective
advantage to a better gas exchange mechanism, The development of branchiomeric muscles and
flexible cartifaginous pharyngeal support (replacing the rigid collagen), combined with an improved
circulagion system {capillaries, muscled heart) would see 1o this. This could be considered the start
of the development of the new head. Next it is suggested that these protovertebrates developed
predation as a means of obtaining food, This would involve the development of paired external
rmechano-chemical sense organs and a centralized nervous system (brain) to cope with the
complex coordinated processing of senscry input and muscle actuation, The agnatha developed
patches of dermal dentine as electroreceptors {used for predation and aveiding predation). Later
these hecame surrounded and supported by dermal bone, Then jaws developed, facilitating the
capture and ingestion of larger prey. A farger body size, concomitant with the advantage of capturing
even larger prey, necessitated the development of a support system (vertebrae): the vertebrate was
botn.
AII vertebrates, from fish to frogs to fowl, are built on the same basic plan where the pharyngeal
arches figure prominently, [t has been suggested that the aquatic ancestry of all vertebrates is still
visible in the vertebrate embryo. Haeckel drew a famous set of pictures of embryos of varicus
vertebrate species to show their high degree of similarity. At some stage during developrment verte-
brate embryos look roughly the same, whereas they started as differently shaped zygotes end even-
tually turn into very different arimals. This is referred to as a phylogenetic egg-timer where there is
a broad range of start and end points, but a very narrow pass-through at the phylotypic stage
{figure 3). Recent research has shown that the Haecke! drawings are highly idealized (Pennisi 1997,
Richardson 1997), but the fact remains that for their hugely different final phenotypes (compare
frog, eagle and ray), there is a window during developrnent where their embryos are remarkably
similar, suggesting there is some type of constraint on the permissible variation. Due to
heterochrony and allometric growth, there is quite a variation in the timing of the development of
organs and other features. For example, the formation of teeth, the descendants of the early
electroreceptors, involves an elaborate cascade of bidirectional induction processes between neural
crest and ectoderm. Such a cascade lends itself exquisitely to variation with respect to timing and
spatial arrangement. This is thought to be the driving force behind the emergence of variation in
neural crest derived structures between vertebrate species {Hall 1990). Assuming the larmprey is
the most primitive vertebrate today, one sees that the timing of these interactions is shifted in
marnmals and birds: mammals shifted to a later time point, birds to an earlier. With respect to the
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cephalic neural crest as a source of varation, Irmak and Ozcan
(1997) make the interesting observation that environmenta! adapta-
tions of humans seem to be limited to neural crest derived structures
(pigmentation being the most obvious one},

1l 2 THE RHOMBENCEPHALON 1S SEGMENTED INTO
Opb AND Even NUMBERED RHOMBOMERES
WITH SEPARATE JDENTITIES

Above | alluded to the initial segmentation of the cranial neural tube
into the three segments fore-, mid- and hindbrain. lLater in
development these segments are divided into subsegments;
rhombencephalon subsegments are called rhomboreres, which are
visible bulges dividing the hindbrain in eight domains {figure 4),
Rhombomeres play an important role in defining subsets of neural
crest cells. Migrating crest cells follow distinct pathways, depending
cn the leve! and timing of emergence on the anterio-posterior axis.
The neurat crest cell's uftimate fate is intmately linked with the
migratory pathway the cell has chosen (see later), The two major
pathways are the dorsclateral route (underneath the epidermis) and
the ventral route (close to the neural tube). In the head the emer-
gence of distinct streams of crest cells on the rosire-caudal axs is
partly related to the apparent lack of neural crest cells orginating
from the third and fifth rhombomere, Crest cells migrating from
rhomborneres ta pharyngeal arches form distinct streams
establishing a relationship between the rhombomeres and the
pharyngeal arches (figure 5). Roughly, the crest from rhombomeres
I and 2 migrates to arch | and gives rise lo derivatives associated
with this arch; rhombomeres 3 and 4 do the same for arch 2, while
rhombomeres 5 and & do so for arch 3. Originally it was thought
that rhombomeres 3 and 5 did not produce neural crest cells, but
labelling experiments show that they actually do, be it not as many as

figure 3 Phyloryplc egg-timer. While both the start and end polnts of vertebrate embryonic development are
¢ witdly variable (top and bottom), at embryos pass thraugh a phlatypic point where the embryos are remarkably
i ifar (marrow center), possibly irdicating a basic molscutar-genetic mechanism shared among alt vertebrates at this
T Hage

E After Larsen (3993) and Dubsule (1954).




fipure 4 A Photemicrograph of aviolemount 2 day 6! chick erbeyo bindbrain stained with anti-68 kD
i nevrofilament antibody. Rhombomers are labeled | through 6. OY: Otic Vasicle; V. fifth {trigeminal) cranial nerve
£ root; Vil seventh (facial) cranial nerve oot $cale bar equals 300 pm. B: Parasagittal section of a 3 day old
i chick embryo Brdbrain staied by imerunoBusreicinee with anti-69 hD neurcflament antibady dearly showing
i rhombomere boundaries. Sealt bar equaly 100 gim. € Schematic drawing of a Hamburger and Hamilion stage
i 18 chicken embryo shawing the hindbrain and its rhombomeres (medium gray, lebelled R1 throagh R8), the cra-
i nial mator nerves {(11-XI1), and brarchial arches (BA1-BA4). The messdermal somites (dark gray) and spinal
i motor nerves are also shawa; somites alungside &7 and B8 are dispersed {broken lines). OV: Otic Vesicle;
i M Hesercephalos; D: Diencephalon; Tt Teleacephalon; SC; $pinal Cord,

i Modified from Lurmsden 2nd Keynes(1989) (A, B) 2nd Feynes and lomsden (1990 {C).

the ather rhombomeres, Many of the rhombomere 3 and 5 crest cells
die by apoptosis (Jeffs and Osmond 1992, Jeffs et ol. 1992), induced
by their neighbors (Graham et al. 1993). Isolated third and fifth
rhorbomeres give rise to many migrating crest cells in vitro. But when
contact with their even-numbered neighbors is re-established tivis stops
(Graham et al. 1994, 1996). In stead of adding neighbor
rhombomeres one can alkso add proteins normally produced in these
rhombomeres. This induces a sequence of genetic events that restores
the cell death program (Graham et of. 1996, Marazzi et al. 1997).
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?hose crest cells in the third and fitth rhombomere that do not succumb to apoptosis migrate

rostrally and caudally to exit the neural tube at the neighboring rhombomeres (2 and 4, and 4 and
6 respectively), joining the streams of cells emanating from these. Rhombomere 5 yields a segre-
gated population of crest celis separated on whether or not they express molecular markers like
Krox20. Krox20 positive cells migrate caudally to join the rhombomere 6 cells populating branchial
arch 3; negative cells move anteriorly and join the rhombomere 4 cells to populate arch 2 (Nieto
et al. 1995), Receptor Kinase family proteins have been implicated in maintaining the different
identities of odd and even rhombomeres and keeping the streams of migrating crest cells separate.
(Becker et of. 1994, Xu et al. 1995). The key to the odd-even identities may lie in the extracellular
matrix. Cells from odd numbered rhombomeres mix more easily with each other than with cells
from even-numbered rhombomeres, and vice versa (Guthrie et al. 1993). Transplantations and
rotations in chick embryos resulting in abutting even-even or odd-odd rhombaomeres {minus their
boundaries} often cause fusion of rhombomeres with equal parity; a new boundary is generated
where odd-even rhombomeres come in contact (Guthrie and Lumsden 1991, Lumsden and
Guthrie 1991). Under normal circumstances cells crossing over from odd to even rhombomeres
will take the identity of the new riombaemere. In the even numbered rhombomeres a signalling
pathway could exist that induces a cascade of actions leading to the identity switch. At boundaries
special conditions would have to apply; maybe a cell neads a certain above-threshold number of
neighbor cells interacting with it before a switch takes place.

E n chicken embryos rhombomere boundaries are morphelogically distinct. Cell density is lowar and
cells are distributed towards the ventricular (lurmenal) side, leaving space basally for an extra cellular
matrix different from that in the rhombomere bodies (Lumsden and Keynes 1989, Layer and
Alber 1990, Guthrie et al. 1991, Heyman et al. 1993). These inter-rhombomeric borders may
act as barriers for planar signals (Martinez et al. 1995), just as they function as virtually impenetrable
donal segment borders. Descendants of rhombomeric cells labeled before border formation can
be found across borders, but the majority f cells fabeled after border formation only yield progeny
within the rhombomere (Fraser et al. 1990). The barrier is not perfect though: some (but very
few) clones do cross boundaries (Birgbauer and Fraser [994),

When odd and even numbered rhombomeres are discussed, in general only rhombomeres 2

through 6 are considered. Rhombomeres | and 7 and 8 are considered spedial cases: the
boundary between rhombomere 7 and 8 is not very clear, and rhombornere | and 7/8 form the
boundaries with neighboring neural tube segments, which in several cases causes them to behave
differently from the other five rhombomeres. Moreover, r/7 and r8 overlap with the start of dear
mesodermal segmentation {somites) {figure 4C}, so in that region we find both neurectodermal and
mesodermal segmentation with all the interactions (conflicts?) between segmentationat signals that
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brings with it. | only highlighted a few examples of difference
between odd and even rhombomeres; more examples are
discussed in Lurnsden and Keynes (1989),

i} 3  FatESy DESTINATIONS AND CONTRIBUTIONS OF
NEuRAL CReST
i3 1 Neupar Crest Certs ARe MULTIPOTENT:

Sumany oF I ViTro Resuers

N eural crest cells give rise to a large number of derivatives, such as
neural (cranial sensory neurans, enteric neurcns, sympathetic and
parasympathetic neurons), neuroendccrine (adrenal medulla),
neuraf support (glia cells), mesodermal {craniofacial bone, cartilage,
skeletal muscle connective and smooth muscde tissue, thymic,
thyroid, parathyroid and cardiac tissue) and ectodermal
{melanocytes) cell types.
ﬁ enerally it is assumed that a given neural crest population consists
of a mix of predetermined and pluripotent cells. See figure 8A for
the results of in vitro cdlonal analysis of quail cephalic neural crest by
Barrofio et al. (1988). Studying the clomal progeny of cultured celis
shows that in early neural crest there is a neuronal-fate restricted
population and that glial and melanocyte restricted populations arise
later. The initial population contains both pluripotent precursors and
precursors that give rise to single phenotype colonies (Henion and
Weaston 1997), Crest cells that have already migrated into the
branchial arches still consist of a heterogeneous population,
Mesenchymal cells from posterior branchial arches grown in vitro for
cloral analysis {using cell type specific immunchistochemical and
morphological markers) can be divided in four different groups. Each
group yields different combinations of cell types (ectormesenchymal,
neurcnal, muscle, connective tissue), the relative proportions
changing with progression of time (ltoh and Sieber-Blum 1993),

ﬁgure 5 Schema fustrating the ergarization of the head and pharyn in an embryo at about stage 4. The
i individual fissues have been separated bat are aligned in register through the shaded sones (representing the pha.
i ryngeal arches).

i From Gray (1995).



MNotwithsianding the pluripotent nature of neural crest celis, there is
regional variation in potentiality, Between different cranial neural
crest populations of the mouse there is a difference in the potentiality
to develop certain fates (Charecnvit et of. 1997) (figure 6B). Neural
plate explants from different anterior-posterior locations (fore- or
midbrain), give rise to different spectra of neural crest cell derivatives:
where melanocytes are formed from ferebrain explants, midbrain
explants do not give rise to melanocytes. Conversely, collagen type |l
expressing mesenchymal type cells arise from midbrain cuttures, but
not from forebrain, Between trunk and cephalic neural crest there is
a difference: in fate restrictions as well. And there are indications that
even within the trunk there is a difference in the distribution of fates,
both in space {Asamoto 1995) and time (Reedy et al. 1998),

FATE MAPPING SHowS THE MyRiab CONTRIBUTIONS
OF THE NEURAL CREST

e

En wivo the temporo-spatial coordinate of a given neural crest cell
population determines the spectrum of cell types in its progeny. The
actual number of different derivatives the progeny gives rise to is
generally smaller than the potential number The potentiality of
migratory and pre-migratory neural arest cells has been subject to
many experiments showing the multipotency and heterogeneity of
crest populations (Bronner-Fraser et of. 1980, Sieber-Blum and
Cohen 1980, Ciment and Weston 1985, Girdlestone and Weston
1985, Barbu et of. 1986, Barald 1988, Barrofio et al. 1988, 1991,
{to and Sieber-Blum 1991, see also previous chapter).
Heterochronic and isochronic transplantations of quail mesen-
cephalic neural crest to chicken show that early and late migrating
cells have equal developmental potential (Baker et al. 1997). An
early migrating population normally migrates both dorsally and
ventrally, while fate migrating cells are confined to the dorsal
pathway. Heterochrenic transplantations (substituting late neural
crest for early or vice versa) results in the donor tissue behaving
according to the timing in the host with regard to pathway choice:
late donor cells now migrate ventrally {which they normally would
not) to contribute to jawbones and cartilage when taking the place of

% ey it Mot ahed Ml el Sachgraud complecey. Th ephr . and ot fecefatr spsiem shoms. this very Cearty. R rieurorsal and iursl eresr € are ragulatid b hess efcsecubt, i<t B ormathon of o 1) pmidopocis, ~riakctively. Mot suepriongly, hamachion proirs, which

Sensory neurons
G!
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A Melancytes
Stem-4s ce CHAGM Facialbona & cartlage
= Sensory neLons
¥ . . Gtia
CGAM A Hindbrain Helanocyles
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tntermediale Glia
etgopatent Vagal Kelanocyles
PECuSors Entencs reuons
e Endocting celis (thyroid)
GCA
Civ
Sensony neuinas
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progenions A M Truris Melanoiyles
AGnoimic peutens
Chroma'fin celis
Heural cresl Smooth muscte?
derived Carttage Heurons Gualcells  Adrenergiocets  Melancoyles
cell ypes A
Axiatigvel Neural crest dadvatives
figure & Keurel crest derivatives. A Diagram iltustrating a!l types of praganitors from quail cephatic neural erest cells as reveated by pheratypic analpsis,

{ Non-framed progeay is patative, frarsed is actuafly observed by Barcifio et al. {see references infe Rouarin et al. (1934)). These restlts suggest an increased speciatina-
i tion of crest cells through time, from a otipotent neural crest stem-like cell 1o unipatent progeniters via interredsate ofigopotect precursars, C: {artifage; N: Reurans;
i G Glial eells; A Mreneegic elly; M: Hebarotytes.  B: Variationsin avian reural crest erlvatives produced at differeet rostrecavdel levels of the neuraxis.

i Alter Le Dovacin et al. (1994) (A) and Anderson (1997) (B).

early cells. Early donor cells restrict to the dorsal path when taking the place of late host cells. When
late cells are transplanted to an ablated fate host {where the neural crest was removed to prevent
crest cell migration), donor cells migrate ventrally. This shows that late emerging neural crest cells
rmainly take the dorsal path because early migrating cells have already occupled the ventral space. |t
seems that, in the cranial region at least, eppertunism rather than predetermination is what sets
newral crest cells off on their different pathways.

i n the trunk there is little regionalization along the anterio-posterior axis: neural crest cells contribute
neurcns and support cells to ganglia and give rise to melanogytes, Contribution to the adrenal
medulla, however, is levet dependent in the chick (le Dourain and Teillet £973), and some
specialized structures like fins receive contributions front localized trunk crest (Collazo et af. 1993},
In contrast, in the head region there is distinct fate restriction, As discussed above, crest cell poputa-
tions are generally multipotent {with some fate restriction) when given free reign, but in vivo the
spectrum of derivatives is more restricted, Also, the morphological appearance of simifar derivatives
varies with the anterior-posterior axis, Crest cells migrating to the anterior branchial arches may all
form bones, cartilage and ganglia, but the morphology of these derivatives is characteristic for each
arch (compare hyoid with lower jaw) (figure 7). Different regions in the hindbrain have been given
specific names to indicate the fate of the corresponding neural crest. Hence we have the vagal crest
(named after the nervus vagus, number X), divided in cardiac crest {rhombomeres 6, 7 and anterior
8, up to and induding somite 3 leve!) and enteric crest {posterior rhombomere 8, next to sonites

Introduction

i



i

P

uonINPOIIU]

figure 7
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4 and 5), as subdivisions of the hindbrain crest, See figure 4C for
orientation,
Through varicus techniques researchers have studied which tissues
and structures are derived from the neural crest. Craniofacial bone
and cartilage formation have been studied extensively, mainly in
chicken and quail. Cne of the techniques used for this is cell fabelling,
Individual cells or groups of cells can be labeled with fluorescent dyes
like Dil and LRD (Lysinated Rhodamine Dexiran) in vivo. Celis can be
injected individually or the dye can be injected in for example the
lumen of the neural tube, after which cells take it up. Cither tech-
nique allows the tracing of the lineage of the fabeled cells. Another
often used fechnique is transplantation of fluorescent (or, in the past,
radioactively) labeled chicken celis or labeled or unlabeled quail cells
into chicken hosts, Quiail cells can be histologicafly distinguished from
chicken cells thanks to their unigue nuclear morphology. A third
technique is immunchistochemistry or in situ histochemistry with
neural crest specific markers like the HNK- 1 antibody (Vincent et dl.
1983) or slug ribonuclectide probes. HNK-! recognizes a carbohy-
drate epitope originally described for human natural killer cells
{hence the name) (Abo and Balch 1981}, it is found or many (not
alhy migrating neural crest cells, but also in the perinctochord and in
other locations (Kruse et al. 1984),

Crawiae Neurar CREST AND THE FIRsT Two
BraweHial ARCHES PRODUCE MOST OF THE FACE

w3

D erivatives of cranial neural crest cells form most of the facial bones
and muscle connedive tissue and ganglia in chicken and mouse
(e Liévre and fe Douarin 1975, Noden 1983a, b, 1984, 1988,
Couly et af. 1993). Avian cranial sensory ganglia derive from both
the crarial neural crest and neural placodes (Noden 1988) (neural
placodes are patches of the neurectoderm that "stayed behind” in
the ectoderm and only migrate inwards on interaction with neural
crest cells), In chicken a very limited contribution of neural crest cells
to some facial muscles has been shown by le Ligvre and le Douarin,
and the connective tissue for some of the avian facial musdes is
neural crest derived (le Liévre and le Douarin [975). Chicken



chondroid {cartilage) tissue is of neural crest origin, while secondary
cartilage is of crest or cephalic mesoderm origin, depending on the
lacation (Lengele et o, 1996),
E ach branchial arch gives rise to a unique morphology of skeletal,
connective and muscle tissues in higher vertebrates. Neural crest
cells migrate into the branchial arches and the frontonasal area as
ectomesenchyme. The first arch is a C shaped arch arching the
stomodeum (prospective mouth). Maxillae {upper jaw) will form
from the dorsal or rostral end (which is cose lo the frontonasal
prominence), while the ventral part of the first arch (abutting the
second arch) is responsible for the formation of the mandibles
(lower jaw). Meckel's cartilage is the primordium of the lower jaw
and extends up to the otic capsule. (figure 7) The dorsal end close to
the otic capsule becomes separated to form the malleus of the inner
ear. Possibly it also forms the inner ear incus, but this may also be
derived from the maxillary part of the first arch cartilage {the
palatopterygoquadrate cariifage). During further development of the
embryo, the iniial cartilages of the first arch become encased in
bone or are absorbed or undergo
secondary ossification. Secondary ossifica-
tion is a process where the initial bone is
laid out as cartilage that later undergoes
ossification, as opposed to bones that form
from direct ossification of mesenchyme.
Ossification, and possibly also chondroge-

phillum
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second and third arches contribute to various other parts of the inner ear. Once again we see neural
crest contributions to the inner ear. The outer ear is formed by the dersal ectoderm of the first and
second arches, i.e. the area survounding the dorsal part of the hyormandibular (first pharyngeal) groove,
and by mesenchyme from the same two branchial arches, Neural crest may contribute directly and
indirectly (through mesenchymal-ectodermal interactions) to the formation of the outer ear,
P alate development consists of a the formation of a primary palate and a secondary palate. The
prirnary palate forms from mesencephalic neural crest of the frontonasal mass and forms the
palate in the anterior part of the mouth cavity. Essentfally the same neural crest population gives rise
to the frontonasal prominence that interacts with the maxillary prominences to form the philtrum
and nose (figure 8}, Posterior of the primary palate the pafate forms from two halves constituting
the secondary palate. Two palatal shelves arise from the bilateral maxillary processes and grow
vertically down the sides of the tongue. At a precise developmental time point these shelves rise to
a horizontal position above the tongue and continue growing until their medial edges come in
contact (figure 9). In mammalia the midline epithelial cells then either die through apoptosis or
migrate to the epithelium of the oral and nasal cavities so that the mesenchyme becomes continu-
ous and the palate closed. In birds and some reptiles the situation is different in that the palatal
shelves grow horizontally ab initio, that the shelves make contact but never fuse and that the medial
epithelium keratinizes in stead of dies. This leaves these animals with a natural cleft palate {in some
reptiles the epithelia do not even make contadt, resulting in a large cheanal groove). Other reptiles
and als¢ amphibians have mainly a primary palate. Contact between the shelves is not necessary for
the changes in the midling epithelium to cccur: isolated halves in culture stift display the epithelial
differentiation (apoptosis, migration or keratinization} charactenstic for the respective spedies in vivo
(Ferguson et al. 1984). In A e
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involves a host of molecules regufating epithelial-mesenchymal interactions and  structural-
mechanical behavior, An important role is played by Extra Cellular Matrix (ECM} molecules such as
collagens, proteoglycans and hyaluronic acid. See a later chapter for a general discussion an ECM
and neural crest. A secondary palate appears to be a feature of higher vertebrates, as further down
the evolutionary ladder (fish) the secondary palate is absent (Fergusen | 988).

E t has recently been shown that there is a one-to-one mapping of the axial level of origin of facial
skeleton and facial musculature. Rhombomere | and 2, rhombomere 4 and rhembomere 6 and 7
crest forrn bones with sharp boundaries corresponding to the rhombomere(s) of origin, but these
boundaries do not coincide with anatornical landmarks. Connedtive tissue of skeletal muscle is
derived from neural crest cells of the same origin as the bone it is attached to, This is true for
branchial and hypoglossal (tongue) muscles as well as for the other craniofacial muscles (Kontges
and Lumsden 1996). The muscles themselves originate from mesoderm of the same axial level as
the crest cel's that formed the bones they attach to. The neural crest and paraxial mesederm cells
migrating to their final destinations to generate the muscles and bones mix quite extensively in most
of the head region. Only in the branchial arch region there is a segregation of neural crest and
mesodermal populations (Trainor and Tam 995).

The observed distinct functicnal segmentation of the preotic head mesoderm — paralleliing neural

segmentation — does not correspond to a morphological segmentation like in the trunk, where
the mesoderm is segmented in the form of somites. Claims of the existence of so called somito-
meres in the head have been rmade, based on shallow transverse furrows dividing the mesoderm

{Meier 1981, Meler and Tam 1982, Gllland and Baker 1993), but the exact significance is unclear,
Regionalization of the mesoderm in the head is shown by Noden (1986) to be a neural crest affair:

trunk somites replacing sormitomeres form regicnally correct muscles, indicating that the crest
derived cranial mesenchyme communicates positional cues to presumptive myobiasts,

Regionalization parallelling the neurectoderm in the hindbrain is also seen in the ectoderm by
heterospecific isotopic transplantations. So-called ectorneres with a one-to-one relationship to

specific hindbrain regions were observed by Couly and le Douarin {1990).

AF oden (1983a) performed some dlassic transplantation experiments of presumptive |5t branchial

rch newral crest cells to the position of presumptive 2" or 379 branchial arch ievel in ablated

embryos. The cells migrated properly for their position — i.e. to 24 o 37 branchial arch — but
developed more or less like they weuld originally have, i.e. fike {5t branchial arch, At the stage the
transplantations were perormad the regicnal morphogenetic specification of the hindbrain neural
crest thus seems to be determined and not influenced by the pharynx, pharyngeal pouches or ecto-
derm. |dentity is also preserved when craniofacial neural crest is transplanted between species;
donor cells form donor species specific structures in their host. (Andres 1946, 1949, Wagner,
1949, 1959). Clearly, the choice of destination and final (morphological) differentiation are two
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independent choices. The general tendency s that ectopic crest cells
rmigrate in a host specific manner, as shown by the rhombomere |
transplantations and by rofating rhombomere pairs anterior-
postericriy (Sechrist et al. 1994). Early determination of morpho-
genetic fate does not seem to occur in the case of derivatives such as
enteric ganglia and melanocytes, because heterotopic transplantation
results in donor cells contributing o these structures in a host specific
fashion (Noden 1983a).

4 Tiveasy TrvRoid AND ParsTHYROIDS DEPEND
o NEeurat CREST FOR PROPER DEVELOPMENT

v

Thymus and parathyroids are neural crest cell induced third and

fourth pharyngeal pouch derivatives. Later in development they
move to more posterior positions to find their final position around
the trachea and esophagus (figure 10}, Two thymus progenitors arise
from the ventral aspect of the third pharyngeal pouch. Proper
thymus development involves a precisely timed sequence of migra-
tion and interaction of cells from different scurces, Mesenchyme and
endoderm are not the only tissues invelved: blood-borne lymphoid
stern cells populate the thymus where they proliferate and
differentiate (Auerbach 1960, Moore and Owen 967, le Douarin
and jotereau, 1975). Not only is neural crest derived mesenchyme
necessary for induction, it also contributes structurally to the thymus
delivering its mesenchymal componerts, i.e. the septa between the
lobules and the sheaths around the blood vessels (le Ligvre and fe
Douarin [975). Neural crest cells also line and penetrate the endo-
derrmal tubes that form the thymic primordia, There they coniral the
praliferation and differentiation of the thymocytes. A bilobate thymus
gland is formed when the two primordia fuse after migrating down
to a location ventrocaudal of the thyroid gland. Direct involvement
of the neural crest has been proved by the observed thymus
hypeplasia or aplasia in chicken embryos with partially ablated cranial
neural crest (Bockman and Kirby 1984, 1985, Kuratani and
Bockman 1990).



Parathyroids produce a hormone {Parathyroid Hormone PTH) that
regulates systemic cafcium levels. The four parathyrolds, two
infericr and two superior, arise from the dorsal portion of the third
pharyngeal pouch and from the fourth pouch, respeciively
(figure 10). Simifar to the thymus the mesenchymal components of
the parathyroids originate from the edlomesenchyme, and like the
thymus, endodermal rudiments detach from the pharynx wall to
migrate caudally. The thyrcid gland to which the parathyroid glands
attach themselves, also receives neural crest contnbutions: its
C cells, which produce PTH-counteracting Calcitonin, are neural
crest derivatives. Thyrcld development starts as an invagination of
the pharyngeal endoderm behind the prospective tongue, around
the level of the first pharyngeal pouch (figure 10). This organ too
migrates caudally to a position around the trachea. As is the case with
the thymus, deletion of cranial neural crest results in absence or
improper development of thyroid and parathyroids (Bockman and
Kirby 1984).

5 85 ReMobEUNG OF THE PHARYNGEAL ARCH ARTERY
Svsten IS CRUCIAL FOR ANTERIOR
CARDIOVASCULAR DEVELOPMENT

As complex as the heart is in the developed vertebrate, develop-
ment starts out with two simgle tubes, initially far apart on the very
lateral edges of the embryo proper. When the presumptive gut
doses o form the foregut, the two endocardial primordia come in
close contact and eventually fuse to form the endocardial tube.
Through a complex sequence of events, the heart tube develops
local swellings and folds several times to form the compadt multi-
chambered heart we know (figure 11} (Fishman and Chien 1997).
While structurally the bulk of the heart originates from the cardiac
endo- and mescderm, pharyngeal arches 3, 4 and 6 are of vital
importance for proper development. At a certain stage of heart
developrment, the aorta and pulmonary artery have a commen trunk
(the conotruncus) attached to the presumptive right ventricle. Cells
from the so-called cardiac neural crest migrate through the three
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; of the pharyix aed migrate to their definilive locationsia the neck and thorax.
i Hodified from Larsen {1593},

posterior branchial arches and on towards the heart to separate the two great vessels by forming
the outflow septum (aorticopulmonary septurn) (Rychter 1978, Thompson and Fitzharris 1979,
Kirby et al. 1983). Aorticopulmonary septation s intimately linked to ventricular septation. The
ventricular septum starts caudally and grows rostrally to meet the aorticopulmonary septum in the
conal region (the conus is the proximal part of the conotruncus). This process separates the left
ventricle from the right ventricle and connects the pulmonary trunk to the right ventricle and the
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aorta to the feft, each with their own valve. The ventricular septum has recentiy been confirmed to
be of neural crest origin (Waldo et af. 1998). Neural crest contributions are also found during the
ongeing remodeling processes that take place after septation. The semilunar valves in the aorta and
pulmonary are of neural crest origin, as is the tunica media of the proximal walls of the great vessels,
Later in development the neural crest cells in the cutflow tract are eliminated through apoptosis and
replaced with cardiomyccytes (Poelman et al. 1998). Cardiac Ganglia are neural crest derived
(Kirby and Stewart [983) and cardiac neural crest cells are found in various other minor areas
(Waldo et al. 1998). In these locations the crest cells possibly contribute in a way other than struc-
turally. For example, some of the corenary arteries are dependent on neural crest cells, although
crest cells do not contribute to the arteries diredly {Hood and Rosenquist 1992, Waldo et dl,
1994) and abnormal differentiation and function of the myocardium during early heart developrment
following cardiac neural crest ablation suggest some novel regulatory role for neural crest cells
(Waldo et al. 1999).
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tubas
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Inths earliest stages of heart development tha two enducardial tubis are lacated in the ventral mesoderm at the fater-

figure Il fadiac Morpiogeesis. A
i aledges of the embeyo, Cephalacaudat and lateral folding brings the two tubes into the venteal midline, where the tubes wilt fuse orer mast of thir length to forim the
ioprimargkeacttabe, B: The region of the embryo that will eventually form the heart, the precardiogenic mesoderm, is sgacfied at the primitive streak stage. A fused
£ and straight primary heart tube is specified 10 form various regions and urdergaes extensive locging and madifications o foem to multichambered mature beart. PS:
i Primitive Streak; CT: ConTrancus; RY: Right Ventricle; £V Left Ventricle; AS: Aartic Sa¢; A Mria; RA: Right Atrism; LA: Left Atrivm; Ao Aorta; PA: Pulmonary
i Rrtery.

i Modified from Larsen (1993) (A) and Oson and Srivastava (1996) (B).
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M esenchyme from pharyngeal arches 3, 4 and 6 is necessary for
cardiac development, as described above, but the arteries
running through the arches are needed for vascular development.
Arch arteries are formed by endothelial cells, but neural crest cells
are necessary for the separation of the primitive arteries from the
endothelium, Crest cells ensheathe the arteries, forming the smooth
muscle cell layer, and are necessary for artery persistence, not
formation (Walde et al. 1996). The vascular system upstream of the
heart is originally a bilaterally syrometrical system of aortic arches, but
through extensive remodeliing and degeneration this changes into a
complex asymmetrical arterial network (figure 12).
Although in essence the same neural crest population as the cells
forming the outflow tract, ie. cardiac crest, it is possible to
specifically inhibit the cells contributing to the aortic arches, Ablation
of cardiac neural crest causes a spectrum of heart malformations in
combination with aortic arch malformations (Kirby et al. 1985,
Bockman et af. 1987, 1989, Kirby and Waldo 1990). Kirby et df.
were able to separate the two events by antisense experiments,
something not possible with ablations (Kirby et al. 1997). Back
transplantation of crest cells treated in vitro with antisense oligos
against specific Hox genes causes aortic arch malformations but no
malformations in the outflow tract of the heart: the two events are
independent.



i % MoLECULAR GENETICS OF NEURAL CREST j tablel Genes implicated in (hindbrain) nevrat crest development wing to their exprestion pattem or the phenstype resultiag from macipulation of their
E 3 pepression (knock-out, mutatica). The REMARK rotumn refers £o.a very broad categery the gene belangs to in refatian to paragraphy or sectizag of the introduction.
:
I 1 A Covpupx Cascaping NETwoRK oF GENES IS 7 CENE
Invotvep i NEURAL CREST PATTERNINGS Poomaaes Lo
ENT AMI3 Ifandri et al.
DEVELOP AND FATE DETERWNAT?ON 5 Al3 homechox ten Berge et al, 1898
. § i , A § AP2 Morris-Kay 1896, Zhang et al. 1996, Schorle et al. 1996, Chazaud &t &1, 1996
E rrespective of whether neural crest cells get specfied when still in~ 3 barel nomeobox | Tissler-Seta et a1, 1995
the neural tube, during migration or at their final destination (and | BOKF growth factor| burphy et al. 1994
T . . kit ecm Wehrle-Haller and Westen 1995
indications are that all three cases are applicable), in- and external = chn Sehving et 2L 1995
cues determine the final fate, In the last few years a large number of €Chondroitin-6-sutphate ecn Oakey et ol. 1684, Knil 1985
. , . . <Kr2 Schulz and Niessing 1994
genes have been implicated in the pattern formation of the headand Cotagen cem Ring et &, 1996
thus in neural crest determination (table I). Some implications are  § CRABP1 retina'd Vaessen et al. 1950
. _ . , } H Lxd3 heart Reaumne et al. 1995, Ewart et al. 1997, Huang et a!. 1935
merely based on the fact that the gene is expressed in either the dHANG, eHARD heart Srivastava 1997
neural crest cells themselves, their migratory pathway or their DIx2, 3 and 4 Robinsen and Mahon 1994, Akimenke et al. 1994, Qui et 2. 1995
T . . EAP-300 heart MeCabe et al. 1925
derivatives. Others genes have been more thoroughly investigated ¢ Fek refated Brandh et al. 1905
L 5 .
through the study of knock-out and transgenic mice, or through  * Enl Augustine et al. 1995, Sadler et 411995
. . . . . .\ ] ErbB2 and 4 heart Meyer and Birchmeier 1995, Les et al, 1995, Glassman 1995
experiments affecting their expression or the activity of the proteins Evit Moyt et &1, 1997
they code for. It is not feasible o give an exhaustive review of all the ¢ Eya2 Duncan ¢t &. 1987
. . . ¥ FGF1 and 7 grawth factor| Murphy et 2l 1994, Zhang et al. 1997
genes since the number of genes researcher think or know influence  ; GDNF arowth factorl Angrist et al, 1696
. . . 3 § i
whichever part of neurat crest cell development is mushrooming. 3 G2 and 3 Ma et al. 1997
L . . . . . 3 74 Martinsen and Bronner-Fraser 1998
This is possibly due to an increased interest in the ins and ouls of Lo heart Kirky et a). 995
neural crest cells, which in turn may be in recognition of the pivotal ,§ Lf Murphy et al. 1994
. . . Mash1 Lo et al. 1934
role of this group of cells in (head) development, Table Lonly givesa 3 matremetallo proteases ccon Chin and Werh 1897
. " . £ .
snapshot of the genes as known at the tirne of writing. | will concen- 2 MFH-) Fda et 2l. 1997
~ . . H Hex homeobox Hatano et &l 1997
trate on Hameobox pr oteins and the Endothelin system as these E Neureguln heart Meyer and Birchmeier 1995, Lee et al. 1996, Glassman 1995
two classes have some bearing on the main theme of this thesis % Neuronatin Wiinhalds et al. 1995
Nf1 Brannan ct al. 1934
(CATCH2Z and neural crest) and on ECM related components for : HGE arowth factor] Murphy et . 1994
reasons | will explain in that chapter. Before a detailed discussion of 1 Nateh 1, 2, and 3 witams et al. 1395
. s "y H NT3 growth facter] Murphy et al. 1994
thee subjects | will discuss some more geneval issues, % Pax3 heart Conway et al. 1997a, b
/e have some knowledge about the molecules involved in the ¢ Pax? Mansobri et al. 1996
. . g PDGFalphaR growth facter] Ho et al. 1994, Serizna 1987
very first step of neural crest development, the time of induc- 2 PHA ecm Oakley et al, 1994, Krull 1995
ticn. Epidermal ecloderm expresses Bone Morphogenetic Protein— § PPEF Montini et al. 1997
. . RA retinoid Ito and Mosita 1995, Dupin and e Dovarin 19%5, Helms et al. 1987,
genes BMP4 and BMP7, the products of which induce a dorsal fate  § Loo ot al, 1995, Gzeki and Shirai (1998)
(neural crest) and the expression of BMP4 and Dorsaiin {dst!} in the E RAR retinoid Dickman et a). 1957
. .. . . H RET1 Schuchardt 1994, Robertson and Masen 1935
neural plate, counteracting the ventralizing action of Senic Hedge t R retingid Dickman et al. 1997
Hog (Shh) (Liem et al. 1995). A gradient of BMP {low in the midline, % Scatter factor/ngf arowth factor| Takayama et a!. 1596
Lo . ~ . : . . E Serotonin (SHT) ecm Hoisehwitsch and Lauder 1995, Chol et al, 1997
(ncreasing iate'a””' regulated by the do solateral mesoder m, 15 é Seratenin receptor (SHT2B) ecm Moiselwilsch and Lauder 1895, Chol et al 1997
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table |

Contined,

| @somi-Yamashita et al. 1937

SEY h ecm

Snail 2 Thisse et al. 1995

Sox10 Southard-Smith et al, 1998

Steel ecm Wehrle-Hal'er and Weston 1995
tenascin-C ecm Tongiorgi et al, 1925

TGFbeta 1 and 2 grawth factor| Zhang et 8l 1997, Murphy et af, 1994, Sanford et al. 1997, Leblanc et al, 1995
Twist Gitelman 1997, Stoctzel et al. 1995
urokinase type plasrminogen activator] ecm Agrawal and Brauer 1996

versican ecm Landolt et al. 1995

Xbap Newman et al. 1997

Xl-ets-1,-2 and Xi-fb, quat Fli ecm Meyer et a\. 1997, Mager et 2/, 1398
Zic3 Nakata et a4, 1997

thought to be responsible for the induction of newal and neural ¢rest fate in the ectoderm
(Marchant et al. 1998). (Interestingly, BMP4 revisits the neural crest at a later stage when it induces
a cell death program in rhombomere 3 and 5 crest {Graham et al. 1996, Marazzi et af. 1997)).
Acting upstream of a cascade of genes involving members of the Msx family BMP sets up a pattern
in the hindbrain (Sotokata and Maas 1994, Shimeld et af. 1996, Foerst-Potts and Sadler 1997,
Houzelstein et al. 1997). Naturally there are more genes involved in this process, most nctably
those for the Sek family of receptor tyrosine kinases (Becker et af. 1994, Xu et al. 1995). Very
early patterning of neural crest along the anterior-posterior axis (i.e. head-trunk division) is thought
to be under influence of Henser's Nede. This process is likely to involve TGFGeta family proteins
given the effect of TGF on in vitro cultured crest and node cells, the expression in crest cells and the
effect of knock-out of the gene in mice (Murphy et al. 1994, Leblanc et al, 1995, Sanford et al,
1997). TGF is not the only growth factor involved in neural crest development. Given the wide
range of derivatives of neural crest cells, it should not come as a surprise that growth factors play a
role in their proliferation and fate choice processes. Table | lists growth factors involved in crest
development. Retincic Acid (RA) associated molecules are also listed in this fable because it has
been known for some tirme that RA has profound effects on craniofacial development. Overdose or
depleticn of RA during embryogenesis, or knock-out of its receptors (RAR and RXR) causes cranio-
facial deformities (Dickman et al. 1997), some not unlike CATCH22 type deformities. Neural crest
refated ralfformations in the heart are related to a different set of genes (table 1),

Wt 4 1 Homeobox Genes
omeobox or Hox genes are obvious candidates for the establishment of the identity of rhombo-
meyes and their crest. Hox proteins contain a homeadomain, coded for by the homeobox
(McGinnis et al. 1984, Scott and Weiner 1984) and thought to be invalved in protein-DNA inter-
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actions, Originally described in Drosophila {Lewis 1978), where they
are involved in pattern formation, they were later found throughout
the animal and plant kingdoms in the same capacity. They act as
transcription factors by binding to DNA, Antennapedia class Hox
genes are arranged in clusters in the genome, with an evolutionary
conserved linear arrangement. Higher organisms (human, mouse)
have four dusters, thought to have arisen from one cluster by dupli-
cation events. Primitive organisms have one, twa or three clusters,
roughly corresponding to their pesition in the evoluticnary tree
(Pendelton et al. 1993). Paralogs {of which there can be up to four
in higher organisms) share a high degree of homology, which has
implications for compensatory effects when one of them is not
functional (i.e, knock-out or mutant mice). The linear order of the
genes in a given paralogous group reflects the anterior expression
boundaries of the constituent genes. The more 3' the gene, the
more rostral the anterior expression boundary, Posteriorly, expres-
sion often extends far caudally. As an effect, caudally the expression
dormains of many Hox genes overfap, but anteriorly segments have
unique Hox codes (figure 5 shows the expression domains of some
Hox genes in relation to rhombomeres), Some Hox genes are not
expressed caudally and are restricted to the hindbrain {Godsave
1994), Anterior boundaries coincide with rhembomere boundaries,
so it is reasonable to assume a role for hox genes in setting up or
maintaining rhombonere identity. And indead, manipulation f Hox
codes often results in hindbrain and neural crest maldevelopment
(Rijfi et al. 1998). A knock-out mouse defective in Rae28 (a
homolog of the Drosophila polvfioneotic gene) suffers from para-
thyroid and thymic hypoplasia, cardiac abnormalities, cleft palate and
more, |n embryos the anterior boundaries of several Hox genes,
including hoxb3 and b4 in the hindbrain region, had shifted rostrally
(Takihara et al. 1997). Aortic arch malformations can also be
induced by treating isolated crest cells with antisense oligos against
specific Hox genes, and back transplanting these cells isotopically
(Kirby et al. [997).

n interesting question is whether the Hox gene expression pattern
1 the hindbrain can be influenced by transplantations. Is the



expression fixed or will the pattern be remodeled by the new
envircnment the cells find themselves in? Saldivar et al., amongst
others, sought to answer this question by rotating the rhombomere
445 section so that anterior and posterior were reversed (Saldivar
et al. 1996). Hoxa3 normally stars at the boundary between
rhombomere 4 and 5 but rhombomere 5 crest cells joining the
stream of rhombomere 4 do not express the gene. The caudally
migrating rhombomere 5 cells that join the rhombomere 6 stream
do, however. When, as the result of the transposition, rhombomere
5 is where rhombomere 4 used to be, neural crest cells from
rhombomere 5 migrate to the proper rhombomere 4 targets,
Rhombomere 4 crest cells that would normally have poputated the
targets do not express Hoxa3, but the ectopic rhombornere 5 cells
now populating the targets express the gene in the ganglia, although
not in branchial arch 2. Placing the more caudally focated Hoxa3
positive rhembomere 6 in the rhombomere 4 position results in
Hoxa3 expression in arch 2, its ganglia and the migrating crest cells.
So at the stage the procedures were performed, the Hox code in
rhombomere 6 is cell autonomous, while in rhombomere 5 it is
partially influenced by the ectopic surroundings. Prince and
Lumsden (1994) and Couly et al. (1998) observed cell-
autonomous expression in their transplantation experiments as well,
H ox genes obvicusly do not work alone, but are part of a network
of genes (gene products), For example, Hoxa3 and Pax| appear to
cooperaie in thymic development. Hoxa3 and Pax{ knodk-cut mice
have some phenotypic overlap: the former are athymic and thyreid
hypoplastic, while the latter have an underdeveloped thymus, Pax!
knock-outs of course lack expression of Pax! in the prospeciive
thymus, but Hoxa3 knock-outs are also affected with poor expres-
sion of Pax! in what would have become the thymus, Migration and
proliferation of crest cells appear normal, so presumably Hoxa3
directly or indirectly maintains Pax! expression for proper crest celt
differentiation and thymus development (Manley and Capecchi
1995). This link between Pax and Hox is not the only occasion of
two components that are involved in neural crest development indi-
vidually and turn out to be active in the same pathway or network.
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Earlier, | briefly mentioned RA as a molecule that can serjously affect cranicfacial development. Hox
and RA pathways seem to mesh at the level of Hoxb! expression regulation. Normally restricted to
rhombomere 4 by a repressor which gene contains a RARE (RA Response Element), Hoxb!
expression spreads into neighboring rhombomeres when the RARE of the repressor gene is
mutated (Studer et al. 1994). Ancther homeobox gene providing evidence for a caonnection
between the RA and horneobox pathways is Goosecoid, Goosecold has a bi-phasic expression
pattern; very early in embryogenesis in the Spemann organizer, later in, amongst cther sites, some
neural crest tissues (the first and second branchial arches, the frontonasal mass) (Gaunt et al. 1993).
Mice with homozygous Goosecoid null mutations do not exhibit any problems related to the first

phase of expression but do show a second phase related phenatype during organogenesis. The-

nasal and auditory system and the lower mandible and its musculature are affected and the mice die
perinatally (Rivera-Perez et al. 1995, Yamada et al. 1995, 1997). RA treated embryos have audi-
tory phenotypes resembling those in the Goosecoid knock-cut mice, which prompted Zhu et al. to
examine the Goosecoid expression pattern in RA treated embryos. They did indeed find a charige
in its expression in the branchial arch region, providing us with another example of the joining of RA
and homecbox pathways in craniofadal neural crest regulation (Zhu et al. 1997}, The experiments
| described above place RA upstream of Hox genes. Homeobox pathways also network with each
other: for example, ectopic Hoxal expression transforms the second rhombomere into a fourih
rhombornere and induces ectopic expression of Hoxb ! in this transformed rhombomere (Zhang et
al, 1994).
H omeobox genes are not limited to the established Hox clusters, Many isolated homeobox genes
have been isolated, and knock-outs of several of these show abnermal development of (hind-
brain} neural crest derivatives, For example, Mhox knock-out mice have multiple skeletal deformi-
ties, including deformities of elements derived from neural crest (Martin et al. 1995), Together with
the expression pattern in the chicken (Kuratani et al. 1994) this suggests that Mhox is involved in
chondrogenesis, possibly in epithelio-mesenchymal interactions. See table I for more examples.

i # i 2 Endothelin System
Endothelins are small 21 amino acid proteins, of which there are three types (EDNF, 2 and 3, also
called ET-1, etc.) (Inoue et al. 1989). They are ligands for Endothelin Receptors EDMNRA and
EDNRB {or ET-A and ET-B) which belong to the G protein-coupled receptor family {Arai et df.
1990, Sakurai et al. 1990). Receptor A binds ET-1 and ET-2, while receptor B binds all three
Endaothelins. The third compoenent of the Endothelin system consists of the Endothelin Converting
Enzymes ECEl and ECE2 {Xu et al. 1994, Emoto and Yanagisawa 1995). These membrane
bound metalloproteases convert so-called big Endothelin inte mature Endothelin by a highly specific
cleavage reaction,
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nly quite recently the Endothelin system components were implicated in neural crest develop-
rnent. Kurihara et al. showed in 1994 that EDN/! knock-out mice present with <raniofacial abnor-
ralities and thymus and thyroid hypoplasia {Kurihara et af. 1994, 1995). Even more recently the
knock-out of EDNRA was shown to have virtually the same defects (Clouthier et of. 1998). The
malformations of the great vessels seen in ECEI and EDNI knock-outs are quite similar to those
resulting from cardiac crest ablation (Yanisgawa et al. 1998). Knock-out of EDNJ or EDNRB results
in pigmentation defects and colonic agangliogenesis {Baynash et al. 1994, Hosada et al. 1994, Shin
et al. 1999). Nataf et gl proved that the EDNRB receptor is present in chick neural crest and Brand
et of. describe the expression of the entire Endothelin system in human embryos (Nataf et al,
1996, Brand et al, 1998), EDNI is only one of the steps involved in the signaling pathway
regulating neural crest devefopment in the branchial arches: downstreany we find stimulaticn of
dHAND expression, which controfs Msx ! expressicn, which in turn regulates neural crest (Thomas
et al. 1998).
clearly. Endothelins and their receptors are involved in neural crest development. More specifi-
cally, EDN 1 and EDINRA are essential for cranial and cardiac neural crest development and EDIN3
and EDMNRB are vital for neural crest cells destined to contribute to the enteric nervous system and
to pigmentation. EDN3 enhances neural crest cell proliferation (Lahav et al. 1996, Stone et al.
1997), which could explain why knock-out of EDNRB/EDN3 has a specic effect on melanocytes
and enteric nervous system; one can imagine that these two populations require a substantial
expansion of the initial neural crest population, more so than neural crest cells that contribute to for
example cranial ganglia or mesenchyme. Disruption of ECET expression indicates that this enzyme
is central to both EDNI and EDIN3 activation, as the phenotype combines those of EDN3/EDNRB
and EDNI /EDNRA knock-outs (Yanagisawa ef afl, 1998).
As the tite of this chapter describes, the networks regulating hindbrain neural crest are complex and
involve proteins of many different types, dasses and families, | have barely scratched the surface of the
subject but I hope | have given some appredation for the variety of molecules involved and their interaction.
The variety and expanse of the system respansible for crest development is equalled by the network
of proteins and other molecules that guides crest cells during migration; this is discussed in the next
chapter.

NeorsL Crest CELL MGRATION 15 REGULATED BY VARIOUS ECM COMPONENTS,
BUT ALSO BY SOLUBLE FACTORS AND THEIR RECEPTORS

w2

Since neural crest cells migrate so actively, the study of the interaction of these cells with their
surroundings (other cells and Extra Cellular Matvix (ECM)) is widely studied. In the head we have
seen that at {east on the macro-level the different pathways are chosen not so much on changes in

Paaeied Yary EICT a6 Gel] A ST [PALIOLE AP AT J01 SPUIS YA TTHILLYE LIAUIIE g L] BSOS AT SN S T [ens i L] vy audins Samcs, afaas

WO |3 39 L, W || BTT

the environment as on spatial constraints and that there are signalling
pathways separating distinct streams of crest cells. In the trunk,
however, the picture is different. Migrating trunk neural crest cells
taking the ventral path migrate through the rostral half of a somite,
avoiding the caudal half. Axons growing out of the neural tube to
connect to the ganglia display the same avoidance pattern. This
behavior causes the metameric pattern we see with sympathetic and
dorsal reot ganglia in the trunk (Rickmann et al. 1985, Teillet et af.
1987). This phenomenon has been studied both in vitro and in vivo,
Keynes and Stern (1984, 1988) showed that the origin of the
segmental organization of the trunk nervous system lies in the meso-
derm. Transplantations of anterior and posterior somite and anterio-
posterior rotation of somites and neural tube leave little doubt that
this is indeed the case (Kalcheim and Teillet 1989, Goldstein and
Kalcheim 1991, Stern et ol 1991b). Although | concentrate mainly
on the cranial neural crest in this thesis, this chapter will deal for a
considerable part with the regulation of migration in the trunk. As the
review of Integnin end Ephrine will show, the general mechanisms
{i.e. the profound effects of ECM and related components on crest
cell migration) are very similar for head and trunk despite differences
in specific details, { think this warrants occasional strays from the
cranial path to follow short diversions onto the trunk path.
The dorsolateral pathway is normally chosen by the late migrating
cells, which are mainly destined to become melanocytes
{Serbedzija et af. 1989, Erickson et al. [992), but remove the
dermamyotome and neural crest cells enter the dorsclateral
pathway precociously {Oakley et al. 1994). It tums out the barrier is
chemical, not mechanical, causing collapse: of growthcones (in the
case of axons) or protrusions {in the case of crest celis) (Jesuthasan
1996). But this is not the whole story: the differentiation state of
migrating cells also influences the pathway choice. Fully developed
meifanocytes grafted into an early pathway migrate via the dorsal
pathway, iong before any host crest cells do. Grafted inte older
embryos, young cells do not join the dorsal pathway, while
melanccytes do {Erickson and Goins 1995). Apparently
melanoblast specification must precede dorsolateral migration



(Reedy et al. 1998). Neural crest migration patterns can also be
influenced by influencing the fate of neural crest cells by over-
expression of N-myc (Wakamatsu [997). Erickson and Reedy call
this diferentiation state < pathway irteraction the phenotype-
directed model of neural arest cell migration (Erickson and Reedy
1998).
lmmunohistochemistry and in situ histochemistry point to many
ECM associated molecules with a differential expression pattern
coinciding with the crest cell rmigration pattern, or with an influence
on migration after perturbation of their normal expression (Boucaut
et al. 1984, Bronner-Fraser 1985, Bronner-Fraser 1986, Krotoski
et al. 1986, Poole and Thiery 1986, Tan et of. 1987, Bronner-
Fraser [988a, Bronner-Fraser and Lallier 1988, Stern et of. 1989,
Poelmann et al. 1994). Receptor-ligand complexes like the ephrin
receptor-ephrin system play a role in anterior-posterior regionaliza-
tion of the somite and in the appropriate response of crest and
neuronal eells. In vitra tests in chicken show that ephrin receptors in
motor axons and neural crest cells are vital in recognizing environ-
mental signals (ephrin ligands in the caudal somite) and eliciting the
appropriate response (Krull et af. 1997, Wang and Anderson
1997). In Xenopus the Eph family was implicated in cranial neural
crest cell migration because of differential expression of ephrin family
member Pagliaccio (Winning and Sargent 1994). Smith et of. were
able to manipulate migratory behavior of Xeriopus cranial crest cells
by perturbing the Eph system, showing it is responsible for keeping
the streams of hindbrain neural crest cells separate (Smith et al.
1997}, We can easily derive that the ephrir ligand-receptor system is
involved in some aspect of cell migration, probably the mediation of
the collapse of active membrane protrusions. Actually, the implica-
tion of the ephrin systern in avoidance behavior of neural crest cells
is not surprising given that the Eph system functions in neurogenesis
by mediating growth cone repulsion and neural crest cells are migra-
tory cells of neural descent.
Various extra-cellular matrix components and their receptors, as
well as molecules invelved in cell-cell contact have been shown to
regulate crest cell migration (see also table |). Integrins, fibronectin,
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larninin and cadherins are among the most important regutators of selective neural crest cell migra-
tion. Integrins interact with laminin, fibronectin and cadherin, with differential affinities for different
subfragments and isoforms and cellular morphelegy dependent on the specific integrin-ligand pair
(Perris ef al. 1996, Beauvais-Jouneau et al. 1997). Migratcry behavior changes in time, concurrent
with the change of distribution of at feast one of the integrins {Desban and Duband 1997). More
proof of the importance of integrin is supplied by the craniofacial deformities displayed integrin
knock out mice (Goh et af. 1997) and neural crest defects induced by antisense oligonuclectide
treatment (Kil et al. 1996). These results underline the importance of integrins for proper neural
crest cell migration.

The transition from stationary to migratory cells (Epithelial-Mesenchymal Transition, EMT) involves

changes in cell-cell contact (decrease) and cell-ECM contact (elevation). Re-establishment of cell-
cell contact at transition of migratory to stationary status upon arrival in for example a ganglion,
involves more or less the reverse changes. This is the domain of cadherins and catenins. Differential
expression (dependent on fate or destination) of vatrious Cadherin family members in crest cells
undergoing epithelial- mesenchymal transition shows the involvement of the protein family in crest
deveiopment (Nakagawa and Takeischi 1995, Simonneau et al. 1995, Inoue et ol. 1997). Over-
expression of cadherins in the neural tube has serious negative consequences for neural crest cell
migration (Nakagawa and Takeichi 1998). Integrins are one of the first steps in a signalling pathway
involving integrins, homeobox proteins, slug, kinases, phosphatases, fibronectin, catenin and
cadherin (LeDouarin et af. 1994, Monier-Gavalle and Duband 1995, Newgreen and Minichiello
{995, Inoue et al. 1997, Monier-Gavalle and Duband 1997). A ccordinated sequence of events
involving these molecules balances migration and anti-migratory cell-celf contact.

?rom above it is clear that the ECM has a significant influence on neural crest behavier, but the inter-

acticn between crest cells and the ECM gees two ways: i vitro, crest cells modify the laminin
substrate on which they migrate (Lallier et al. 1994), \We have also seen that repulsion plays an
impartant role in guiding crest cell migration in the trunk. But Stern et al. (19%1a) have shown, by
rotating the neural tube dorso-ventrally, that the dorsal root ganglia are still generated at their
normal position in the anterior sclerctome when the neural crest cells emanate frem the venteal
aspect of the neural tube, pointing to positive (attractive) signals. Positive and negative cues guide
the neural crest cells cn the path towards their final destination,

n conclusion, predetermination influences pathway choice (phenotype-directed neural crest cell
migration) but, conversely, determination is influenced by the pathway choice, which in turn is
influenced by the environment (erwironment-directed model of neural crest morphogenesis).
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Il B DEPENDING ON THE AYIAL LEVELy EXTIRPATED NEURAL CREST
Is COMPENSATED FOR BY REMANING NEURAL TiSSUE

Regulation of rigration, determination and differentiation of (cranial) crest cells is a very complex

systemn involving intricate nebworks of interacting gene products. However sensitive such a systermn
might appear, the cephalic neural crest is surprisingly flexible. Extirpation of sizeable segments of
neural crest, uni- or bilaterally, induces extensive compensatory reactions frormn remaining neural
crest and neural tube. This compensatory behavior is region and time specific. When the rhomben-
cephalic neural crest is ablated, branchial arches still receive their neural crest contribution and
morphology seems to be normal after 48 hours. The Hox code (at least for those genes tested)
particular to the branchial arches is intact {Hunt et al. 1995). Re-appositioning of neurectoderm and
surface ectoderm is essential for regeneration. This contact induces production of Pax3 and, later,
slug (Sechrist et al. 1995, Buxton et al. 1997). The regenerative powers of the caudal midbrain
and hindbrain are stronger than caudal forebrain and rostral midbrain, Possibly time is a factor here:
at earlier stages the difference seems to be smaller. Not surprisingly, bilaterally ablated embryos
have more difficulties compensating for the Jost tissue than unilaterally ablated embryos. In both
cases the structures receiving neural crest contributions seem to be reduced In size {Sechrist et af.
1995). Crest is regenerated from rostral, caudal and, when available, lateral neural crest. Rostral
and caudal cells migrate longitudinally and then into branchial arches, without changing their native
Hox code (Couly et al. 1996). Other ablation experiments do show a change in Hex gene expres-
sion, however. Ablation at the 10-12 somite stage of dorsal rhombomeres 5 + 6 causes redirecticn
of some rhombomere 4 and 7 crest cells into branchial arch 3 (whereas these cells normally
migrate to arch 2 and 4 respectively) {Saldivar et al. 1997). There is an upregulation of Hoxa3 in
the redirected rhombomere 4 cells, and Krox20 is upregulated in caudal rhombomere 3,
rhombomere 4 and rostral rhombomere 7. Hyoid (partially derived from arch 3, which receives
crest cells from posterior rhombormere 5 and from rhombomere 6) development is normal. So,
ablation seems to cause proper re-specification of neural crest cells. In contrast, when the neural
tube containing rhombomeres 4 through 6 is rotated, crest celis migrate to their new branchial arch
without for example up regulating Hoxa3 for arch 3, which results in hycld malformation. Hunt et
al. did a detailed study of the effects of retation of rhombomere segments on Hox gene expression,
crest cell migration and branchial arch development and conciude that it is highly dependent on
which segment is rotated (Hunt et al. 1998). An r3-7 rotation would result in stable (cell-intrinsic}
expression of Hox genes and hence branchial arch malformation, whereas an rl-7 rotation would
result in re spedification of the code and generally normal arch derivatives,

En contrast to the strong regenerative powers of cephalic neural crest up to the otocyst, the
response of postotic neural crest to ablation is much fess robust. After somite 6 stage no regenera-
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tion of cardiac neural crest from anterior or posterior crest is
observed, nor compensatory migration from remaining neural tube.,
Before that stage only very little compensation occurs. In the trunk
the picture is the same, although differentiated crest cells in the form
of melanocytes do migrate to fill in the gaps (Suzuki and Kirby
1997},



Il DISEASES AND SYNDROMES

Ml 1 SynpROMES RELATED TO HiNDBRAIN

NEURAL CREST MALDEVELOPMENT

Table 2

Angelman

Clinical syndromes discussed in the conteat of single and multigene 2aeuploidy syndromes and a short desceiption of their respactive phenotypes.

mtrahepauc bi Ie dug paumy. cardiac, ucu’a(. skefetai and facial defe

ataxnc gait; hypomnla neuru‘ugacai dwsurders (eplepsy. selzures, motor and

. . o menta$ retardatwn absence of speech, abnormal EEG); faual deform ﬂes
From the introduction on neural crest developrment it is clear that s : o N
. . . CHARGE Coroboma, Heart d=sease, Atresia of choanae; mental Retardatmn, Gen tal
neural crest contributes to a wide variety of structures throughout

the vertebrate body. This is mirrored in the broad spectrum of
diseases where {part of) the phenotyps can be traced back to failure
in neural crest development, | will highlight just two (related)
examples: Hirschsprung's Disease and Waardenburg Syndrome.
H irschsprung’s Disease (HSCR) is characterized by the failure of
neural crest cells to develop gangfia in longer or shorter segments
of the digestive tract (Peters-van der Sanden 1994 (thesis)). The
consequent absence of peristaltic movernent and hence accumula-
tion of feces is often fatat, Enteric ganglia are formed by hindbrain
neural crest cells, as described earfier. In recent years no less than
seven genes have been implicated by virtue of being deleted or
mutated in HSCR patients or mice with an HSCR phenotype. They
are the genes for Glial Derived Neurotrophic Factor (GDNF)
(lvanchuk et al. 1996, Moore et al. 1996, Pichel et al. 1996,
Sanchez et al. 1996), Endothelin Receptor B (EDNRB) (Kusafuka et
al. 1996}, RET (Luo et of. 1993, Edery et al. 1994, Romeo et al,

descnted by the acronyn are clett palpte 1 earthaarsg probbtre. The setondary palitn forms Trom the Lame popalation of 1w crast coll that fieris the medie
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fac1a| and card ‘ovascular abnorma ities; gmmh retardatzon neum'ag cal

atnons of the \,ert L fused vertebrae) and a‘ace and cr
(microcephaly, hydrocephalus, skull defects, microtia and other ear
defects, eye problems, uni- or bilateral facial hypoplasia, mand:bular

ne forebra n structure cfeavage causi ng cyc!opla or hypotelonsm
and Dlher cran’ ofacual deformities

sparse scalp ha\r bushy eyebmws iarge prolrud ng ears; bmad nasal bndqe

and butbous nose; elongated upper kp; cone-shapad epiphyses; mental
retardation; multipla cartilaginous exostoses (outgrowihs or protuberances)

and frequently mher facral deforrn\lles

facnal abnarma’mes broad b'g tues and lhumbs neurofogwcal defecls (menlal

rnmor, speech and soml retardatnon)
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1994), 50X 10 (Southard-Smith et al. 1998), Endothelin Converting £ B gl #
. X Xp22 deletion shon stature. X- lnked recessive chondrodysp[asm punctala X—lmked |ChlyDS|s‘
Enzyme | (ECE‘ 'l) (Yanagisawa et al. |998). MNeurturin (Doray et g mental retardation; Kaliman syndrome {= cunuch ke physiology due to lack of
al. 1998) and Endothelin 3 (ET-3, EDN3) (Bidaud et ol 1997, § ..gﬁa?adohnpin refeasing hormone)

Kusafulka et af. 1997, Robertson et al. 1997}, Six of these genes are
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Keller et al. 1993, Muligan et al. 1993, Hofstra et of. 1994, van Heyningen 1994). Many other
a substrate for ECE-1, Neurturin is a ligand for RET, and GDNF is a turnors of neura! crest derivatives have been discovered, for example neurofibromatosis types |
ligand for the RET/GDMFR-alpha receptor complex {(fvanchuk et af. and 2 (NFI, NF2), neuroklastorna, and pheochremocytorna.
1996). Interestingly, RET mutations are also finked to other neurc- syndrome that sometimes combines with HSCR and where various neural crest derivatives can be
Aaﬁected, is the Waardenburg Syndrome, Four different types are recognized, imaginatively
referred 10 as WS 1, W52 , W53 (Klein-Waardenburg) and WS4 (Shah-Waardenburg). The pheno-
type for PAX3 associated WS is described in table 2. WSZ is very similar to type | but without the
dystopia of the inner canthi and with premature graying rather than white forelock, Type 3 is
characterized by hypoplasia of limb muscles and contractures of elbows and fingers, in combination

physiclogically closely linked: Endothelin 3 is a ligand for EDNRB and

cristopathies: one of the many neural crest related cancers, Familial
Medullary Thyroid Carcinorna (FMTC), is caused by specific muta-
tions in the RET gene (Donis-Keller et af. 1993), Other mutations in
the RET gene cause MEN2A and MENZB (Multiple Endocrine
Neoplasia type 2), two other types of crest derived cancers (Donis-
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Table 3 Single gene syndromes or disordens, their genes and the chromosomal map pasition of their genes.

P

E6-AF ublquitin proteln ligase] 15a11-q13 Mefjers-Heliboer et al 1992
(UBE3A) Budarf and Emanuel 1997
Kishino et af. 1997

Matsuura et al 1997

p

ez

I-.Iol'oprusencepha!y . Sonic Hedg'eh;)g (SHB} 7936 . R.oes“sl.e.r. et al. IBEITa,B )

16p13.3 Breuning et af. 1953
Hennekam et 2/, 1893
Masuno et af. 1994
Petr] et 2/, 1995
McGaughran et al 1996
Akimaru et al 1997

Waller.

Rubinstein-Taybl Syndrome (RTS) £R Binding Protein (CBP) |

Lu-Kuo et al 198
Fassabehji et al 1993,
Baldwin et af, 1995
Read et al 1997

Waar en urq éyﬂdrom.é t).fpe 1 {.W.S'II) .PA)(Z;

11p13 Ahe Francke et 8, 1979
Glaser et a/. 1992
Davis ef af. 1993
Ekker et al. 1995
Fantes et al 1995
MacDonald et /. 1995
Schedl et k. 1996
Axton gt al 1997

Aniridia and other eyc' dsorders | PAXG o

* Besides deletion and mutaticn also improper imprinting

**  Chromosomal rearrangements not directly affecting the structure of the Shh gene still have influence
on its regulation

**+ plso aneuploidy in form of polyzygosity

with varying type | features. Lastly, type 4 is the Waardenburg syndrome characterized by the
occurrence of Hirschsprung's disease in comnbination with the auditory-pigmentary features (though
asseciation of WS2 with HSCR has been reported as well (van Camp et al. 1995)). Endothelin 3
and its receptor EDINRB are what links W54 to HSCR (see Read and Newton 1997 for a review
on Waardenburg Syndrome).
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Other syndromes, some of which are discussed in chapter II1-2,

have phenctypes that combine craniofacial malformations with
heart defects (for example CHARGE and Geldenhar Syndrome)
{Bolande [974, 1981, 1984, Couly 1981). Like the syndromes
discussed here these syndromes have a pleiotropic and vanable
phenotype affecting many different neural crest derivatives, but also
apparently unrelated structures. More about heart development
from a neural crest parspective in chapter 111-3-2-1, Congenital ear
abnormalities are also a recurring feature of syndromes (for example
Townes-Brocks, Wildervanck, Smith-Magenis, and Turner
syndromes and aforementioned Goldenhar, CHARGE and
Waardenburg) (Gorlin et al. [995). Not so surprising maybe,
considering the fact that ear development is quite a complex process
involving neural crest, mesoderm and ectoderm. Where genes have
been isolated, these syndromes can provide us with important clues
to the complex question of neural crest regulation, even if only for a
subset of crest cells (like those contributing 1o the heart or ears).

% SINGLE GENE AND CONTIGUOUS GENE
HAPLOINSUFFICIENCY OR AUTOSOMAL
SEGMENTAL ANEUSOMY SYNDROMES

When dealing with the fairly complex and heterogenecus neural
crest system, soon the question arises whether crest related
anomalies, especially the variable and complex ones, are single or
multigene defects, "Simple” phenotypes such as carcinomas are
usually linked to one gene, but as described above with H3CR, the
same cancer causing gene can be involved in a syndrome as well.
Some forms of HSCR are single gene haploinsufficiency syndromes.
Single gene syndrome in the sense of one gene being necessary and
sufficient for causing the syndrome; different genes, on their own,
can be causative for the same phenctype as is the case with HSCR.
There are a number of syndromes for which we can say, with
varying degrees of certainty, that they are single gene haplo-
insufiiciency deletion syndromes (table 3} (Fisher and Scambler



1994, Engelkamp and van Heyningen 1996, Budarf and Ernanuel
1997), Like HSCR, many of these have a heterogeneous genatic
etiology in that the syndrome is caused by either physical or
fundticnal deletion (functional deletion = mutation or regulation
defect) of a single gene. The majority of these syndromes have
complex cardiac andfor craniofacial abnormalities that could involve
neural crest directly or indirectly (RTS, WSI, Allagille, Argelman,
Greig). These syndromes show that complex syndromes are not
necessarily caused by complex genotypes.
in contrast to the relatively large number of single gene haplo-
insufficiency  syndromes, not many contiguous gene haplo-
insufficierky syndromes have been described. Contiguous gene
syndrome is a description coined by Schmickel {1986) to describe
disorders resulting from the deletion or dupfication of adjacent genes
in a given chromosomal region, Phenotypes linked to each individual
gene would exist, and the syndrome phenotype would be the sum
of these phenotypes. Consequently, the variability of the phenotype
would correlate with the extent and position of the deletion/duplica-
tion. bwall discuss two syndromes with a cranicfacial component of
which we are reasonable sure that they are muttigene syndromes,
?he first example is the Langer-Giedion Syndrome or Tricho-Rhino-
Phalangeal Syndrome type Il (LGS/TRPS Ii) (table 2). The 8q24
chromosomal region associated with the syndrome harbors at least
two genes (TRPS and EXT, respectively) that contribute to the asso-
cated partial syndromes TRPS | and hereditary muttiple exostoses
(Ahn et al. 1995). Since neither of these two types of patients display
the mental retardation component of LGS/TRPS I, a third gene is
implicated {Ludecke et al. 1995). LGS/TRPS |l has all the signs of
indeed being a contiguous gene syndrome.,
?he second example is Williams Syndrome {WS), a disorder that
includes facial and cardiovascular abnormalities associated with
deletions in 7ql .23, Seven transcription units have been mapped
to the deletion (Frangiskakis et al. 1996, Osborne et al. 1996,
Peoples et al. 1996, Budarf and Emanue! 1997) and families with a
partial phenotype — cognitive disorder and supravalvular aortic
stenosis (SVAS) — have been discovered to have a smaller deletion
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encompassing only twe of these genes: Blastin (ELNY and LIM-Kinase! (UMK!). Clastin has been
linked to SVAS (Ewart et al. 1993b) and LIM-Kinase | to the cognitive disorder (Frangiskakis et af,
1996). It is therefore reascnable ta assume that hemizygosity of ELN and UMK plus one or more
additional genes is causative for WS and thus that WS is a cantiguous gene syndrome,
gor a final exarnple | will digress a little from the haploinsufficient contiguous gene syndromes 1o a
recessive contiguous gene syndrome because it s a textbock example of a contiguous gene
syndrome. The case in point is the Xp22 deletion syndrome, Male patients show a phenotype
when nullisornic for the region, their phenotype deperding on the length of the deletion (Ballabio
et af. 1989). Up to five different diseases can be associated with the syndrome (table 2}, Molecutar
analysis of various deletions showed that the aggregate phenotype is the sum of the phenotypes
caused by the deleted loci, Many different combinations of diseases are found since these deletions
can be either interstitial or terminal. Three of the diseases have a gene assigned: ichtyosis
(Arvlsulfatase A), chendrodysplasia punctata {Arylsulfatase F) and Kallman syndrome (Kdalig 1)
(Balfabio and Andria 1992, Winter [996). Mutations in these genes cause the isolated forms of the
respective diseases (Winter 1996),
Deletion syndromes such as Turner, PraderWilli, van der Woude, Zellweger, Goliz, Smith-
Magenis, and Welf-Hirschhorn cannot yet be assigned to the single gene or contiguous gene
disorder classes (Fisher and Scambler [994, Budarf and Emanuel 1997).

3 CuromosoME 22071 DELETION SYNDROME!
NEURAL CREST AND CHROMOSOME 2.2

Craniofacial and cardiac rnaldevelopment can be a cormponent of both single and multigene

defecis, as shown above, so these cannot tell us anything about the genetic nature of a syndrome
that has cardiac and craniofacial components. However, if one were to choose as a subject such a
syndrome assoctated with large chromosomal deletions, one could expect to hit upon a contiguous
gene syndrome. CATCH22 or chromosome 22q1 | Deletion Syndrome is an excellent candidate
for a haploinsufficient contiguous gene syndrome because it marries a variable phenotype to a vari-
able genotype. By studying the deletions associated with the syndromes and the genes located in
the deletions, we are likely to find at least one but possibly more genes involved in some part of the
development of the neural crest. With Williams syndrome, which could have some neural crest
connaction since it has facial and cardiovascular abnormalities, it has been possible to assign
individual genes to at least two parts of the phenotype, which shows the vaflue of studying the
genetics in relation to the clinical aspedts of a syndrome, CATCH22 genetics is the central theme of
this thesis, so that aspedt will be discussed in detail in the results section. The clinical aspects will be
described here, after the following brief introduction on some chromosome 22 specifics,
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M5 1 Various DISORDERS ARE ASSCCIATED WiTH CHROMOSOME 22 REARRANGEMENTS

Chromosome 22 is the smallest of the human autosornal chromosemes. The total size is approxi-

mated at less than 56 Mb (figure 13) and sequencing was completed in1999 (Dunham et al.
1999). Chromesame 22 contains several important regions of chromosomal rearrangements asso-
ciated with clinical syndromes (Dumanski et ol. 1991), For example: the so-called Philadelphia
chromosome, a recipracal t(9;22) translocation resulting in fusion of the BCR (chromosome 22) and
ABL (chromosome 9) genes, is asscciated with multiple forms of leukemia (ALL (Acute
tymphoblastic Leukemia), CML (Chronic Myeloid Leukernia) and AML (Acute Myelogenous
Leukemia)) (reviews in Heisterkamp and Groffen 1991, Mitelman [993, Glassman [995,
O'Brien et al. 1997a, Saglio et ol. 1997). Burkitt's Lymphoma, another hematologic malignancy,
can be related to t(8;22) translocations that bring chromosome 8 c-Mye under the centrol of chro-
mesome 22 Immunoglobulin Lambda Light Chain regulatory regions (Rowley 1982, Aisenberg
1984, Emanuel et al. 1986, Zeidler et af. 1994). Predisposition to breast cancer may be linked to
the constitutional t(1 1;22%q23;q1 1) translocation {Lindblom et al. 1994), while 2 slightly different
1 1,22)q23;q1 1) is associated with Ewing sarcoma and peripheral neuroepithelioma (van Kessel
et al, 1985, Griffin et ol, 1986, Budarf et al. 1989), A different kind of rearrangement, resulting in
the duplication of 22pter-ql |, causes CES (Cat Eye Syndrome) (Schinzel et af, 1981, Mears et al.
1994). Chromosome 22 further contains proto-oncogenes, tumoer suppressor genes and other
genes potentially involved in neoplasia, Amongst them are UF! (Sutherland et ol 1989), ¢-Cis
(PDGF-2(8)) (Antoniades 1991), NF2 (Rouleau et al. 1990, Arai et of. 1994), GAR2Z and RRP22
(Zucman-Rossi et al. 1996}, and p300 (Muracka et al.
1996). For an overview of the many other genes located on
chromosome 22, from ATP-dependent DNA Helicase If to
X-box binding protein I, see URLI,

ChroMosoe 22Q71 AWoMALIES ARE
ASSOCIATED WITH A VARIETY OF
CARDIOVASCULAR AND CRANIOFACIAL
ABNORMALITIES) Many oF WHICH ARE
Cramia NEURAL CREST RELATED

m = 2
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Relevant to this thesis, the most important anomalies on
chromosome 22 are in the gl | region. These have our
interest because they are found in patients that suffer from figure 13 Schemaiic degicion of s metaghase human
the various syndromes that together form the CAFCHZ22 ::;i:os:: ::;f'afh:h;hzl,;&:(:,bln:n;,h ea:,??{h?, :r,r::(:;e
syndrorme, CATCH22 is an acronym for Cardiac abnor-

+ tromeric region (dark gray). & bar graph on the right deplets
W . , , i relative gene density on a 58 centitlorgan map.
malities, Abnormal face, Thymic hypoplasia or aplasia, Cleft i : ' ?
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palate and Hypocalcemia (secondary to hypo-/aplasia of para-
thyroids) and 22q1 | deletion, This acrenym (taken from the title of
Joseph Heller's ook (Heller 1962)) describes typical abnormalities
found in patients (although the real spectrum is much wider and
continues to widen). CATCH??2 is actually a group of overlapping
syndromes (Wilson et al. 1993): DiGeorge (DGS, OMIM
#188400) (de la Chapelle et al. 1981, Carey et ol 1990,
Driscoll et af. 1992a), Velo Cardio Facial (VCFS, OMIM
#192430)/Shprintzen (Driscoll et al. 1992b, Scambler et of. 1992,
Burn et al. 1993, Kelly et af. 1993), ConoTruncal Anomaly Face
(CTAR)/Takao (Kinouchi et al. 1976, Takao et al. 1980, Shimizu
et al. 1984), and Cpitz-G (OMIM #300000) (Robin et al. 1995,
McDonald-McGinn et af. 1995). Alt these syndromes have certain
phenotypical features in common and are associated with a number
of chromosomal rearrangernents in the 22q1 | region, CATCHZ22 is
also referred to as 22q | | Deletion Syndrome (22D5) because some
patients and patients' farilies object against the connotations associ-
ated with the CATCH22 acronym (A Catch 22 situation is cne
where you cannot do one thing untif you do another thing, but you
carnot do the second thing until you do the first thing. It is therefore
impossible for you to do anything” Cofins COBUILD English L anguage
Dictionary (1990)). In either case the name reflects one of the two
central features that binds the constituent syndromes together:
deletion of chromosome 22(ql 1), Hemizygosity caused by these
deletions is somehow respensible for the quite diverse spectrum of
phenctypes described for the constituent clinical syndromes.
D iGeorge Syndrome (DGS), which may be corsidered to lie at the
severe end of the spectrum of CATCH22, s characterized by
hypoplasia/aplasia of the thymus and parathyroid glands, conotruncal
heart defects and varying craniofacial dysmorphologies (Conley et
al. 1979). The syndrome is namead after A.M. DiGeorge, who first
described the link between absence of the thymus and cellular
immunodeficiency syndrome in these patients (DiGeorge 1968).
DGS can express itseil in many grades of severity. Complete
DiGeorge syndrome is defined as thymus aplasia; in cases of thymus
hypoplasia we should, strictly speaking, talk about partial DGS
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(Lischner 1972), Velo-Cardio-Facial Syndrome (VCFS) or Shprintzen syndrome overfaps with DGS
in the cardio-facial part but adds neuralogical disorders {learning disabilities, behavior difficulty, mild
mental retardation, psychosis) and cleft palate to its phenotype (Shprintzen et al. 1978, Arvystas
and Shprintzen 1984, Goldberg et al. 1983, Driscoll et al. 1992b, Goldberg et al. 1993). Some
consider DGS and VCFS to be the same syndrome with different severity, or VCFS the familial form
of DGS. Most DGS cases are sporadic, but familiat cases have been reported, such as a DGS child
of a VCFS parent (Stevens et al. 1990), In non-sporadic cases there have been reports suggesting a
bias towards maternal inheritance of the mutated chromoscme 22 (Demczuk et ol. 1995b, Ryan
et al. 1997). VCFS has been shown to have an autosomal dominant mode of inheritance
{Shprintzen et al. 1981, Williams et al. 1985). The phenotype of CTAF (Matsuoka et ai. 1998) or
Takao syndrome is very simifar to VCFS {hyper nasal speech and mild mental retardation), which
invites the suggestion that the two syndromes are actually differing manifestaticns — Oriental and
Western — of the same phenotype (Neilt 1987, Burn 1989), Opitz syndrome is the most recent
addition to the CATCH22 family and was added by virtue of its craniofacial deformities. All Opitz
anatornical abnormalities affect midline structures. In addition to affected cranial midline structures,
patients present with hypospadia (Kimmelman 1982, Bershof et al. 1992). Heart defects have
been described in only one Opitz patient (Jacobson et al. 1998).
What links al these syndromes together? | already mentioned that one of the central connections
is a deletion (or translocation) in chromosome 22q1 |, The second link is that at least part of the
phenotypes can be traced back to something gone awry in the development of the (cranial) neural
crest. | can best show this by describing the defects behind each letter of the CATCH22 acronym.

im 3w 1 Cardiac Defecis
Abroad spectrum of cardiovascular anomalies is found in 22DS. Cardiovascular defects found in
DGS patients include interrupted aortic arch type B (IAA), persistent truncus arteriosus (PTA),
pulmonary atresia (PA), ventricular septal defect (VSD), right aortic arch (RAA), and tetralogy of
Fallot {TOF) (Payne et al. 1995) (figure 14}, Associated with 22q1 | deletions in general (i.e. includ-
ing nonsyndromic patients) are also: absent ductus arteriosus, deuble outlet right ventricle (DORV),
double inlet left ventricdle (DILV), coarctation of the aorta, pulmonary valve stenosis (PVS), atrial

ﬁgure 14 Casdiac inflaw, outlow and aortic arch arteries aromaties asiociated with nearal crest maldevelopment.  A: Normaf heart. RA: Right Atrium;
i LA Left Atrium; RV: Right Yeatricle; LV Left Yetricle,  B: Dauble inlet left veateicle: both atria communicate with the left veatricle. €2 Tricuspid atresia:
ricuspid valie cpening ocdluded.  D: Straddbing tricuspid valve, B Persistent truncus arteriosus: the tv0 main arteries do not separate because of (rungal
eptation lailore.  F: Transposition of the great arteries: the aorta is connected to the right ventride and tha pulmonary artery to the leftin stead of vice versa,  G:
auble outlet right veatriche: both great arteries are connected to the right ventridde. a: aorta; pr pulmonary artery,  H: Persistent truncus arteriosus over right
entritde: combination of BORY and PTA. | Terralogy of Fallor.  Jo Isterruption of theaorta.  K:  Double aorticarch.  L: Variable absence of the carotid
steries. M Rightaorticarch. Mo Type Binterruted aortic arch with aberrant right subdlavian artery. RS: Right Subdavian; LS: Lefe Sybclavian; RPA: Right
i Pulmonary Artery; EPA: Left Pulmonary Artery; RCC: Right Comman Carotid; LCC: Left (ommon Carotid.

i Hodified from Srivastava and Olson (1996} (8, €, F), Kithy and Waldo (1990) (B-D, |-4), Kirby and Waldo (1995) (G, H), Larsen {i$93) (1}, and Conley et al. (197%) (H).
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septal defect, atrioventricular septal defect and transposition of the great arteries (Ryan et al. 1997)
(figure 14). Moncsomy of 22q1 | is often seen in patients whom do not present with a DGS or
VCFS phenotype but do have congenital heart disease (CHD) (Gofdmuntz et al. 1993, Payne et
al. 1995, Iserin et ol. 1998). Velo Cardio Facial Syndrome has, as its name suggests, cardiac
anomalies as part of its spectrum: VSD with or without RAA, TOF coarctation of acrta, persistent
ductus arteriosus, DORY, PS (figure 14). Cardiovascular mafformations assodiated with CTAF are
very similar; TOR PA, RAA, sometimes PDA and often various anomalies in aortic arch artery
derivatives (Momma et al. 1996).

§ rem discussions in previous chapters we know that the cardiac neural crest from the third through

sixth branchial arch contributes considerably to conotruncal and ventricular septation. Failure to

migrate or develop properiy in these areas results in PTA or VSD. At the time of septation there is
still extensive locping of the heart and various malformations arise from problems in this process:
e.g DORV, DILV and PTA over right ventricle ( = combination of PTA and DORV). hmproper
developrment of neural crest cells with respect to their contribution to aortic arches can result in the
absence of acrtic arches, Absence of aortic arch 3 or 4 results in IAA, while absence of arch & results
in absent ductus artericsus (the ductus arteriosus normally connects the pulmonary and aortic
arteries).

i n conclusion, CATCH22 patients are defective in parts of heart and vesse! development, in partic-
ular those related to the third, fourth and sixth branchial arches.

M3 w2 Abnoetal Facies
Both structurally and indirectly, the neural crest is of vital importance to the development of the
face (bones, cartilage, muscle connective tissue), at least as studied in avian and amphibian
embryos (le Lievre and le Douarin [975, Noden 19833, b, 1984, 1988, Couly et al. 1923),
Therefore we can be reasonably certain that the neural crest is involved in many of the facial
features presented in DGS (short broad nose, a short philtrumn, dysplastic low set ears, hyper-
telorism, up- or downwards sfanting eyes, micrognathia), VCFS (oroad nasal root with a prominent
nose, retrognathia), CTAF (smalt mouth, short philirum, hypertelorism, malformed auricles, low set
ears, prominent ears, flat nasal bridge, narrow palpebral fissures and lateral displacement of inner
canthi} and Opitz G (hypertelorism, prominent forehead, narrow palpebral fissures with epicanthal
folds, dysphagia, stridor, laryngotracheal oesophageal clefts). Figure 15A shows some of the above
menticned factal features in cartoon form, while figure 15B is a photo of a VCFS patient.
Arelevant feature in the context cf head development, one not described by the CATCH22
acrenym but often found in DGS patients, is deafness (Ryan et al. 1997). The crest not anly
contributes to the external ears, but also to the bones of the inner ear (see chapter 11-3-3).
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En condusion, malformations of face, cranium and auditory system
point to the neural crest as the common denominator.

Moo 0 3 Thywic Hypoplasia or Aplasia

l n chapter H-3-4 | described the development of the thymus as the
result of the interaction of endoderm and crest celis and how two
thymus progenitors arise from the ventral aspect of the third
pharyngeal pouch (receiving both structural and inductive contribu-
tions frem the neural crest), Some CTAF and DGS patients are
athymic, but most patients do have a thymus, However, # is often
underdeveloped in DGS patients (Huber et al. 1967, Kretschmer
et al. 1968). Experimental evidence shows that undersized thymi
can be created by extirpating cranial neural crest in chicken
{Bockman and Kirby 1984). DGS type neural crest related
lymphoid deficiency distinguishes itseff frem other lymphoid
deficiencies where the stemn cells are missing or where they failed to
interact with the endothelium (Beckman and Kirby 1984, 1985).
Most patients have some form of immunocompromise, but the
severity does not seem to correlate with any phenotypic feature
(Sullivan et al. 1998). Immune deficiencies are seldomly the cause of
premature death in DGS patients: the majerity of deaths is related to
congenital heart disease,

Moo w4 Cleft Palate
The V part of the VCFS phenctype is caused by problems in the
development of the palate. VCFS patients suffer from velopharyngea
insufficlency, that is the inability to close the velopharyngeal portal (an
opening between the soft palate and the pharynx), which affects
normal speech (the patients have hyper-nasal speech). Cleft palate is
also seen in DGS and sometimes in CTAE Opitz patients often
combine cleft palate with cleft lip. Cleft palate is a quite common birth
defect and can be secondary to mafformations of other parts of the
face. Mouse knock-outs for genes that are not even expressed fn the
palate, such as Msx-/ and HexaZ, can result in deft palates (Gendron-
Maguire et al. 1993, Rijli et af. 1993, Satokata et af. 1994).



The patate forms from mesencephalic neural crest, so direct involve-

ment of this neural crest population in clefi palate phenotype is very
plausible. But, as palate development is dependent on the proper
development of other parts of the face, such as the maxillae, the
neural crest responsible for these parts of the face could be equally
responsible.

i3 2 5  Hypocalcemia
ust like the thymus, parathyroids depend on cranial crest cells for
their forrnation. Since the parathyroids (and the thyroids) produce
hormones that regulate systemic calcium levels, hypocalcemia can
result from absence or improper activity of neural crest cells during
parathyrold induction and development.

Mmoo v 6 22911 Abereations

Deletions of the proximal long arm of chromosome 22ql 1 are
among the most commaon structural chromosome abnormalities
in man, with an estimated incidence of } in 4C00 to 5000 newborns
(Burn et al. 1993). Deletion and translocation breakpoints for some
patients have been mapped with varying degrees of precision and
some have been cloned. in the results section | will show the
mapping within a severa! kilobase window of the breakpoints in the
widely used CATCH22 cell lines GMO5878 and GMOG980, which
have translocations in one of their chromosomes 22, GMO5878 has
a batanced t(10;22)q26.3;q1 | .2) (Cannizzaro and Emanuel {985)
and GM00980 cells miss one copy of 22pter-ql | owing to a translo-
cation of 22qti-qgter to 11925 (replacing | 1g25-qter} {Fu et al.
1976). The cell lines are from an (unaffected) father of a DGS patient
and from a VCFS patient, respectively, The DGS child of GMO5878
had an unbalanced variant of the translocation, deleting pter-g1 1, An
interesting celt line that has received much attention is the ADU line
from a DGS patient with a balanced t(2;22)(al4iq! 1) (figure 21,
which has been mapped on the molecular level (Budarf et af. 1995).
Deletion through unbalanced translocation is not the rule in patients
and balanced translocations are even more rare. Most deletions are

2 st COnMACTIn theet 10 the appropriate wmeric o Inlavod by neural crest oells, as b veseation of e vk and rgft vanerices. When Dis processs go swty, the pLImGhary snd aorts ke shasing ane comeenon (perslstant EUCUR 2rtencwus or PTAD ke 1 St vtrlcies ctmmunlcade [omntrckn sap-

A hypertelorism
I

preminent forehead ——p-

narrow palpebral fissures,
— disglaced iracr;e!r canthi, up-
. T dow ing eyes
short broad nose with bulbous tip — \| or downward stanting ey’
- shor filtyum

low-set, large dysplastic ears —& <t— small mouth

micro- and retrognathia ——-

figure 15 Ceanicfacial features found i CATCH2R patients. A Schematic ittustration of facial deformities frequently observed in CATCHIY patients.
i B Photographs of an actual VFS patient. Propositus is shovin at various lfe stages (baby it aduls) (B1-84). 85 s a photograph of her child, which also suffers from
1 YOS, Yisible are the prominent, bulbous tip of the nse, patrow pafpebral fissures with a shight ugward slant, hypoplastic alea nasi and micrognathia. Overlolded helices
§ are not visible o1 these photographs.

i Published with permission. Photogeaphs were kindly provided by Or H, Weseels.
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interstitiaf, though still substantial in size at an estimated 2-3 Mb of DNA, usually including the
chromosomal locus scl .18 (Desmaze et af. 1993a, b, Halford et al. 1993¢) (figure 21} Only a
limited number of CATCHZ22 patients have an interstitial deletion smaller than the commonly
deleted region {Levy et al. 1995, Dallapiccola et af. 1996, Kurahashi et al. 1996). Some DGS
deletions are cytogenetically detectable (Wilson et al. 1992), but in those cases where this is not
possible, molecular probes (figure 21} detect sub-microscopic deletions in more than 95% of the
cases (Scambler et af. 1991, Carey et al. 1992, Driscoll et al. 1992a) A series of well
characterized probes s available for this purpose (Carey et al. 1990, Fibison et al. 1990, Driscoll
etal. 1992a, b, Aubry et of. 1993, Lindsay et al. 1993, Kurahashi et al. 1994, Mulder et al. 1995,
Morrow et al. 1995), Using probes like these, some non-syndromic patients with conotruncal
heart defects have been shown to have 22q1 | deletions {Wilson et al. 1992b, Goldmuntz et af.
1993}, 22q1 | Deletions associated with cardiovascular anomalies can be an indication of associated
(minor) extracardiac anomalies (Amatt et af. 1995, Rauch et al. 1998). Probes are also being used
to define (deletion)breakpoints and thus the shortest region of deletion overlap, The current regicn
(SRDO 1) is defined between the centromeric breakpoint in DGS patient G (Levy et af. 1995) and
the unbalanced translocation breakpoint in cell line GMO0980, Recently, Kurahashi et of. provided
evidence for the existence of a second critical region located in the distal part of the commonly
deleted region (Kurahashi et al. 1996, 1997). The two SRDOs are mutually exclusive.

E n conclusion, the vast majority of 22DS patients are hernizygous for part of chromasome 22qi |,
From patient to patient there is a wide variety in the size of the deletion,

3 3 A Cuear Unic Berweew Crirovosome 2271 anp Neurar CREsT DEVELOPMENT
Experimentally. several of the 2205 phenotypes (disturbance of thymus, cardiovascutar mal-
developrment) can be recreated in animal medels by deleting a specific part of the cranial neural
crest, i.c. the cardiac neural crest {Bockman and Kirby 1984). Add 1o that the links between other
CATCH?22 phenotypes and neural crest, and | think it is not unreasonable to assume that the
common etiology for the greater part of 22DS malformations is a disturbance in the developmeant
of the mesenchymal derivatives of the cranial neural crest, Various knock-out mice display pheno-
types that are very similar to CATCH22 phenotypes. Endothelin-I (Kurihara et al. 1995a, b) and
Hoxa3 (Manley and Capecchi [995) are the best known examples. More recently genes like
Rae28, ECET, EDNRA, Patch, Pax3, Pax7 and Pax9 have come into the picture. None of these
genes, incidentally, are located on chromosome 22,
The variety of phenctypes seen in DGS patients could easily be explained with Thomas et al.'s
description of theoretical variants of DGS: depending on which contiguous series of pharyngeal
pouches and arches is affected, thirty-eight variants are possible (Thomas et al. 1987). Classical
DiGeorge is defined as those cases where fourth arch and adjoining third and fourth pouch deriva-
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tives are affected. The range of possible malformations can be
extended even further were one to drop the contiguity condition, It
is doubtful, however, that such a schema is biologically believable.
H aving made the assumption that disturbance of neural crest
development is causative for CATCH22 phenotypes, we can close
the circle with the link to chromesome 22 deletions. We have seen
in the previous chapter that most CATCH?22 patients are deleted for
chromosome 22q |, having efther a large cytogenetic deletion or a
smaller sub-microscopic deletion. Thus, considering the neural crest
angle, we assume that 22g1 | or its surrounds contains one or maore
genes essential for proper cranial neural crest development. That is
the central theme of this thesis.

o % SywproME, DEVELOPMENTAL FlELh DEEECT,

AxovaLyy MALFORMATION
In literature one can come across the term developmental field
defect in connection with phenotypes like DiGeorge syndrome. A
syndrome is defined as a set of concurring phenotypes caused by a
known cause {Khoury et af. 19%4), whereas a developmental field
defect is defined as a defect that has a defined phenotype but a vari-
able eticlogy (Lamimer and Opitz {986, Opitz and Lewin 1987). It
can indeed be argued that in the case of DGS there is causal hetero-
geneity, though one can question how well defined the phenotype
is. Cytogenetic abnormalities, maternal diabetes, and (abjuse of
maternal alcohol (Amman et al. 1982), retinoid (Lamimer et al.
1985) or bisdiamine can all cause DiGeorge syndrome or
syndromes with very similar phenotypes (Belohradsky 1985,
Larmer and Opitz 1986). Perhaps it depends on one's definition of
cause. fs the actual teratogen the cause, or the crest mal-
development induced by the various teratogens or genatic
anomalies? At present the word syndrome is by far the preferred
reference. It is mostly in the older literature where DGS is referred
to as a develepmental field defect because at the time it was not yet
known that the majority of DGS patients have a 22q1 | deletion or
disruption, An international working group made definttion and
nomenclature recommendations for the varicus terms used to



describe the results of errors in prenatal development (Spranger
et al. 1982). Their definition of a syndrome is "a pattern of multiple
anomalies thought to be pathogenetically related and not known to
represent a single sequence or a polytopic field defect”. The defini-
tions of sequance and polytopic field defect are “a pattern of muitiple
anomalies derived from a single known or presumed prior anomaly
or mechanical factor” and “a pattern of anomalles derived from the
disturbance of a single developmental field” respectively. These
definitions describe patterns of morphological defects, With respect
to CATCH22Z the most relevant type of defect is malformation
(malformity}, described in Spranger et al. (1982) as "2 morphologic
defect of an organ, part of an organ, or larger region of the body
resulting from an intrinsically abnormal developmental process”.
Tlaough in the context of DiGeorge the ferm syndrome is most
widely used and probably the most accurate descriptor, in literature
the more general term anomaly is scmetimes used (Jablonski 1991,
Khoury et al. 1994), Hence DGS is sometimes called DGA.
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iV CONCLUDING THE INTRODUCTION

N eural crest cells are very versatile: starting as neurectodermal types, they give rise to neurcnal,
ectodermal, endodermal and mesodermal derivatives. |n the regulatory sense there is more than
just a hint of neurectoderm background, though. As | described in the review of the regulation of
crest cell migration, many molecules involved in neurcnal guidance and proliferation act on neural
crest cells as well. And not exclusively on the neurogenic sub population of crest cells. In many
respacts neural crest development parallels neurogenesis (Anderson 1989).
Since so many derivatives are affected in CATCH22 syndromes, we expect the gene or genes
causing the phenotype to be quite high up in the hierarchy. Unless it turns out that we are dealing
with a string of genes, each acting on a different sub-population of crest celis.
uite some genes have been implicated in neural crest regulation, and the involvement of many
Qhas been confirmed. Studying syndromes with crest related phenotypes and associated chromo-
scmal or genetic aberrations will certainly uncover many more.
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V' INTRODUCTION TO THE
EXPERIMENTAL WORK

Association of chromosoma! deletions with a series of syndromes

with overlapping phenotypes, suggest the presence of one or
mere genes {n the deleted chromosomal area that are important for
the (normal) formation of the affected tissues. The fact that most of
the affected structures are {partially) derived from cranial neural crest
cr are dependent on interaction with it, makes it only a small step to
suggest that some gene(s) in 22q1 T play(s) a vital role in neural crest
developrnent. This is the central assumption for the work described
in this thesis. Here | describe our work, trying to answer the
following questions:
= what is the accurate position of known genes and markers in the
region{
* can we find or predict new genes in the regicn and can we
comment on their likelihood of being involved?
* what is the structure and expression pattern of one of the first
candidate genes in the region !
= is its expression pattern compatible with its candidate status?

?he balanced t(2,22){qi4.1;q} |1} translocation breakpoint in DGS

patient ADU (Augusseau et al. 1986) was the major target of

positional cloning in various laboratories. Critical region mapping and
gene isolation strategies have been similar between most research
groups, In general it entails testing markers (ST5s) for linkage with
2205 (i.e. for deletion in patients), determining the linear order of
different markers and delineating deletion boundaries. Confirmed
markers are then used for the construction of contigs of genomic
clones (cosmids, YACs, etc.). Cosmids are the most popular types of
clones, and the process of iteratively isolating sets of overlapping
cosmids and identifying overlapping cosmids by hybridizing back to
the cosmid library to build and extend the contig in both directions is
calied cosmid walking. Following this step various techniques are in
use to identify and isclate genes from the contigs in the critical
region. cDNA fibrary screening and exon trapping are the most
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widely used techniques for the identification of potentially transcribed regions. Application of these
types of experiments to the ADU breakpoint region led to the isolaton of DGCR3 and DGCRS.
DGCR3 is an open reading frame (ORF) of 260 amino acids (aa) that is interrupted by the trans-
location breakpoint (Budarf et af. 1995). However, no ¢cDNAs were isolated and expression
studies were only infermative under low stringency conditions. This prompted Sutherland et of.
(1996) to screen for adjacent coding sequences in the region, They identified a series of alternatively
spliced transcripts from the DGCRS gene, The DGCR3 sequence is embedded in an intren of
DGCRS5 and has the same transcriptional orientation (but, see chapter YH-I-I). The DGCRS
transcripts do not have an obvious protein encoding potential, but they could be functional RNAs,
Current ideas about the SRDO places the ADU breakpeint circa 100 kb centromeric to the
proximal deletion boundary of SRDO1 (Levy et al. 1995). Other genes then, located within this
SRDO, might be worth considering. Not only because of the unclear nature of the two genes (reat
gened, pseudogenef, functional RNA coding gene?), but also because we do not know if only one
gene is involved or more than one, For that reason it is important to get a clear view of all the genes
in the region. Research groups the world over have adlively searched for other potential candidate
genes in the CATCH22 region, resulting in the transcription maps mentioned below.
The cosmid walking technique employed by several groups in Europe, the US and Japan was partly
hampered by the apparent abundance of low copy repeats in the 22q region (Halferd et af,
1993a). With large scale sequencing gaining momentum, methods maturing and resources
becoming availzble, chromosome 22q1 | became a focal point for one of the members of the
HUGO (HUman Genome Organization) consortium. Dr Bruce Roe at the University of
Oklahoma, in collaboration with the groups of Dis Beverly Emanuel and Marcia Budarf at the
University of Philadelphia, produced the genomic sequence of a large, virtually contiguous, part of
22q11.2. Despite the difficulties caused by the repeats, the saturation cloning was at an advanced
stage (Collins et al. 1995, Gong et al. 1996) and arpuably all the genes that could be identified using
conventional techniques had been located. A complete genomic sequence of the DGCR will aid in
identifying rmore potential genes. We still know only litle about the relationship between the
CATCH22 syndrome and the genes in the DGCR. it is very well pessible that any gene in the
commonly deleted region that has some developmental effect can contribute to the phenotype
when hemizygous, Therefore it is important to identify all genes in the region and gain information
about their role in embryonic development. During my project two transcription maps of SRDO|
were reported {Gong et al. 1996, Lindsay et af. 1996). Eighteen genes were mapped to the
commonty deleted region of chromosorme 22q1 | (Wingvist et al. 1991, Aubry et ol. 1992, Aubry
et al. 1993, Halford et al. 1993b, c, Kelly et al. 1994, Yagi et of. 1994, Demczuk et af. 1995a,
Heisterkamp et al. 1995, Kurahashi et al. 1995, Lamour et al. 1995, Wadey et al. 1995,
Demczuk et al. 1996, Gong et ol. 1996, Kedra et al. 1996, Lindsay et al. 1996, Pizzuti et al.
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1996, Rizzu et al. 1996, Sirotkin et al. 1996, Sutherland et al. 1996, Pizzuti et al. 1997).
Sequences hornologous to the 3" UTR of the human DISHEVELLED | gene were mapped just
centromeric to the HIRA gene (Pizzuti et al. 1996). It is unclear whether these sequences belong
to a gene or are part of a pseudogene. Little is known about the expression of the CATCH22 candi-
date genes in adult and embryonic tissues. A 22D5 candidate gene should at the very least be
expressed ermbryonically, so it will be important to establish accurate expression patterns of candi-
date genes, and study in detail embryonic expression where applicable. A candidate gene is
expected to be expressed in tissues relevant to the syndrome, i.e. cranial neural crest, or cells inter-
acting with the crest. Even if it is expressed during development, a gene with expression only found
in the tip of the tallbud would not serously be considered a candidate gene.

efore we reached the stage of studying a candidate gene, we produced a low resolution map of
he region, mapping locus D225183 in refation to various translocation breakpoints and other
markers in the OGCR (Mulder et al. 1995). One of the tools empioyed for this purpose was the
construction of hybrid cell lines {hamster-human hybrid cells containing wild type or deleted human
chromosorne 22). Hybrid cell lines allowed us to map probes and study the extent of deletions in
individual patients. We enhanced the low resoluticn mapping by using its results to construct several
cosmid and YAC contigs in the 22q | | region with the cosmid walking technique mentioned earfier,
Since the cosmids we used were sourced from the same Lawrence Livermore Chromosome 22
library as the majority of the clones sequenced by Dr Roe, | was able to fully integrate our contigs
into the sequenced contigs, In collaboration with the Emanuel and Budarf groups | analyzed pre-
released genomic sequence of the DGCR. Using a combination of biocemputing and experimenta!
approaches, | set out to identify transcription units in the sequence dataset that are evolutionary
conserved and developmentally regulated, From the sequences in the database, | construcied five
contigs from 22q1 | sequences and searched for expressed and conserved sequences by compari-
son with £ST, yeast and fly sequence databases. In the Resuits and Discussion section | report the
position and genomic structure of twenty-seven genes within the five contigs: of these twenty-seven
genes twelve were known and fiteen were unknown at the time of analysis. Results were commu-
nicated to Philadelphia, where experimental analysis was started. Amongst the new genes | find
RANBPI, a SEPI/DIFF6 homolog, the gene for a novel Glutathione/Thicredoxin Reductase like
protein, a probable Catenin family protein gene and the hurnan homctogs of mouse T10 and TBX.
A number of new genes display no homology to published sequences so the possible function of
their producis can not even be speculated on. X-grail analysis helped confirm new genes and
suggested possible extra exens of incomplete genes. Detailed analysis of the alignment of cDNA
sequences (ESTs) with the genomic DNA sequence reveals potential alternatively spliced mRNAs
for several genes, For additional and updated analysis and advanced displaying of the annctated
genomic sequence | used the ACeDB software suite.

] Uk 1) L B8 S0 TR R ] 5, YN ok 1 G TS

TTHTILYT il SR K [ Lt 1 a

D ABAY 5P D i O] I PUP SIPL LALE] D 04 U ] P S TETC] 00 imd "ot Pt

P P Sy Sy [

As an initial step to determine the expression patiern of genes from

the CATCH22 SRDOI we chose to analyze the expression
pattern of HIRA, The HIRA gene {DGCRI) was originally isolated as
TUPLE! by Halford et al. (1993b). Lamour et a!. isolated human
¢DNAs containing the complete TUPLE! sequence with 621
additional nucleotides in the ORF (Lamour et al. 1995). They
renamed the gene HIRA because the most significant peptide
homoelogy found at that time was with Hirlp and HirZp, two histone
gene repressor proteins from the yeast Saccharomyces cerevicice
(Sherwood et al. 1993). The predicted HIRA protein is charac-
terized by the presence of seven N-terminat W40 repeats, two
bipartite nuclear localization signals and a penta-Q stretch (frequently
seen in transcription factors). The gene product has been implicated
in transcriptional regulation based on its homology to gene regula-
tors like yeast Hirlp, Hir2p and Tuplp (Sherwood et al. 1993,
Promisel Cooper et al. 1994). | describe the identification of cDINA
clores of the murine hormolog of HIRA and studies on the expression
of Hira during mouse embrycgenesis. The sequence of the
predicted protein is homologous with the p&0 subunit of human
Chromatin Assembly Factor | (CAFIA) (Kaufman et al. 1995). On
the basis of sequence homologies with Tuplp, CAFIA, Hirlp and
Hir2p, we propose that HIRA is involved in the assembly of chro-
rnatin, efther by interacting with histanes or by regulating their genes.
Qur results demonstrate that Hira mRNA is ubiquitously present
from early developmental stages through adulthood, Raised levels of
mRNA are detected in the neural folds, pharyngeal arches, circum-
pharyngeal neural crest and limb buds (Wilming et al. 1997). We
think that HIRA is nermally involved in several aspects of neuro-
genesis, pharyngeal arch development and limb development by
regulating genes that control these processes,



Vi LOW RESOLUTION MAP:
CONSTRUCTION OF FOUR
COSMID CONTIGS ON 22Q11

v

ANONYMOUS SiNGLE Copy PROBE

NB 8t Locates 10 22911

Single copy probes were assigned to the region 22pter-ql | (van
Biezen et al. 1993). We were interested in gaining a starting point
for a chromosomal watk across the DGCR, and to that end we
tested these anonymous single copy probes for their localization
within the DGCR. Source material for the DGCR deleted and
normal chromosomes 22 consisted of human-harster hybrid cells.
Fibroblasts from two unrelated DGS patients were fused with thymi-
dine kinase deficent Chinese hamster cells and hybrids retaining one

chromosome 22 were
selected. By Southern
analysis with probe HPS00
or FISH analysis with
HP500 cosmid scd.l, we
determined the presence of
a deleted or wild type chro-
moscme 22, HP500/sc4. |
is a probe for locus
0225134, which is hemi-
zygous in 95% of normal
DGS patients (Carey et al.
1992), We were able to
assign probe NB84 (locus
D225183) {Lekanne
Deprez et af. 1991) to the
deletion of both patients
(figures  16-18).  This

into the nature of NB84 and

KH11B
KH11D
KH1B
KHeD

D225183 |

IGLC

figure 16

hutoradiogram of a Southern blot of EcoRi-

¢ digested DNA from human (DGS)-Chinese hamster hybeid <ell
i lints hybridized sequentially with probe NB84 (225183} and 2
i probe frem the fmmuaogichutin lambda light chain complex
¢ {IGL0) a5 a chromosome-22-specific contral. Eytogenetic
i anafysic had thawn eae chromosome 12 in each hybrid celt line.
warranted further research Hybrid KHID carries the deleted chromosome 21; the other
i hybrids have retzined the rormal chromasome 2.

b From Mulder et al, {1935),

TP O & M . chTzete 22 1 MED the Marier 10 tie DuGedrte Qeleslon aod friosevtion col lnes GIOTTI amt CMERIT 10 it o a7 PrMIOA 10ttt i eati, stz |hrescrt b ks Hubrt st e 5 s i v s D925 00 11 elab 12 o bncown athers. The, mastt

figure I7 Quzntitative Sauthern analysis of Putl-gigested DNA from two paticats (lznes
i3, 4) and a controk qubject {lares 1, 2; with a double amauat of DNA in Tane 2}, The blot was i
hybridized simultanequsly with probe NB84 (locus DI25183) and a probe for the B-globin locus
a8 a conteel, Comparisan of the signal intensity produced by the test probe and the control probe
£ shaws that orie patient (lane 3), wha was diagrosed as haviag V(FS, is hemizygous for D2ESI83.
£ The other patient (lane 4) is heterozygous for the Pstl polymorgbism in D225183 and therefore
f has no delerion at this locur. This aptient has cangenital heart disease and minor facial
i dpmorphisms,

b From Hulder et 2l (1995).

control l patients
2 3 4

D225183 {

f3-globin

figure 18 {this is
grayscale thumboail of the
original for quick refevence; see
full size calor picture an the
foldout poster on the back
<aier)

TISH analysis of mefaphase
chromosomes and Gl inter-
phate cuckl, Probes are colored
either i green {Bucresceiny o
in red (rhodaming/Tenas Red)
and the BNA is counterstaingd
in blue with DAPL, Frusresterce
wa regivtered uying a triple
band Riter set. A: Parfial
metaphase spread from lym-
phocyte eulture of normal con-
trol subject, hybeidized with
cosmid MS4 (D225183) labelled
in red. Both chromosomes 22
show a signal in the gl
region, B Partial meta-
phase spread from a lympho-
ote oulture of a DO5 patiert,
hybridized with 31 (green)
and the control prabe M7 (red). HI8 produces  signal on both chromosomes 21 (31q)3), but K54 o9 only one indieating hemizggosity. €, D: Gl interphase audkei
from fibrablase eultures of a pormal contral subject (€) and a DGS patient {D), hiybridized with H31 (green} and the chromosome-22-specific control probe KT8 (red).
Both H18 and MSI produce two signals per nucteas in the control (), whereas ia the DGS nuclei (D) H18 produces twa signals but M5l oslyons,  E:  Partial metaphase
spread from the balanced trandlecation ¢ell line GHOSEI8, hybridized with M1 (red) and scd.f {green). In the rormal chromosoma 22 (arrawhead), the signals of 151
and sed.| overtap, resuftiag in 2 white signal. The decivative 22 {small arrow) shows & ced signal for M1 and the derivative 10 a green signal for scd f, indicating that
the translocation breakpoint is betweea the two loci, £ Partial metaphase spread from the unbatanted trasshocation cell line GHOB980, hybridized with HS I {green)
ard 1578 (red). The noemal chramasome 22 (arrow) shows proximat and distal sigrals for HO1 2nd H78, respectively. The derivative |1 {arrowhead) shows a signal for
78 but ret for W51, indicating that K51 is deleted and maps centremeric to the translacation breakpointinthis cell e, G:  Partial metaphase spread from cell line
GHOOPBO, hybridized with ¥25 and the control probe pHIZ, both in red {(he to probes were supplied by the manulacturer, both labetled with digosigenin, making twe-
calor hybridination impassible). The nermal chromosome 21 (arrow) shows preximal and distal signals for 25 and pRIT, respectively, On the derivative 1 (arrowhead),
only the divtal signal is present, indicating that M35 is deleted and maps centromeric (o the translocation breakpoint.  H:  Glinterphase nucleus from the fibroblast
cuttore of a normal eentro! sebject. Triple hybridination with cosmids 48 {red), M5 1 {green) and sed.| (red). Both triplets show the order red-green-red. In one triplet,
the green signat partially overlaps oez of the red signals.

From Hulder et al. {1995},
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ﬁgure 19 Coding diagram used for the blotting of bigh density cormid fiters, Each row represents a fifter containing clonss from up to seveatoen 96 well library
i phates. Plates were blotted (with 2 9 pin robot} in duplicate on each Filter at positions indicated bere with black dats. A pair of dots vas et empty in each ce!l For easy
i positionat refereace. On an autoradiagram the filter number and el conrdinate are easifly determined assuming proger habeliing practice. Together with the urique cam-
i bination of the configuration of a signal pair and its pasition within the cell identifies the originating plate (1-130). This unambiguously Heatifies the welt containing the
i clone of interest.

its position relative to previcusly published markers and loci in and surrcunding the DGCR.
Radiolahelled NB84 was hybridized to a Zoo blet containing EcoR! digested genoric DINA from
various ariimal species and yeast, We only saw a clear hybridization signal with hurnan and Rhesus
monkey DNA, indicating conservation of D225183 sequences in primates. Weak signals are
present in DINA from other mammalian species as well (not shown).
COnservation. though limited in this case, can indicate the presence of coding sequences. This was
tested by hybridization of NB84 to a Northern blots containing polyA' RNA from various adult
human organs and a fetus. We did not observe any signals on these Northern blots, so the likefi-
hood of the presence of expressed sequences at D225 183 is low. We sequenced the | kb insert of
MNBE4 and did homology searches through sequence databases, No significant homologies with
known expressed sequences were found.
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it L Grippbep Chrovosome L2 Cosb LIBRARY

Since NBB84 is located in the DGCR but does not appear to repre-
sent coding sequences, we used the probe to identify genomic
clones representing the deletion. For this purpose we decided to use
the gridded hurman chromosome 22 cosmid library available from
the Lawrence Livermore Laboratories. This library is supplied as
frozen bacterial stocks in 130 nurnbered 96-well dishes. The advan-
tage of gridded libraries is their ease of replication and their standard-
ization. Every well (= cosmid clone) has a unique cocrdinate, greatly
facilitating communication between different researchers using the
same fibrary. The LLL chrormosome 22 library is a well established
one, used by many groups in the CATCH22 and chromosome 22
fields. If we would decide to sequence the cosmids of interesting
contigs, the results could be tied in immediately with a large bedy of
existing data, something not possible if disparate libraries are used.
Beckrnan BioMek robot at the State University at Leiden
(Netherlands) was used to plate out the cotonies in a gridded array
on nylon membranes. Through the custom software written by W,
van Loon we were able to plate in a 6x6 array, e, 96 blocks of 36
cclonies per 8x12 cm membrane, Such a high density of colonies
causes two problems that had to be addressed. Firstly, it is virtually
impossible to determine the exact coordinate of a positive signal on
the membrane, espedially considering positional inaccuracies caused
by slight deviations from true of individual blotting “fingers” of the
rabot due to movement or bends. Secondly, due to the small size
and high density of the DINA spots the distinction between true
signals and random background spots wil! often be impossible to
make. To circumvent the latter problem, | designed a systermn whete
each clone is represented twice in the 6x6 array. Thus only signal
pairs within one block are considered true positives. To alleviate the
first problern, we took advantage of the pairing system by trans-
ferring colonies to the membranes in such an order that each colony
pair has a two-dimensional arrangement that cannot be mistaken for
any of the other 17 pairs, Pencil marks between blocks indicate the
position of the blocks on the membranes, The shape of the signal



pair and the position within the block unmistakably reveals the
coordinate of the original clone. Figure 19 shows the decoding table
used to decipher the patterns, A typical result of a hybridization of
the library filters is shown in figure 20.
giiters with gridded YACs are available from various sources. These
offer the same advantages as the above filters and come ready to
hybridize, We used gridded YAC library fitters representing various
libraries to find clones connecting isolated cosmid contigs.

NB 8% RecoGnizes Four Cosmibs FRom
Two Sies On CHROMOSOME 2.9,

Vi3

Wlth NBB4 we screened the gridded human chromosome 22
cosmid library L22NCO3, This resulted in the isolation of four
cosmids. Their coordinates are [ 9B9 (lab code M47), 3309 (M51),
38A6 (M56) and 83C5 (M67) (see also table 4). The EcoRl restric-
tion patterns were compared, showing that M51 overlaps with M47
and M67 (referred to as the M5 group). M56 does not overlap and
has three CcoRl bands weakly hybridizing to NBB4, as opposed to
the one band with which NB84 strongly hybridizes in M47, M51 and
M67. Clearly NB84 has some weak similarity to sequences on M56.
FISH on interphase chromosomes confirmed that M51 and M56
represent separate focl an chromosome 22, As the signals overlap
on metaphase chromosomes, the distance between the two loct is
expected to be in the range of several hundred-thousand basepairs.

M5 1s Locatep CentroMeRric OF MB6&
Bur Botw Are Located WrHin THE DGCR

v

?o determine whether M51 and M56 are located in the DGCR and

what their position relative to known reference points (break-

points, probes) is, we performed FISH experiments with various
probe combinations and cell lines.

We used cell lines from individuals with translocations in the

DGCR: ADU, GMO5878 and GM0O0980. The ADU cell line is

from a patient with a balanced 1(2;22) (q14.1:ql (.1} translocation;

. Havres 4 DINA prote 10 15 DGDE, avalibde meanl ' wee could starm neliling centmde reprmaseing the DGR, bin stmdmg f atfde e or moen comlgs ol DGER grmemmis, ehones 10 arder 1w theh 1 Keribe

FragrTrent ezt Povnomhmme] vmind T3t he Marker wa e on one o el

123495672837

ITOTMOUN B™D

ﬁgure 20 A simlation of a typical auntoradiogram resulting from exposure to Filter 4 hybridized with ¥S-labetled vector ONA (yielding the weak homogenous
i background signal for easy relerence) and “Plabelled H36 probe {the three black signat pairs}, The detected overtapping chsnes are (see diagram figure 19) coumids H02
i (S2F5) M203 (BOCEE) and H204 {EODID),

the patient suffers from mild DiGeorge, GMG5878 cells have a t(10;22) (926.3;q1 1.2} genotype
and are from an unaffecied father of a child which suffers from DiGeorge. The child has an
unbalanced variant of the same translocation as the father, causing 22pter-ql | monosomy (Kefly
et af. 1982). Fnally, GMO0280 cells are from a VCFS patient with an unbalanced translocation
(1 H:22) (@25:q1 1), deleting 22pter-g | | {Fu et al. 1976). Two color FISH (figure 18) with varicus
combinations of markers M51 (D225183), M56, cH748 (HIRATUPLED), N25 (D22575) and
ZNF/4 suggested the following order of markers (breakpoints in bold type): centromere - scl |.}A
- ADY - HIRA - M51 - N25 - 980 - M56 - 5878 - scd.| - scl |.1B - ZNF74 - telomere (figure 21).
This shows that both M5 and M56 are located in the DGCR, M51 proximally from Mb5e.
Sequence analysis several years later shows that the position of N25 is incorrect as & is located
between ADU and HIRA.

With RFLP and quantitative Southern hybridization we were able to confirm cn of the outcomes of

the FISH experiments, namely that M51 and M56 are deleted in DGS patients (figures 17, 22),
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ranslocation 1j2.22) H{11:2z) 110,22}
cell line ADU GMOOSED aMIE78
DZEEHE)
locus scl111A {22575 TUPLEIDZ25183 DZZ8124 sc11.1B ZRFT4
cen , fat
pmbe N25  ¢HT4R  M51 (N25) M55 sedl zeifd cos3d )
a; RS HP5CO )
\ | 1
1 1 X
I : ! .
Q ;1— SRO of VCFS deletions ———p 1 .
i 1
—— 5RO of DGS deletions b !
[ . )
4——— commonly deleled region o
figure 21 Biagram of the DiGeorge cheomosomal region at 2iqfL showing the retative order of loci {Black boxes) and transtocation breakpaints {verticat lines)

i vtudied. The legand on the left indicates the type of label used on that fine (probes can be cosmids or plasmids). Drawing is not to scate. Outtine box indicates the incor-
i et pasition of K15 as initially published. cen: ceatromers; tek: telomere,
i Hodified from Mulder et al, (1995).

F v 5 M5BT Coswip Contic

£

o We probed the cosmid library with cosmid M5 1, initiating a cosmid walk in the DGCR to isolate
=] a contig of overfapping cosmids representing part of the DGCR.

& M 51 hybridization yielded five new cosmids shown in table 4. Restriction and hybridization analysis
§ showed that M101, M107 and M108 overlap extensively, with MI10I close to the M51 group
g' and M08 extending outwards, The three cosmids extend the contig in cne direction only. There

are no cosmids overlapping with the other end of the M51 group. Repeated attempts with M5
and M67 probes did not yield any overlapping cosmids other than the known ones. I an attempt
to bridge the gap on that side of the contig, we hybridized M67 to a human CMLO total DNA phage
library (constructed and kindly provided by Dr C. Troektra). This experiment did rot yield over-
lapping clones. M 108 extending cutwards most, we chose this cosmid as the probe for the next step.
This yielded seven cosmids (table 4). Detailed fingerprinting showed that for only five of these,
Mi124, MI127, MI129, MI30 and Mi31, the restriction digest pattern could be rescived. M140
and M142, the remaining two cosmids, overlap as a pair, but could not be placed in the contig
without serious conflicts on the level of restriction fragments (EcoRl, Bamiil and Hindilf).
MNevertheless, both on hybridization level and on restriction enzyme level there is a considerable
overlap between the consensus contig and M40 and MI142.
F I$H with M108 shows two signals on metaphase chromosomes 22! one in the DGCR and one
close to the centrormere on the p-arm. An M| 27 probe only hybridizes to a region in the DGCR.,
In the KHI 1D cell line (& hybrid cell line containing a deleted chromosome 22, lacking D225 185 but

A Pty AT Ao G200 9 o | L T P 51 10T S SN 1 71D oAl SR 1Pkt ] A e 3 T LY SO I S0 5 P B0 s g 61 1 0 s 1,

containing D225184) this signal is not present, indicating that, as
expected, M| 27 represents a locus inside the DGCR. The M08
sequence 5 wholly contained within the combination of M47 and
M127, neither of which show double FISH signals, making it difficult
to explain why M08 does. M3 also shows two FISH signals, One
of the signals overlaps with the M108 DGCR signal, the other signal
is also located on chromosome 22, but pericentric. FISH with M 140
resulted in signals on all acrocentric chromoscmes.
Since coding regions frequently have a CpG island 5' of the coding
region, we tested M67, MI08, MI27, MI31 and MI40 for the
presence of restriction sites rich in GC by digestion with BssHil, Noti
and Sacll. M6&7 is not digested by any of the enzymes. MI127 and
MI3} have three BssHIf and cne Sacll site, whereas M108 has two
BssHi! and one Sacli site, Not! sites are not present in these cosmids,
M 140, the cosmid that clearly overlaps with the M5 contig but can
not be faithfully integrated into that contig, displays many sites for the
three enzymes, We conservatively estimate that M40 has fifteen
BssHil sites, eight Not! sites and fifteen Sacll sites. Clearly this cosmids
contains a CG-rich region. This sequence stretch must be located
outside the overlap with the M5 contig, since the contig cosmids do
not have more than a few BssHIf
and Sacll sites. The high GC
content rmay explain the FISH
results.

&6  MB6 Cosmip

Cowntic

As mentioned earlier, the NB84
hybridization to the cosmid
library yielded the M5} group,

figure 2 Autoradiogram of a Southern blot

but also cone isolated cosmid:
M56. Since M56 turned out to
represent DGCR sequence as

well, we used this cosmid as a

second starting point for a cosmid

i of Pstl-digested DNA from a probard and her parents,
i hybridizad with probe NBB4 (locus DIISI83), which
i reieals a polymosphism in this farily. The mother
i and father ate homorygous for the 4.6 kb and 4.0 kb
allelz, respectively, The probard faited to inherit the
i maternal aflela,

i From Huldee et al. {1995).
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contig. M56 as a probe yielded M200 through M204, M206, M208, 2 table 4 {osmids fom the LEL chromasame 22 lbrary posiice for the probis indicatedinthe PROBE tolurn. Inthe LIBRARY CLONE 1D column e
.. L - § phate number and well coordinate is isted and ia the LAB 1B columa the identifiers for the clomes used 1 our labaratory. The table only list the neve clones identified by
M209 and M21 | through M213 {table 4}, Similar to the situation g § cath prote,
with the M108 group not all these cosmids could be unequivocally 3
integrated into a contig. Unlike the M5 contig, this contig expands in E
two directions in this first step. An M204 probe, however, falled to Y Mig2
recognize any novel averlapping dones, The cosmid extending to § :‘:1353 I o
the cther side of the contig, M202, cnly recognizes M228 and 3 n‘,nae CRA .g
M229, which are virtually identical to M202 and thus do not help { bi1a7 §
expanding the contig further in that direction, ; B SR Mtas 2
iy i . o i W51 636 Me3 M189 1903 M245 (=]
M 80 was originally isolated in the screening with M51. On an EcoRl 5 101 M190 27G10 246 oY
Southern blot, only one band hybridized with M5 and there was 2 #103 K191 36A10 M248 ]
no overiap in FcoRi restriction pattern between the two cosmids. & m:g; t:gz 212‘:‘0 ::22‘;9] 3
Eventually it was decided to consider M80 an anomalous clone. We é B, Migd k7 Mo o
had, however, probad the cosmid library with M80 and isclated a2 M185 40ci2 M252
large number of cosmids: eighteen (M182-M199) (table 4). E :::gg ‘;324‘0 mﬁ
Fortuitausly we discovered that some MB80 group cosmids displayed Y, 628 Wia57

strong hybridization with M56 contig cosmids. Almost all FcoRi M199

restriction bands on a Southern blot of M80 and MI93, MI95, =
M183 and MI84 hybridize to M229. M195 also shows a hybridiza- § gl - 5
tion signal when hybridized to an M56 probe and shows & HD7K | 18G4 Midg S
considerable restriction pattern overlap with M202, M208, M211, E 20812 M149
M228 and M229. : w6 | vies N
We digested M56, M8 and M204 with BssHil, Not! and Sacll,  * 4 hats
M56 nor M204 have any of the three restriction sites. M8O £ p s
however has an estimated thirteen BssHil, three Notf and five Sacll 5606 M54
sites. Presumably owing to this high GC content (as with M 140), ; 62Hi1 Mi80
FISH with M80 results in a multitude of signals on acrocentric & 6400 HiG1
{ 66F4 r162
chromosomes (figure 23). 67G8 Migs
& 85F6 1185
i T SiNGLE CoPy PROBES CONFIRM THE : met | s
ARRANGEMENTS OF THE CONSENSUS CONTIGS § o A
i 103610 (]
To confirm and facilitate determination of the correct tiling path of g :gg:;‘ m;‘?
cosmids and restriction fragments in the M51 and M56 contigs, we £ 108E9 M175
isolated single copy fragments from both contigs. Several different ? 110E4 Mi76
restriction enzyme digests of cosmids were separated on gel and E
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exposed to Southern hybridization with labelled sheared human placenta DINA and vector DNA.
Non-hybridizing bands were considered single copy and isolated. Probes SCP!, SCP2 and SCP3
are 290 bp, 220 and 700 bp Pstl fragments from #M108, respectively, SCP4, SCP5 and SCP6 are
isolated from the M5é contig and are a 620 bp Pstl fragment from M204 and 650 bp and 1050 bp
Pstl fragments from M202, respectively. We hybridized SCP1-6 to Southern blots containing
restriction digests of cosmids from the M5 and M56 contigs (not shown),
I 8  HIRAJTUPLET anp HDTIC Contics
Earlier we determined the pesition of HIRA (TUPLET), a cDINA frem the DGCR, relative to M5
and M56. In an atternpt to reach the M5 1 contig from the HIRA side, we hybridized the HIRA
<DNA to our cosmid fibrary. Since HIRA is thought to be caded for by an estimated 150 kb
genomic DNA (Halford et al. 1993b), an expected large number of cosmids (twenty-six}
hybridized to the ¢<DNA probe (table 4),
Athird starting point for a GGCR cosmid contig was provided by probe HD/K, This probe was
assigned to the DGCR by Wadey et al. (1993). Twenty-one cosmids were confirmed positives
(table 4).
W9  YACS
To bridge the gaps and circumvent the 'road blocks’ we encountered during the cosmid walk, we
screened [CRF gridded human YAC library #900 with NB84. This vielded one positive clone,
Y900B0267. This YAC is approximately 610 kb and does not contain HIRA,
A human HIRATUPLE ! probe recognized a different YAC clone: YS00HO051E 13, The 2.6 kb cDNA
probe recognizes EcoRi bands of approximately 3, 5.5 and |2 kb on this YAC.
A3 HIRATUPLET probe (350 bp Sspl-Clal) we used to probe HO51 {3 and HIRATUPLE! positive
ICl human YACs 10BES (245 kb), 30FH G (290 kb) and 37AF5 (200 kb) (a kind gift from Dr Bf.
Scambler) revealed that 051 13 and 37AF5 are devoid of this 3' sequence, NB84 hybridizes to
these YACSs, so all three ICl YACs contain the D225 183 locus,
For the purpose of transgenic mouse experiments we set out to isolate large mouse genomic
fragments representing the equivalent of the DGCR. Mouse HIRATUPLE! probes on ICRF mouse
YAC libraries #9072, 903, 909 and 910 resulted in the isolation of one YAC, This | Mb done,
YO03EI213, has 5, 6 and | | kb EcoRf fragments containing sequences homologous to the probe.
FISH suggests that this YAC is chimeric because signals an chromosome {6 and 8 are observed.
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ﬂgure 23 FI5H anabysis of normat metaphase chromosomes with cosmid H80 {arrow) and 2 chramosome 22
i speafic eontrol probe {arrow head) showing strong hybridization Lo aurecentric chromosossmes besides ehromosome
Hr

7] 10 cDNA LUBraRY SCREENINGS witH ConTIG
Cosmips: MB7T avb MB6G Conric Cosmibs
Do Nor Contaun ABUNDANT o COMMONLY
EXPRESSED SEQUENCES

The reason for the construction of cosmid contigs was to have

manageable chromosome 22ql 1 fragments available that can be
tested for the presence of expressed sequences, either human or
mouse. We hybridized M57 to a 26 week human fetal brain ¢DNA
library and a human testes cONA library. Ne positive clones could
he detected.

67 and MI08 were tested by low stringency hybridization to a

i mouse fetal cDNA library and hybridization to the human fetal



cDNA library, M56 and M202 were only tested on the human
library. We were not able to isolate positive clones from these
screenings.

i 11  Discussion

u sing cosmid probe M51, we have determined the map position of
the ancnymous marker locus D225183 relative to a number of
translocation breakpeoints and other known loci. D225183 maps
within the SRO. A second focus, recognized by cosmid M56 (which
contains sequences with weak homology to D225183), is focated
more distally: just outside the SRO. A positional map is presented in
figure 16. Several cosmid contigs, totaling =400 kb, were
established. Progress in extending the two main contigs, M51 and
M58, was halted by the failure of end cosmids to hybridize with any
new cosmids, or to hybridize with unique overlapping clones.
Chirmerism or low-copy repeats may be responsible for this
behavicr, A later chapter (VII-7} will discuss this further,
From the initial course mapping, we estimated D225183 to be less
than 200 kb from TUPLEI/HIRA, Precise mapping (discussed
below) shows that D225183 is located 40 kb from the 5" end of
HIRA and 140 kb from the 3' end.

E n the absence of evidence that deletion or mutation of any of the
known genes in 22ql! is sufficient andfor necessary to cause
CATCHZ2, the identification of other genes in or around the SRO
remains an important issue, [n this respect, D22575 and D225183
may be relevant loci. | performed a detailed analysis of the region to
assess this,

VIl HIGH RESOLUTION MAP: MAPPING OF
NEW GENES IN THE 22Q11 REGION

D r B. Roe's laboratory in Oklahoma sequences genomic clones frorm the CATCH22 region for Dr
B. Emanuel's group in Philadelphia. | cannot illustrate the advantage of gridded libraries befter
than with this sequencing project: we were able to integrate cur cosmid contig data with the
sequence data thanks to the fact that most sequenced clones were from the same LLL library we
used,
As the sequences from these large scale sequencing projects were made available, | analyzed
22q1 1 DNA sequences with a bloinformatics approach, 1.65 Mb of 22q1 | sequence was fetched
from the EMBL database (ACO00067-AC00007 |, AC00C073-AC0G0080, AC000082-AC000095,
AC000097, L77569, L77570). | constructed a FastAble 22q1 | database from these sequences and
determined the overlap between the clones. Contiguous sequences were assembled into five
consecutive non-overlapping contigs: from centromere to telomere contig | through contig 5. The
total length of the non-redundant sequence amounts to approximately 1.2 Mb, individually the
contigs are sized as follows: 178 kb {contig 1), 47 kb {contig 2}, 421 kb (contig 3), 343 kb (contig 4)
and 207 kb (contig 5).
Through FastA alignment | tested our 22q1 | sequence database for the presence of DGS candidate
genes and known 22ql | transcription units. DGCRZADDIAN/DGSC (Demczuk et of. 1995a,
Wadey et al. 1995; X83545), DGCR5 (Sutherland et af. 1996; X71348), DGCR3 (Budarf et al.
1995; S579494), DGSA, DGSB, DGSD, DGSE, DGSF, DGSG, DGSH, (Gong et af. 1996, L77559,
L77561-177565, L7757 1) DGSIES2 (Gong et al. 1996, 1997, L77566), CTP/DGY (Kaplan et al.
1993, Helisterkamp et al. 1995; U25147), CLTCLI/CLTD/CUH-22/DGSK/ESS (Kedra et al. 1996,
Long et al. 1996, Sirotkin et al. 1996; U41763), HIRAVDGCRIJTUPLE! (Halford et al. 1993b,
Lamour et of, 1995; X89887), UFD/L (Pizzuti et al. 1997, Ué4444), COMT (Brahe et al. 1986,
Wingvist et al. 1991; M58525) and GP /BB (Kelly et al. 1994, Yagi et al. {994, |J0325%) genes are
present in our 22ql | database. Mouse genes mapping to the syntenic regicn of human chromo-
some 22q1 | (mouse chromoseme 16} were also compared to our 22q1 | database, resulting in
the mapping of the human homologs of mouse T10 (Halford et al. [993c; X74504) and Tbx!
(Bollag et al. 1994; US57327). The linear crder of the genes, induding new genes discussed later, is
shown in an overview (figure 24), New anonymous genes are labeled DiGeorge Defetion
Transcript {(DDT). | do not find genomic sequences representing the (potential} 22ql1.2 genes
DVL22 {Pizzuti et al. 1996; U46462), ZNF74 (Aubry et al. 1992, X71623), UBE2L3 (Moynihan
et al. 1996), DGCRé (Demczuk et al. 1996; X96484), HCF2 (Blinder et ol. 1988, Herzog et al.
1991: M 12849, M19241), GSTTT (Webb et al. 1996; X79389), GSTTZ (Tan et af. 1995; L38503),
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MIF (Budarfet al. 1997; M25639, L19686) and LZTR {Kurahashi et al. 1995; D38496). Individual
contigs were analyzed for the presence of expressed and conserved sequences by database
comparison of 40 kb fragments of contigs with EST, yeast translated and Drosophila translated data-
bases. Contig fragments from regions void of conserved or expressed sequences were compared
1o the translated EMBL database. With these approaches | discovered fifteen new potential tran-
scription units in contigs 3, 4 and 5 ([ do not find new transcription units in contigs 1 and 2). These
genes, as well as the established genes, are discussed in the following paragraphs. Discussion follows
the linear crder on the 22ql 1 map from centromere to telomere (figure 24). We analyzed the
contigs with X-grail to locate potential promoters, CpG klands and polyA signals. X-grail was also
used to predict exons. The potential genomic range of new genes for which we have little or
incomplete infermaticn (i.e. only few ESTS or only partial peptide homology) is predicted using the
K-grail suggested exons,

E map chromosomal markers with known sequence to the 22qi | regicn and establish their precise
linear order (D22S121, -183, -185 (Budarf et al. 1996), -553 (gdb 335921), -609 (gdb 335977),
-931-933, -941-944 (gdb 434655, 434658, 434661, 434689, 434693, 434696, 434699), -946,
-947 (gdb 434706, 434709), -1589-1591 (gdb 1238855-1238857), -1624, -1628, -1664 (gdb
3750405, 3750146, 3750141), ADU breakpoint (Augusseau et al. 1986; 5579494)) (figures 24,
254). In disagreernent with earlier reports {Morrow et al, 1995), | map markers 0225946 and 947
to 22ql | contig | (figures 24, 25A) and marker D225553 (Hudson et al. 1994, Budarf et al. 1996)
to contig 3 (figures 24, 25C). Other rnarkers and breakpoints, without a published sequence, are
breadly mapped on the basis of avallable data (patient G (Levy et al. 1995), GMGO%80 (Fu et al.
1976) and GMO05878 (Cannizzaro et al, 1985) breakpoints, markers D2251618, -1637 and -66)
(figure 24). Through FISH with fosmids overlapping with a contig |-2 gap-spanning fosmid {39¢9),
we find that the centromeric breakpoint of patient G is located on this clone (figure 24). FISH
experiments show that cosmid 38a6 locates proximal to the GM05878 breakpoint (Mulder et al.
1995). McKie et af. describe the localization of HUDDLPNUTL! to a point distal of the GMO5878
breakpoint {McKie et al. 1997), which means that the breakpoint is positicned in an approximately
50 kb band between casmid 38aé and HUDDLPNUTLI (figures 24, 25C, D), The GMOOE0
breakpoint is located in the approximately 80 kb range between cosmids 59f6 and 38a6 as indicated
by FISH experiments (not shown and Mulder et of. 1995) {fgures 24, 25C). Markers 02251618
and D225 637 represent the ends of cosmid 53e5 (B Morrow: personal communications) (figures
25€, D).

Recent!y, | re-analyzed the genomic sequence of the 22q1 1.2 region at the Sanger Centre using a

sophisticated and highly automated analysis protocol geared towards dealing with large genomic
sequences. Contigs | through 3 are now contiguous; the sequence of 236 kb stretching from
contigl to contigd was briefly available under number U30597 (currently the sequence is only avail-
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able as a series of separate cosmid entries), Figures 26 and 27 show
some of the features of the sequence as displayed by the Fmap
functicn of the ACeDB database and display program. Any new data
from this re-analysis is discussed in the relevant paragraphs that
follow. For the purpose of readability and compatibility with the first
analysis the first three contigs will still be discussed as separate units,
Figure 26 shows the relationship between the separate contigs -3
and the unified contig,

A1 2211 Cowvrié 1

i 11 Estasusiep TRAWSCRIPTION UNiTS
E mapped no new major transcription units to contigs | and 2, The
genes positioned here, and their inear order along the contigs, have
been reported by others (Budarf et af. 1995, Demczuk et al.
19953, Wadey et al. 1995, Gong et al. 1996, Lindsay et al. 1996,
Sutherland et ai. 1996, Holmes et al. 1997).
?he DGCRS gene, a gene without obvious protein encoding
potential that can be transcript spliced into at {east six different
mRNAs {Sutherland et al. 1996), is present almost completely in
the sequence of contig | (figure 254). | can not locate the first 104
bp in its proper orentation, but a sequence 99% identical to this
stretch is present in reverse orientation 5' of the gene. The fact that
DGCRS is bound by an X-grait predicted CpG island 5' and polyA
signal 3" indicates that the genomic range of the gene as shown in
figures 25A and 2TA is indeed compiete. In the fast intron (number 5)
a 2300 bp single exon transcription unit is present, DGSA, that has
homclogous ESTs (including some with a polyA tail) and shares very
high homology to a human membrane protein. There is contradic-
tory information about the transcriptional direction, ESTs with polyA
tails and the database sequence entry suggest forward transcription
(centromere to telomere). However, the very high homology to
proteins Q13116 and P52591 and <DINA U21556 suggest other-
wise. For that reason it is indicated as a forward gene in figures 24
and 25A and a reverse pseudogene in figures 26 and 27A. DG5A, and
DDT2, are different from other intronic and minor intergenic



transcripts in that more than one EST map to them and/for that at
least some ESTs contain a polyA tail. DGCR3 is a 260 aa ORF on the
same strand as DGCRS that locates to the same DGCRS intron as
DGSA. No ESTs or (DNAs map to DGCR3 and no conserved
sequences are found by database searches. Another potential
transcription unit without cONAs and ESTs, DGSB, has been mapped
{o the last intron of DGCRS. The current status of these potential
franscription units is unknown.
Distal to DGCRS is DD, Fhe IDD <DNA sequence used for the
alignment has a direct dupfication of eighteen basepairs approxi-
mately 450 bp from the 3' end. The eighteen basepairs are present
twice head to fail in the cDNA, but only once in the gencmic
sequences. DD encedes a potential integral membrane adhesion
receptor. Considering this functional classification, it will be of interest
to determine the expression pattern of mMRNA in mouse embryos,
Until now, no mutations have been reported in non-deleted
patients.
The fact that a mouse BAC of 130 kb (AC000098), carrying the 3
end of ldd at one of its ends (not shown), does not contain any
DGCRS like sequence indicates that close to the 3° end of IDD the
synteny between human 22q1 | and mouse 16 is lost or interrupted,
Interestingly, we do find ZNF74 -like sequences downstream of the
murine Idd gene; in Horme sapiens the ZNF74 gene is located at the
distat end of the commonly deleted reglon. On our 22g1 | contigs |
do not find a human homolog of this ZNF74 like sequance.
) 6SG and DGSH, both intronless transcription units, are situated
i telomeric of IDD. The 3" ends of the units overlap sixteen base-
pairs. DGSG is a serine threcnine protein kinase. In the syntenic
region of the mouse genome, apparently two funciicnal copies of
this gene are present (Galili et al. 997), both single exon genes
(Tki (Tsski) and Tsk2 (Bsk2)). In human genomic sequence the
ortholog of Tkl is present as a pseudogene. There are as of yet no
indications that the mouse has a DGSH homolog.,
The fairly compact DGS! gene is positioned less than | kb distal to
DGSH, One EST {C17097) suggests alternative splicing (addtion of
at least 108 bp to the 5' of exon 9) (figures 254, 27B). The genomic
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organization of DGSI was recently reported by Gong et al. (1997) and is in line with our findings.
Gong et dl, give no indication of alternatively spliced messengers, [f'the alternative splicing event can
be confirmed experimentally, mutation analysis cculd be performed on the expanded exon 9 to
complement the analysis already performed. The extra sequence added by this alternative splicing
is much too short to be responsible for the 5.2 kb transcript (three times the size of DGSY) to which
DGSI probes hybridize on Northern blets (Gong et al. 1997). DGSI's function is not known but it is
known to be highly conserved (hemolog in organisms as remote as C, elegans) and it is known that
the protein is located in the nudleus and that in mouse embryos it is highly expressed (Lindsay et al.
{998},
The sequence bridging the gap between contig | and contig 2 is approximately 30 kb in size. It
contains the sequence for the GSCL gene (Galili et al. 1997) (figure 27B). Like in the mouse
genome this gene is positioned just distal from DGS!. Recently, Gottlieb et al. {1997) published their
initial research on the human GSCL: expression is localized and at a low level. Adult pituitary and
testis tissues are positive, as well as 9-10 week fetal thorax. Wakamiya et af, (1998) and Saint-Jore
et al. (1998) mention the expression in the pons region of the developing brain and adult expres-
sion in brain, eye, thymus and thyroid. As this coincides with at least part of the CATCHZ2 pheno-
types and the Goosecoid homeobox gene to which it is hormologous plays a role in proper cranio-
fadial development (Yamada et af. 1997), it was suggested that this gene is an excellent candidate
gene, Experiments with Gscf null or hemizygous mice suggest that at the most it has a contributing
role as these mice appear normal (Wakamiya et al. 1998, Saint-Jore et of. 1998). Mutational
analysis in non-deleted VCFS patients did not reveal mutations in GSCL (Funke et af. 1997} One
interesting fact is that GSCL and neighbor DGSI have some kind of refationship. Not enly is DGS!
expressed above average in the very pons region where GSCL is expressed, but in Gsdl null mice,
this expression domain is absent (Wakamiya et al. 1998).

i % NoTABLE FEATURES
When comparing the sequence of repeat-masked 40 kb fragments of contig | to our database of
the five contigs, | noticed the presence of two stretches of approximately 900 bp that have 89%
nucleotide homology and map 20 kb apart in identical orientations within contig | (30729-31636
on 103a2 and 17250-18155 on 41c7). The distal sequence is contained in DGSA (gray/black flags
in figure 25A). This is the only occurrence of such an inverted sequence cn the entire 1.2 Mb of
22ql | sequence. Database homology searches (EMBL/Genbank, human repeat and EST data-
bases} fail to identify homologous sequences other than DGSA,
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figure 24 (thisis a thumbnail of the original for quick relererce; see futl size picture on the foldaut poster an the back cover)

§ Qvervizw (nat to seate) of the part of chromosome 22q11 analyzed at sequence level. Gray squares show the relative positions of genes ard pseudogenss alorg the
i chromsome from centromere (cen) to telomere (tel), white sqvares are genss outside the sequence and are shown for reference. Where applicable the officia!
i Komenclature Committes approved symbof (as known at the tire of writing) is used as the first pame, possible syanonyms are listed between parentheses; names in bold
i are approved rymboTs and aliases . Arsowheads underneath eath block {small for prevdogenss) indicate the orientation of the gene. Vihere psevdogenss are preseat inside
i other genas, the square is shaded alternating black (pseudogene) and gray. Yertical lines indicate the position of genamic markers relative to the genes. Grouped markery
i (borizental bars) are thown in the correqt order witlin the group, Dotted lines deante that the position of the marker is not knawn at sequence level but inferred from
mapping data; these markers are not shown in figure 25, Horizontal dotted lines show the sequence winduw in which the transtacation breakpsintt printed underneath
ré focated. On the bottom raw the couerage of the eriginal fiie contigs is shonn, with dashed shinted lincs between the gene squares regresenting their endpaints i
i relation to the geres and markers shown.
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figure 25 (this is & thumbnail of the eriginal for quick refereacs; see fuil sie picture on the Foldout paster on the back cover)

+ Diagrams showing the intren-exon structure of genes as determined from the amatysis of over 1.2 Hb of cheamosame 22q1F sequence. Features redated o genes, such as
i polph sites and (pG istands and potential promotors (21t determpined by X-grait) are also shown. See legend right of fizure E for an explanation of the symbols used.
i Ruders above and bedow the principal diagrams show nucleotide coordinates {the origin is the 5* or centromeric teciinus of a contig). Underneath the bottom ruler the
i tifing path of clonss (cosmids, Tosmids, YACS) ard their names is shown. Black Jines indicate sequenced dlones and therefore exact positicaal information; gray lines are
¢ elones mapped on inexactinformation such as fingerprinting and marker hybridization. Dotted gray lines fndicate unknown position of the end of the clone. Asterixes show
i the approximate pasition of SCPI-SCP, single copy prabes that alded the positioning of the unsequenced casmids, The graphs above each diagram shows the number of
t ESTs homologous to the exon in the same columa (as of first quarter of 1997). Ac contigl. B: contizl. € contigl.

i D: coatigd B contig S andlegend,
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2 2qll Contig 2 contains SLC20A3/CTP, a very compact gene that has
a genomic to messenger size ratio of fess than 2:1 (3 kb genomic
for 1.5 kb mRNA) (figure 25B, 27C). Through FISH we locate the
mouse homolog to mouse chromosome 16 {not shown). The
intron-exon structure is as reported by Goldmuntz et ol. {1996),
0 nly few ESTs are positive for the sixteen 3'-most exons of CLTCLI
that map to contig 2 (figures 258, 27C). A gap of around 30 kb
between contig 2 and 3 contains 2 kb of the CLTCLI mRNA
sequence, The 5.5 kb CLTCLI gene encodes the Clathrin Heavy
Chain Like protein, Whether the protein product is involved in
vesicle budding {endocytosis) rermains te be clarified. Man has two
Clathrin Heavy Chain genes: CLIC and CLICLT {CLH-22, CLTD).
CLTC, which gene maps to chromosome |7ql|-gter, is more
homologous to other vertebrate dathrin heavy chain proteins than
to CLTCL{ (Sirotkin et al. 1996). Although nothing is known about
embryonic expression, CLTCLT expression in adult hurmans (high in
skeletal muscle (Sirotkin et al. 1996)) points to a role in skeletat
muscle physiclogy. Reportedly, mice do not have a2 homolog of
CLICL! (Galili et af, (unpublished), cited in Gong et al. 1996), which
harnpers expression studies in mammalian embryos, In our view the
fact that CLTCL! is not conserved in mamrnals does not add to its
candidate status. However, Holmes et al. describe a patient with
some CATCH22 features assaciated with a balanced t{21;22)
translocation through the 3" part of CLTCLE (Holmes et al. 1997).
This could mean that truncated CLTCL} proteins are eticlogic for
certain CATCH22 features. Alternatively, it can not be excluded that
heterochromatin on the p-arm of chromosome 2! spreads to
22qi |, thereby silencing genes distal to CLTCL!. In this case CLTCL{
truncation may contribute litile or nothing to the CATCH22 pheno-

type,
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3 22Q11 Contie 3
s 1 Estsusiep TRAWSCRIPTION UNITS
The three 5'-mast exons of CLTD, to which no ESTs map, are found on contig 3 {figure 25C), We
are unable to locate the first 53 bp of the CLTD ¢DNA anywhere in our 22ql | database. This
streteh is not present in the other Clathrin-like dones (CLH-22 (X95486) and CLTCLT {Us0802)).
Database comparison shows that this sequence is 98% identical {one mismatch) to sequences in
the 5" ends of cDNAs of MKKS {Map Kinase Kinase 6 (U39656, LJ39657)), so | assume that the
CLTD cDNA is chimeric.
Equivalents of alternative mouse Hira exons 3A and | |A (Wilming et al. 1997 X39713, X99722)
are present in the sequence of the human HIRA locus (figures 25C, 27D), but amongst the few
ESTs mapping to HIRA we do not find ESTs matching these exons. The possible existence of an
additional alternative exon is indicated by cDNA clone zh%0b02, which has a 3' end with homology
to intronic sequences (short exon bar between exon 21 and 22 in figure 25C), whereas the 5’ end
contains sequences mapping to canonical exons {exons 16, 17 and 18). The genomic organization
of the HIRA gene has been reported by Lamour et al. (1995) and is cenfirmed in our study. Hira is
expressed in mouse and chicken embryos in structures affected in human DiGeorge patients

(Roberts et af. 1997, Wilming et af. 1997, this thesis) and the gene product is likely involved in -

some aspect of maintenance, formation or regulation of chromatin structure, Possibly, HIRA is
involved in opening or closing of chromatin of crucial developmental control genes and as such it is
a candidate gene. For a detailed discussion see later in this section. Cosmids isolated with HIRA
probes (table 4) are shown in figure 25€ as gray bars (indicating that they are not sequence mapped
but fingerprint mapped).
?he recently describad UFDIL gene is located 25 kb telormeric of HIRA (figures 25C, 27E). X-grail
predicts a putative promoter with a CpG island in close vicinity. The published human UFDIL
cDMNA contains a sequence stretch duplicated into two consecutive copies, although some human
transcripts are reported to lack the duplication of the stretch coding for 36 amino acids (Pizzuti et
al. 1997). | fail to identify the corresponding duplication in the genomic DNA. The mouse cDINA
sequence (U64445) is colinear with the human genomic sequence since it also lacks the duplication
{Pizzuti et al. 1997}, Five out of the six ESTs we map to the 5" end do contain the duplicaticn, so it
is unlikely that it is a cloning or sequencing artifact in the cDNAs, It is either an artifact in the genomnic
clone {the duplication could have been removed by recombination) or a polymarphism, UFDIL
{which, incidentally, stands for Ubiquitin Fusion Degradation | Like) exons have been trapped from
chromosoeme 22 cosmids by Trofatter et af. in 1995 (Trofatter et al. 1995). Our aralysis reveals the
intron-exon structure, Locus D225183, which we mapped to the DiGeorge deletion region
before, is part of intron 3. UFD (L is probably invelved in protein degradation through ubiguitination

T U o U L S50 (A1 0 TS e Sl P A1 B S P - b Y [ i W] 050 A il B S [ 5 it LI 1t S 15 1) S, il P DS, oo kit o1 (U] LT

(Johnson et af. 1995). Accumutation of ubiquitin conjugates in
migrating neural crest cells (Wunsch and Haas 1995) suggests that
haploinsufiiciency of UFDIL could indeed contribute to part of the
CATCH22 malformations. More on this in chapter IX-2-5.

M5 2 New TRAWSCRIPTION Unis
B etween HIRA and UFD ! we find a new gene of at least four exons
(figure 27D). This gene, DDT?, is constructed from sixteen ESTS.
These ESTs are from cDINAs isolated from fetal brain, fetal heart,
fetal liver and spleen, multiple sclerosis, sensscent fibroblast and
pregnant uterus cDNA libraries, There is a CpG isfand 5’ of the
gene, as well as two potential polyA signals at the 3" terminus. X-grall
supports the excons and predicts more exons up- and downstream
(figure 25C). Neither predicted nor mapped exons match homaolo-
gous proteins or protein domains,
D ownstream from DTS another potential new gene DDT34 was
discovered upon reanalysis (figure 27D), The reverse gene
matches rabbit ESTs C83394 and C82538.

Emmediately telomeric to UFDIL | identify another new gene,
DDTi2, consisting of at least four exons and constructed from the 5'
EST T34235 from white blood cells. There is partial support from -
grail, as well as an extra predicted exon (figure 25C). A CpG island is
found upstream of the gene. The nearest forward polyA signals are
located several kilobases downstream frorm the last mapped exon,
Translations of potential DDT!2 coding regions were compared to
protein and translated databases, but no significant homelogies are
evident, Continuing in the telomeric direction from DDTI2 | find a
new gene we name DDTI4, derived from homology to a mouse
macrophage and a mouse EI3.5-14.5 EST {AA071728 and
W76825, respectively). With these ESTs | can construct a gene with
a minimum of six exons, partially supported by X-grail. A recent
study revealed that DDTIZ2 and DDT14 are actually part of one
transcript: CDC45L (McKie et al. [998), CDCASL is, as the name
suggest, homologous to CDCAS5p, a yeast cell cycle control protein.
In retrospect the Grail predictions proved to be very accurate in that
all but one of the DDTI4 predicted exons are indeed part of



CDC45L (compare figures 25C and 27£),
Anotabfe feature close to, or in, DDT/4 is the occurrence of a 430
bp sequence duplicated {with 95% identity} on opposite strands 4
kb apart {black flags in figure 25C) {(9686-101 11 and 13980-14410
on 129f8), Database comparison with human repeat and
EMBL /Genbank databases does not reveal any significant homology.
| find a similar duglication on opposite strands between CLTD and
HiRA {figure 25C). This 435 bp sequence (53714-54344 and
54820-55254 on 7218) encompasses 280 bp of Alu sequence and is
duplicated with 98% fidelity in two copies on opposite strands 480
bp apart. Database searches with the region outside the Alu homo-
logy do not resuft in the identification of homologous sequences.
The duplication near PDTI4 is positioned in our cosmid contig
surrounding marker D225183. As described in an earlier chapter,
with probe NB84 for this marker we isolated cosmids from the
Lawrence Livermore chromosome 22 spedific cosmid library
(Mulder et al. 1995) and did a cosmid walk (figure 25C). FISH with
two costnids containing one or two copies of the duplication {3749,
12978) results in two signals per cosmid per chromoseme 22 (inql |
lus pericentric) (not shown).
y comparison with translated EMBL nucleotide sequences | find
=) sequences highly homologous to the rat androgen withdrawal and
apoptosis induced protein RVP (Brieht et of. 1991: Q63400) and
rmouse oligodendrocyte specific factor Osp (Bronstein et af. 1995,
Bronstein et al. 1996; Q60771). | wil refer to this gene as
TRAINMODEL (similar To Rat Androgen withdrawa! and apaptosis
INduced protein, Mouse-Oligo-DEndrocyte-specific-protein-Like)
in the rest of this thesis (figures 25C, 27E). X-graill predicts an
excellent exan in part of the locus and another excellent exon
upstream. On the nucleotide levet there is no homology between
Osp (19582} and TRAINMODEL, but on the protein level identity is
339 over almost the entire length of Csp, The coding region is not
interrupted by introns. Rat RVPT ¢cDNA (PIR: A39484) is 659 iden-
tical to the TRAINMODEL locus, but only within the ORE The
protein coded for by the RVP! ORF is 43% identical to TRAIN-
MODEL over almost is entire length. | find no ESTs for TRAIN-
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MODEL and If the expression of rat RVP! mRINA is anything o go by, this is not surprising: RYP! s
very weakly expressed in ventral prostate epithelial cells and in the epididyrmis (Briehl et al. 1991).
The mouse Osp gene is located on chromaosome 3, the human GSP on the syntenic human chro-
mosorme 3g26.2-q26.3 (Bronsteln et al. 1995). Osp is only found in CNS oligedendrocytes and
may be a homolog of PMP-22, a protein that plays an important role in CNS myelogenesis (Suter
and Snipes 1995, Magyar et al. 1996). The diverging expression patterns and apparent functions of
Osp and RVP1 proteins do not provide dear cues about a2 possible funciion of TRAINMODEL,
There is one long ORE, coding for a protein of maximally 345 aa, The fact that several ESTs map to
DDTIS (indicative of a 3' end), that some of the ESTs contain a polyA tail, and that DDTI5 is tran-
scribed in the same direction and positioned very close (79 bp) to TRAINMODEL, strongly suggests
that DDT15 is part of TRAINMODEL. Sirotkin et al. recently published a paper on the gene, which
thay call TMVCF (for Trans Membrane protein gene from VCFS region ) (Sirotkin et al. 1997a) (the
approved symbol is currently CLDNS for Claudin 5). They confirm the impression that
TRAINMODFL. is a single-exon gene. Their cDNAs suggest that a 219 aa protein is coded for,
Computer analysis of the deduced protein sequence suggests that TMVCF is a transmembrane
protein with two to four transmembrane domains, The homolegy with OSPI goes unnoted, In
mice the gene is embryonically expressed from at least day 9PC, the eariiest stage they tested. In
man they detected transcripts in relative abundance in the adult heart, lung and skeletal muscle.
Other tissues {brain, placenta, liver, kidney, pancreas) do express, but at a much lower level,
Restn’ction enzyme mapping and parbial sequencing of several cosmids from a 22q1} cosmid
contig we constructed earlier (Mulder et al. 1995) shows that cosmid 3 e on the distal end of
contig 3 is identical to our cosmid 313 (figure 25C). The sequenced contigs 3 and 4 do not
overlap, but our cosmid contig does bridge the gap bebween them: we establish that cosmid 83h 10
from the telomeric end of our 31e3 cosmid contig is virtually identical to clone carlaa from the
centromeric end of cur 22q1 | contig 4 and that 10Ch is our 100kI12 (figure 25D). Based on
restriction enzyme mapping we estimate the distance between contig 3 and contig 4 at around 5
kb. in figure 25€ | show that YAC y30Mh 10 {(Halford et af. 1993b) contains almost al} of contig 3 and
that it extends in the gap between contig 3 and 4. Cosmid 80cl | contains the end of the left arm of
the YAC and cosmid 19d3 contains the end of the right arm. PAC b20-280 spans the contig 3-4
gap: it was isolated with a probe derived from cosmid €0c! | and spans the region from this casmid
to cosmid 91¢8.
Te!omeric of TRAINMODEL we observe a notable lack of EST and peptide homology over at least
{80 kb (figures 25C, 26).
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figure 26 (ihisis a grayscale thumbnail of the original for quick reference; see full size color picture on the faldout poster 07 the back cover)

¢ Scale overview of the threa contis forming the sequene analyted bere. Shawn are the modified eutput of the Fnap graphical front-end to ACeDB, with columns shawing
i the position and structure of the geaes, polyA sites and signals, (G istands and G€ prefile. Sea the included legend for labelling details. The refative coverage of the criginal
contigs is shown lelt of each Feap for refarente, together with the gene names and gere carerage (black bars), Genes Jeft of the bar are reveese {telomere (o centromere)
i genes, genes right of the bar forward genes, True prevdsgeae names are In blue; names in smal type are shawn for istorical reference but likely do not represent real
§ Cansuripts or eren psevdogents. Where multiphe gene objects are shown in paraliet there are indications of afternative splicing. Some of these splice farvas ate partial,
i bastd e incomplete data (a single or few E3T5). Host alternative splice forms are not experimentaliy coafirmed and some may be artifactual.
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it 1 Estasusied TRANSCRIPTION Units

FAPIBB is an intronless gene of almost 2.8 kb (figure 27F). Using X-grail | only identify a possibly

elevant CpG island upstream of the gene (figure 25D). GPIB8 was mapped to 22q1 | by Yagl
et al. (1994). A major function of the short form of GP I BB appears to have something to do with
platelets (Lopez et al. 1988). Chromasome 22 GPIBB is a larger form of this gene (containing
former intronic sequences) expressed in endothelial cells (Kelly et af. 1994). This long GPIBB is
widely expressed. At the moment there is no indication GPIBB contributes to CATCH22 pheno-
types.

M any ESTs map to the last (3') exon of COMT and scme of these carry a polyA tail. This polyA tail,

combined with a CpG island just 5' of the gene, suggests that the genomic size of around 27 kb
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shown for COMT (figures 25D, 27) is correct, Alignment with EST
T53470 suggests alternative splicing (5’ extension of exon 5). COMT
was mapped to 22ql | by Wingvist et al. (1921) and Grossman et
al. (1992) and implicated in the development of psychotic illness by
Dunham et al. (1992). The gene product is an enzyme that
catalyzes the transfer of a methyl group to several neurotransmitiers
and other catecholamines. Homozygosity for a polymorphism
causing a valine to methionine substitution ({COMZ25ET | 58met)
leads to a 3-4-fold reduction in enzymatic activity. Lachman et dl.
recently reported that In a population of patients with VCFS there is
an apparent association between the fow-activity allele and the
development of bipolar spectrum disorder (in particular a rapid-
cycling form ) (Lachman et af. 1996). Bipolar spectrum discrder is a
mood affliction characterized by alternating manic and depressive
episodes.

W 2 New Trawscrietion Uwirs

Database comparison of 22qt| contigs to yeast and Drosophila
translated sequences reveals the presence of a gene for a human
homalog of Drosophifa Sep | /Diffé and yeast Sepl. We call this gene
HUDDL (HUman and Drosophila Diffé Like) {figures 25D, 27F).
Remarkably, the 3' end of HUDDL overlaps at least 723 bp with the
5" end of GPIBB. | find numerous ESTs for HUDDL and most have
both GPIBB and DIFFé homology. The last of HUDDL's eleven
mapped exons is contained in the 5' end of GPIBB: GPBB starts in
the last intron of HUDDL, though the coding regions do not overlap.
Promoter elements for GPIBB may map to HUDDL introns and
exons: X-grail predicts a CpG island (but no promoter) upstream of
GPIBB. EST alignment indicates splice borders that extend in total
several hundred basepairs 3’ (for the second to last exon) and 5’ (Jast
exon) into the last intron when compared to the borders suggested
by alignment with human DIFFé protein (Q15019). This would
mean that around this position HUDDL has tens of amino acids
more than DIFF6. The other EST-deduced exons correlate well with
DIFFé protein-deduced exons. The CpG island in conjunction with a
predicted promoter just upstream of the HUDDL gene is very likely
the promoter region of HUDDL. Many of HUDDL's ESTs have a
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figure 27 (thisis a grayscale thumbaail of the original for quick reference; sce fult site color picture o5 the fodout poster an the back cover)

Detailed view of afl genes identified and discussed here. Frmap outputs at varying scales shaw the intron-eaoa steucture of genes (red: mRNA; grean; protein toding
sequence; blue: pseudo), the structure of predicted genes (nareow, fight blae: Genscan; narrow, Hght red: Fgenesh, repeats (bluz: loag or LINE {LINEE etal ); green: short
or SINE {Ahu et al.}), polyA sites and signals (parrow red vestical bars above repeats) and putative (pG istands (solid yetlow boxes). Coordinates are as i figure 26. Genes
below the yelfow korizonta? bar are reverse genes, above ase forward (tentramere to telomere) genes. Remaining features (repeats, (pG islands, polyh sites aad signali)
are rot $hown in a strand seasitive fashion and are always shawn in the forward section. Where multiple gens objects are shown in parallel there are indications of
alternative splicing, Some of these splice forms are partial, based on incomplete data (a single or few ESTs). Most alteraative splice forms are not experimentally confirmed
and some may be artifzctual. A DGCRS with, in the last intron, DGSA, DGSB and BGCR3 preudogenes. B DGCR2 with psesdogenes/markers DOSD, RPLZEP
{ribosomal protein pseadogens), DGSE and DDI3S in its iatrons. Serine threoniae pratein kinase pseudagene TSKIP, overlapping genes seriag threonine protein kinase geae
STE22B and DGSH, and DGS) and homeshox gene GSCLare alsa shawn, € Gitrate transparter SCL25A) preceding the large clathrin family proteia gene (AT(L and
intragenit ribososmal protein and keratin pseudogenes RPLAP zed BRTIGPL. D:  Chromosomalftranseriptional regulator protein gene HIRA and DDT® and
DOTH.  E: Ubiquitin pathway gene UFDIL, cell eycle control gene (BCASL and possible transmembrane proteln gene CLDNS.  F: Homaolog of cytokinesis genes
PHUTUS and platelet ghycoprotein GPIBB.  G:  T-boxgene TBXE and ribosormal protein psecdogere RPLTAPY.  H:  Reduttase famify member HORE 11 Newronal
i gene (OMT and catenin family member and passible signaling protein gere ARVCE |+ ED, artholog of the mouse gene with the same name. K DDT2E, possible
¢ RHAinteracting protein gene HTFSC, muchear regulator RAKBF) ans DOT3E.
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polyA tail, which starts in the GPIBB sequence. One EST {R75180) lacks the eighth through the
tenth exon, splicng the seventh exon to a site in the eleventh exon just 71 bp upstream of the polyA
tail. This possibly represents an alternatively spliced messenger. Reanalysis revealed an even more
complex arrangement between GPIBB and HUDDLE than cnginally found. Two isoforms of
HUDDLE can be distinguished by their alternative 5" exons, Cne transcript codes for the BH5 brain
protein, the other for the Septin/Diffe like product, GPIBB has at least two different splice forms,
including one where part of the large ORF is spliced out. In addition to these isoforms, | found
matches to two different polycistronic mRNAs ceding for both genes, The isoform cencerns alter-
native splicing in the GPIBB part, a diffierent form of alternative splicing from the one described
above.
As stated above, HUDDL is similar to Drosophila Septinl /Diffé and yeast Septinl. A human
homolog of Septinl , DIFF6, has already been cloned and maps to chremosome 2q37 (Mori et al.
1996). The translation product of this gene has 729 identity to Drosophila Sep t /Diffé: # is a closer
relative of the Drosophifa protein than HUDDL is. HUDDL is as identical to Drosophita Diffé
(P42207} as to human DIFF6. Diffé is involved in oytokinesis in yeast (Sanders and Field 1994).
Drosophita Diffé is found in the leading edge of epithelium during dorsal closure of the embryo, and
in the developing nervous system (Fares et al. 1995). The HUDDL gene is expressed in embryonic
and aduft mouse and in human tissues, as judged from the libraries the cDINAs are isolated from.,
Invelvement of HUDDL in developmental processes can therefore not be excluded and the gene
should figure on the list of potential candidate genes. McKie et al. (1997) published the gene under
the name PNUTLI for the homology of its translation product to Drosephila Peanut (another protein
frem the Diff famity).
Since the mouse Thx! gene maps to chromosome |6 {Bollag et al. 1994), the syntenic chromo-
some of human chromosome 22, | tried to map Thx| to the 22ql | contigs. | indeed find h-
omologous sequences and locate these to contig 4, telomeric of GPIBB. Fve exons can be
identified by FastA and TFastA alignments. No ESTs map with TBX !, The overall identity/similarity of
TBX1 with Thx! is 929/97%. Similarity with Tbx3, 4, 5 and 6 and TBX2 is in the 40-60% range.
X-grail predicts an excellent excn 5 of the first mapped exon, as well as 5' extension of the first
mapped exon and two excellent 3" excns (figure 25D). Trofatter et ¢!, pointed to the presence of
TBX1 on chromosome 22 in a 1995 paper (Trofatter et of. 1995). Tbx| is a member of the family
of T-box transcription factors. The murine T-locus was originally defined by a mutation causing a
shor{ 1ail phenotype. Homology of the T gene product to Drossphila optomotor-blind (omb)
defined the T-box (Bollag et al. 1994), The T protein consists of a large N-terminal DNA binding
domain (T-box} and two pairs of trans-activation and repression dormains in the C-terminus. Other
members of the mouse T-box family are Tox | through Tbx6, which are all regionally expressed and
developmentally regulated (Chapman et aof. 1996a, b, Gibson-Brown et al. 1996). Tbxi is
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expressed in fore limb bud, lateral mesoderm, otic and optic vesidles
and pharyngeal arches, Expression in developing fimb buds and the
pharyngeal arches is interesting in the light of the limb and pharyngeal
arch abnormalities in DGSMVCFS patients (Shalev et al. 1996,
Prasad et of. 1997). Mutations in TBX5 lead to limb and cardiac
defects in the context of the Holt-Cram syndrome (Basson et df,
1997, Li et of. 1997). T (Brachyury) genes are required for meso-
derm formation and notochord differentiation in vertebrates.
Drosophila omb s involved in optic lobe and wing development.
Taken together this means that TBX/ should be considered a strong
CATCH22 candidate gene. A recent publication {Chieffo et dl.
1997) describes the isclation of the <DNA for the gene. The findings
described therein concur with ours. Since | did not find any £5Ts
matching to TBX/! | did not detect the alternative splicing in the 3’
region described in the paper. | show Grall predicted exons and
exon extensions in figure 25D and these (save for the 3' most exon)
are in agreement with the exons as published by Chieffo et al.
(figure 27G).
RPLMPI {RPL7A Peudogene 2}, a virtually identical intronless copy
of the human ribosomal protein L7AE gene SURF3 (Colombo
et al. 1991), is located approximately 30 kb telomeric of TBXI
(figures 25D, 27G). The gene codes for a 605 ribosomal protein, a
part of the large ribosomal protein-nucleic acid complex, and is
highly conserved in yeast, fly and vertebrates. SURF3 (X61923,
P11515} is located on chromosome 9933 and has eight exons. X-
grail fails to identify refevant gene features near RPL7AP2. Nuclectide
identity with SURF3 is 96% and protein identity/similarity is
95%/99%. Comparison with the genomic sequence of the SURF3
locus shows that the homology with the Jast exon extends 6C bp
beyond the indicated end of the excn, immediately followed by
AAAAAAAAATGAAAGGAAA, With a query consisting of | kb
- sequence downstream of the A-rich stretch we do not find direct
repeats flanking the pseudogene. | consider RPL7APZ a pseudogene
because there are ample indications that this gene is retrotrans-
posed: firstly RPLZAPZ is almost identical to the original gene;
secondly, RPL7APZ is intronless; thirdly, the gene is followed by a |$



bp sequence stretch with a very high adenyl content, suggestive of
the remnants of a polyA tail; and fourthly, RPL7APZ is not clustered
like: SURF3 in the highly conserved Surfeit genomic duster of appar-
ently unrelated genes. This arrangement is conserved across spacies
{Williams et af. 1988; Colombo et al. 1992), suggesting important
regulaiory reasons. In the mouse pseudogenes of surfeit cluster
genes have been found outside the cluster (Huxley et af. 1988). |
think RPL7APZ2 is a processed pseudogene of SURF3 which may be
transcribed, [n contrast to most other pseudogenes the protein
coding potential of RPLZAPZ is still intact. Since the original gene with
identical protein coding potential is present elsewhere in the
genome and it is a question whether RPLZAP? is functional to begin
with, hemizygosity of RPL7APZ is very unlikely to have any effect.
Acluster of tramscription units is located telomeric of RPL7AP2
(DDT17-20) (figure 25D). No ESTs connect any of the separate
units, so the relationship to each other is not known at this point.
The first unit has a polyA tail (and a polyA signal) and several kilobases
upstreamn of the fourth unit a CpG island s identified. Together with
their dose vidinity and the fact that all units are transcribed in the
same direction, this suggests that this constituies one gene.
However, X-grail does not support any of the rapped EST matches,
The next transcription umit | identify is MORF (Member Of the
Reductase Family}, a gene coding for a protein homologous to C.
efegans Glutathion Reductase (Glured (P30633)) and human
Thioredoxin Reductase (TXNRDI (QQ16881)) (figure 25D). Two of
the mapped exons, the ninth and tenth, are subject to alternative
splicing according to matches with ESTs (T66908, T66909, T67208,
T67209). X-grall supports the vast majority of mapped exons. |
recently mapped an additional potential alternatively spliced product
that uses an exira exon in intron 6 (figure 27H), Alignment of trans-
lated MORF genomic DNA to human (PC03920) or €, elegans
GLURED, shows that MORF is more homaolagous to the C. elegans
protein than to the huran protein, Homology with human
TXNRDI is on the same level as the homalogy with C. Elegans
Glured and various other types of reductases also show peptide
homology to MORFE Trofatter et al. mention two Blastx homologies
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of exon-trapped chromosome 22 sequences to two ESTs with similarity to Glured {Trofatter et af.
1995). GLURED (which gene maps to human chromosome 8p2 i-p23) is involved in protecting
cells from oxidative stress. At the moment, | do not see an obvious role of haploinsufficiency of this
gene in CATCHZ22 etiology.
A human homclog of mouse pi 20/Catns (Reynolds et of. 1994,1996; 217804, P30999) maps less
than 2kb telomeric of COMT (figure 25D) The gene will be referred to as TOMCAT (similar TO
Mouse CATns), A human homolog of Catns, CTNND, was cloned recently (Reynolds et af. 1996).
Compariscn of mouse Catns peptide sequence with transiated genomic sequences from the
TOMCAT locus indicates an overall identity/similarity of 589%/82%. On the nucleotide level
horology is weak, with homology between only a few exons {identity in the 56-65% range). The
fith exon is present in one cDNA (ESTs HI7198, HI7975), whereas in another clone (ESTs
T79735, T79650) the fourth exon is spliced to the: sixth exon, skipping number five. This probably
indicates alternative splicing. Recent reanalysis pave another EST (AA779605) indicating alternative
splicing, this time with an exon in intron | (figure 271). A CpG island several kb 5’ of the gene could
indicate the presence of a promoter region for TOMCAT
M ouse pl20/Catns is a member of the Catenin family. The human p!20 homelog CTNIND has
been assigned to chromosome | 1ql | and the mouse gene to the syntenic chromosome 2,
Mouse has fourisoforms of Catns (CastA, Cas! B, Cas2A, Cas2B) two of which — CaslAand B —
are shown to be coded for by one alternatively soficed gene (Reynolds et al. 1994). Interestingly.
the evidence we find for alternative splicing in the 3" region of TOMCAT, is approximately 100 bp
from the equivalent position in Catns (Reynolds et al. 1994}, TOMCAT lacks hemologous
sequences for two stretches of N-terminal Catns amino acids, similar to Cas2A and 8 pl20
isoforms: these isoforms (from (an} as of yet unidentified gene(s)) lack N-terminal sequences rela-
tive to the two long forms Casl A and B (Reynolds et al. 1994), At present, all indications point to
TOMCAT being the equivalent of the mouse gene coding for Cas2A and Cas2B (which gene may
map to chromosome |6) and CTNND being the true equivalent of Catns {Casla and CaslB}. A
recent publication by Sirotkin et al. (1997b) describes the isolation and analysis of the TOMCAT
gene, there called ARVCF (for Armadillo Repeat protein gene from VCFS region), Mention is made
of afternative splicing in the 5' end of the gene. While alternative splicing in the 3' end is not alluded
to by Sirotkin et df., they do note that the 3' ends of ARVCF and its proximal neighbor COMT
ovetlap. |, an the other hand, find TOMCAT polyA tails at a position well distal (almost 1kb) from the
COMT polyA tail. The clone which Sirotkin et of. refer to as overlapping with ARVCF is actually one
of the constituents of DDT23 (figure 25D). This is only one cONA clone out of the 26 canonical
cnes, six of which have a polyA tail {all at the identical posftion). If the extended clone is not an
anomaly, then at feast it is not the canonical transcript. | have my reservations about this transcript,
seeing that in my study HIRA, T10 and DDT32 also have anornalous transcripts rnapping to their 3
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ends {DDT6, DDT26 and DDT33, respectively). Until further experimental evidence shows that this
cDNA (ESTs FOB00I, Z41079) represents part of a real transcript, for all practical purposes |
consider COMT and TOMCAT genes as not overlapping.
S iratkin et al.’s expression studies show that TOMCAT/ARVCF is ubiquitously expressed in the adult
and embryonic human. Low stringency hybridization to genomic DNA frora other species indicate
that TOMCAT is conserved in vertebrates and Drosophila. The protein tyrosine kinase substrates
CTNND and Catns are thought to be involved in ligand induced signaling by EGE PDGF and CSF|
receptors, P20 proteins have domains in common with Brosophila armadillo, human plakogiobin
and Xenopus B-catenin (Reynolds et al. 1992). These molecules play a role in coupling the cell
adhesion molecule cadherin to the actin element of the cytoskeleton. P120 is associated with
complexes containing E-cadherin, ¢- and B-catenin and plakoglobin (Reynolds et ol 1994). Factors
involved in cell movement or adhesion are likely to play a role in developmental processes involving
the highly mobile neuraf crest ceils. TOMCAT, like DD, might be such a factor.
Four ESTs (AADI5875, AAGI 5620, AADI 7589, AAQGI7356) map to introns of TOMCAT (DDT24
(figure 25D)). These are likely to be derived from genomic contamination.

I 58 22971 Contie 5

Wit 5 1 Estsusiep TrawscrIPTion Units
Mouse T10 (mapping to mouse chremoscme |6) has been mapped in the human DiGeorge
deletion eariier (Halford et af. 1993c). We find this gene present on 22qli contig 5
{figure 25E). The X-grail predicted promoter in conjunction with a CpG island makes a good candi-
date for the promoter region of T10. Alternatively spliced mRNAs were later found threugh
matches with ESTs AA459085 and H55355 (an exon trapped clone). The product matching
AA459085 concerns an extension of an exon, which is supported by FGENES and GENSCAN
gene predictions. (figure 27))
YAC of approximately 480 kb containing T10 was isolated with probe HP500 (Halford et al.
1993c) for marker D225932, Further analysis shows that this YAC also contains the COMT gene
and that it thus spans the gap between contigs 4 and 5 (figures 25D, E).

5 2 New Trawscriprion Units
Amouse EST from an E13.5-14.5 embryonic cONA library maps to 22q1 ! contig 5 in five separate
exons, with & nuclectide hormology of 93% (DDT28 (figure 25E)). No human ESTs map here and
no gene features are apparent in the: vicinity of this gene, except maybe a CpG island approximately
5 kb upstream. All mapped exons are supported by Grall and in close vicinity it suggests one mare
5" exon and three more 3’ exons. | am unable to find proteins homologous to the potential trans-

o ] A 7 D B 17 i 1 S0 i gl T PTG bt ) b, o o, 0102 PEATS 7 by 0 A S b ] UMY Pmn ) K 50 il 3 T | U o I PPN "W O oLt 1 1083 i 4 kg

lations of the DDT28 exons.
Several ESTs (DDT30 ) map to a region downstream of DDTZ8 and
they are transcribed in the same direction (figure 25E). DDT30
maps very cose to the 3'-most predicted exon but dees not
overlap. New data available after initial analysis shows that DDT28 is
larger than originaly found and that it centains all but the first
predicted Grail exons (ligure 27K). DDT30 is not part of the gene.
?wo ESTs map less than kb telomeric of the above mentioned
groups, yielding four exons of DDT3[ (figure 25E), all Grail
supported; Grail also predicts eight more exons 5'. Database
comparisons of translated DDT31 sequences reveal no homologies.
Detailed reanalysis shows however that this gene codes in fact for
the homolog of mouse Hf9% (Bressan et of. 1991, Guarguaglini
et al. 1997; P70222). The true exent of the eleven exon gene
includes DDT3! and all Grail predicted exons except the most 3'
(figures 25E, 27K). In mouse this gene maps to chromosome |6 and
shares a bidirectional promoter with the RANBP| gene discussed
next, HtfPc has some homelogy to RNA binding proteins and RNA
methyitransferases,
COmparison of translated 22qi | contig sequences with translated
yeast and Drosophila sequences led to the assignment of human
RANBP! (Bischoff et ol 1995; 038076, P43487) to chromosome
22ql1 contig 5 (figure 27K} X-grail predicts a CpG island and a
promoter at the 5' end {figure 25E). Two ¢DNA clones give an indi-
cation of two diferent alternative splicing events (ESTs g90b09 and
yz61g09). The ESTs mapping to this transcription unit are identical to
human RANBP I cDINA (D38076, P43487) (1009 protein identity).
The sequence of the RANBP! gene was reported by Bischoff et al.
(1995) and the name is short for RAN Binding Protein |, RANBP|
plays a role in regulating the RAS related nuclear protein RAN (Ras
Associated Nuclear protein). RAN is part of a regulatory pathway
implicated in regulating various nuclear processes: DINA replication,
mitosis, MRNA processing and transport, protein import, RANBP L
regulates RAN's GTP binding and hydrolysis and works in complex
with RANGAP| (RAN-specific GTPase-Activating Protein) and
RCCI (Regulator of Chromosome Condensation) (Bischoff ¢t al.



1995). RANBPI seems to be involved in a plethora of nuclear
regulatory pathways and we can not exciude a role for the proteinin
CATCH22.
The last transcription unit on contig 5 is constructed from a mouse
EST (AAIO7820) (DDT32 (figure 25E)). The two mapped exons
are supported by X-grail and ten mcre excns are predicted ina 4 kb
region 5' of DDT32, When the potential ORFs are iranslated and
compared to databases, | could not find significant homologies.
Interestingly, more recent analysis indicates that the EST is not part of
the gene located here. is eight exens coincide with all except the last
two Grail exons and match EST AA325327 (figure 27K). Some
exons have homology to worm, yeast and plant predicted proteins
and a human DHHC domain containing cysteine rich protein
(O15461).
Agroup of four overlapping human ESTs overlaps with the second
mapped exon of DDT32 {(DDT33 (figure 25E)).

tl s 3 Norele FEATURES
When genomic clones é68al {ACO00083) and 24b (ACCO0C75)
are compared to done p20iml8 (AC000097}, two direct

repeats are apparent that are not present on p20Imi8 but are on
the other two clones, On 68al a 25 bp sequence is present in two
consecutive identical copies. p201m 18 has only one copy of this 25
bp stretch, Cosmid 24b has two copies of a |2 bp sequence that
flank a 305 bp region. Again, clone p20{m 18 lacks the 305 bp region
and ene of the two 12 bp stretches. For the construction of contig 5
we used the longest sequences, ie. from 68al and 24b, where
there was disagreement between clones.

il 6 MiNOR INTERGENIC AND

INTRONIC TRANSCRIPTS

G n allfive 22q1 | contigs | find a total of seventeen transcription units
(DDTI, DDT3-DDT8, DDT!0, DDT !, DDTI3, DDTI6, DDT21,
LDT23, DOT25-DDT27, DDT29) that generally are constructed
from only cne ¢DNA and are intronless as far as | can determine.

Querte atabses. the chances of

TR a1

Ty el gt s urmeriy NOE pesive. Thene e, o 2tedd seh 18 S et CCT. Lptamd s emablee v 1 ev081E o e st St 515, 4Ly sabe [t and 77 wourrcm; progrrsoss and

They overlap with exons, or are located between genes cr in introns of geres. Sorne show homal-
ogy to high copy repeats. Their transcriptional direction is invariably the same as for the "host gene”
when they are located within a gene, DDT/ is an exception, but this may be a reversed clone.

il 7 Low Copy RePeaTS

I n the 1.2 Mb stretch of chromeosome 22 sequence discussed here | found evidence of only two
pairs of low copy repeats, with the elements of each pair relatively close together (figure 25C). The
main impediments in our attempt to create a cosmid contig were gaps and spuricus hybridizations.
Could these be indications of low copy repeats! The failure to find overlapping cosmids after a short
walk (started with probe NB84) is in fine with reports that the 22ql | regicn is notoriously hard to
clone. This could be caused by an inherent instability of the region, which in tun could be caused
by low copy repeats, It has been suggested that in the past (on evolutionary scale) chromosome 22
was much farger than it is at present. Repeats scattered over the chromosome would have been
responsible for numerous intra-chromosomal recombination and subsequent deletion events,
weeding out non-essential sequences and reducing the chromosome to its current size, This
ongoing process may be reflected in the observed instability. Only now it has fatal results as
witnessed by CATCH22 and other syndromes. Halford et al. (1993a) described low-copy repeats
in and arcund 22q1 |, The spurious hybridization and FISH results — i.e. strong cross-hybridization
of nen-contiguous cosmids and multiple signals on chromosome 22 and other chromosomes when
FISHing with certain cosmids, despite masking of high copy repeals — can be altributed to either
low-copy repeats or to rearrangements (which in furn may be attributable to low copy repeats).
Whether the two repeats we see in the 1.2 Mb 22ql | sequence are in any way related to the
repeats discussed above is currently unknown. The inverted repeats in contig 3 are Jocated on a
cosmid that gives two chromosome 22 signals when used in FISH experiments (cosmid 12918).

GENERAL DISCUSSION OF DETAILED ANALYSIS
ofF DGCR Gewomic SEQUENCE

8

With the information obtained from the above discussed low resclution mapping and with the

advent of HTGS (High Throughput Genomic Sequencing) projects, one of them directed
towards the DGCR, | analyzed .2 Mb of submitted DGCR sequence in detail,

I set out to identify transcription units that are evolutionary conserved and homologous to develop-
mental control genes, using biccomputing supplemented with experimental data. From the
sequences in the Genbank/EMBL database, | constructed five non-overlapping 22q1 | contigs and
searched for expressed and conserved sequences by comparison with EST, yeast and fly sequence
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databases, Here | report the position and genomic structure of twenty-seven genes within these
five contigs; of these, twelve were known and the existence or location of fifteen was unknown at
the time of analysis.
0 f the twenty-seven genes desaribed in this chapter;, eleven have homologous sequences in yeast,
worm andfor fly (GSCL, CLICLI, HIRA, DGSI, UFDIL, HUDDLE (PNUTLT), RPL7APZ, MORF,
DDT31 (HTF9C), RANBPI, DDT32). Except GSCL none of these homologous genes are obvious
developrmental control genes in the worm or the fly. IDD, DGSG, CDC45L (DDTI2 + DDTI4),
TBX1, TRAINMODEL (CLDNS), TOMCAT (ARVCF), TI0 and COMT are conserved in mammals,
TBXT is the only potential developmental control gene in this selection.
M ¥ study shows that the X-grail program is very effective in confirming exons known to exist from
homalogy to cDNAs, ESTs or proteins. Virtually al coding exons described in this thesis, around
170, are considered excellent by at least one X-grail version and mostly by all three X-grail versions.
The predicted intron-exon borders on the genomic DINA (Grail 2) are usually identical or very
close to the borders determined from alignment with ¢cDNA. Only few exons are missed, which
can be due to sequence errors obscuring splice sites or ORFs, or to the use of non-consensus splice
sites. The high success rate of the program could have a cause in the way the program is trained.
Grail is a neural network type program that is trained on existing genes and is subject to permanent
education; as the structure of new genes becomes available, the program is fed these intron-exon
structures, giving it the oppartunity to refine its algorithms.
G rail predicted excns that tum out to be real are usually grouped, i.e. not interspersed with other
‘excellent’ predicted exons. Thus, a cluster of excellent exons appears a good indication of the
presence of one or more genes (this probably doesn't work for large genes with large introns).
Based on this premise, | give the possible genomic organization of DDTY, DDTI 2, DDTI4, TBX!,
MORF, DDT28, DDT31 and DDT32 (figures 25A-D), Since the initial mapping of these genes is
based on possibly incomplete andfor impedect data (protein and/or EST alignment), | might have
missed many excns. With Grail predictions | extend the mapped poriion of these genes with
predicted exons, but nevertheless the genomic organization | show is most likely not complete nor
completely accurate and experimental analysis will have to show the true and complete organiza-
tion of these genes. For some of these putative genes experimental evidence has come 1o light after
my initial analysis. In all of these cases the majority of predicted exons as annotated in figures 27A-D
turn out to be confirmed (DDTI2 + DOTI4, TBX!). Where reanalysis showed new and extended
matches to recent ESTs, proteins and other sequences the same holds true (DDT28, DDT31,
DDT32). This shows that the combinaticn of predictions and up-te-date homdclogy searches is a
very powerful one,
X-grail precicted CpG islands are found upstream of twelve genes, induding four in conjunction
with a potential Polll promoter. Pending experimental confirmation, X-grail seems to be able to
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predict promoter areas for more than 40% of the genes, Predicion
of potentiat promoters alone is not sufficient as the rate of false posi-
tives is too high. The false posttive rate for CpG islands seems to be
much lower, so the presence of a predicted CpG island {alone or in
conjunction with a predicted promoter) combined with a duster of
excellent exons, has proven to be a fairly good predictive tool.

Eﬁnd at least seventeen intronless intronic and intergenic transcripts,
which sometimes contain, or overlap with, exons of (established)
genes. Invariably these transcripts are based on only one or two
ESTs (one cDNA clone) and they are always transcribed in he same
direction as the host gene when they are intronic, Some of the ESTs
are homologous to Alu repeats. Transcripts DGSB, -D, -E and -F as
described by Gong et al. (1996), fall in the same category and we
think that these transcripts do not belong to conventional genes but
are associated with high copy repeats or originate from <¢DNAs
primed on repeat assodiated polyA stretches in gencmic DINA cont-
amination. Further experimental research should reveal more about
the nature of these minor putative transcripts. We are sure they play
no role in CATCHZ22 eticlogy.

The number of ESTs found for each gene varies widely, Obviously

the number of hits is a function of the abundance and distribution of
the mRINA. This probably explains why TBX/ positive ESTs were not
identified: TBX! expression is quite spatially restricied, The low
number of hits for CLICL! indicates low and/or localized expression,
which is in keeping with the muscle specific expression described
before (Sirotkin et al. 1996). Judging from the number of EST
hormologies, SLC20A3, DD, UFDIL, HUDDL, COMT, TOMCAT,
DDTI9 and RANBP/ are highly and/or ubiquitously expressed.
WIth nine genes (DGS!, HIRA, HUDDL, GPIBB, MORF, COMT,
TOMCAT, T10 and RANBPT) | have reason to assume the occur-
rence of alternative splicing that has not been described before, In
these instances detailed alignment of ESTs with genomic DINA
reveals cDINA clones that contain an extra exon, lack (an) exon(s)
andfor use alternative splice sites. Some of these £5T based predic-
tiens could well reflect artifacts, but pending experimental confirma-
tion, detalled EST analysis appears to be a very powerful tool for



detecting alternative splicing events.

I i general the linear order of chromosomal markers is as described
earfier (Budarf et af. 1996, Morrow et al. 1995), but markers
D225947 and 553 are located at different positions than previously
described. According to Hudson et al. (1994) and Budarf et of.
(1996) D225553 is located in their bin 5/, which is telormeric of our
contig 4 (and possibly even beyond 5). | map the marker to contig 3
(located in bin 3), just downstream of HIRA. This is in keeping with
the position reported by Morrow et al. (1995). Regarding markers
D225%946 and 947 however, their results disagree with my findings:
Morrow et df. indicate the two markers as locating distal to
D225553, 609, 942 and 941, 944 and 943 (which, we show, all
map to contig 3), while | positively map the markers to contig |, i.e.
proximal to the mentioned markers. Marker 1322575 (McDermid
et al, 1989) is located in the gap between contigs | and 2. Probe
N25 for this locus hybridizes to CTP {Mulder et al. 1995}, but
comparing restriction raps of the area surrcunding CTP with those
of N25 (McDermid et al. 1989) we do not see any homology. Thus
022575 must locate to the gap. Indeed, Gottlieb et af, (1997}
recently showed that N25 hybridizes to the GSCL locus (we assume
upstream of the gene), which is located in the gap in question
(figure 26)

We have described the position of cosmids 38a6 and 33d9 relative

to the GMO0980 and GMOS5878 breakpoints above and in
Mulder et al. (1995). In the detailed study discussed here | narrow
the positions of the GM0O0280 and GM05878 breakpoints down to
a region of 80 kb on contig 3 and 50 kb on contig 4, respectively. At
the moment there are no indications that there are genes disrupted
by these breakpoints, since they are located in a larger than 180 kb
region of 22q1 | where we fail to find indications for the existence of
genes,

Sequence analysis was done in collaberation with the originatars of
the genomic sequence (Dr Emanuel's group in Philadelphia and Dr
Roe's group in Oklahoma), Raw sequence data was made available
for us to analyze. | had previously constructed varicus cosmid contigs
(chapters ¥I-2 - YI-7), three of which overlap with the cosmids used
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for the large scale sequencing. The M56 contig adds extra information to the sequenced contigs by
bridging the gap between contig3 and 4. Recently, the sequence has become available (Dunham
et al. 1999), We made our annotation of the sequence available to the Emanuel and Roe groups to
aid in their search for and study of new potential candidate genes. Studies on several of the new
genes are under way as a result. A joint repoit describing the resulis of experimental data from our
collaborators combined with our analysis and annotation is currently in progress.

55

sCussion

Results & D



56

a SISy 1A

UoISSnN>si

1500 2000 2500 3000 3300
1 1 i

t
13 1 1% 16 17 8 35 2023t 22 @3 24 25
' y_ ¥ v Y ¥ Ye ¥

¥y ¥
mouse HIRA

12F

128

12E

1 BA
— 12D
] 12C

= &B
I — L

1 MF2

= lumanHIAA

123 4,56 7 8 9 1011* 42 13 14 45 16 17 18 _ 13 202 22 23 23 5
'] e ¥ 7y .V VY ¥V 9§NW
¢ ] ~ b————————— mouse HIAA
4p8
iy - PCR primers
P2y 4p3 p6 b Lp?
proba my
o ipal
Hinail proba mX
Nart Styl probe mA
Mart Bglil probe mB
Nad T — — = probe mC
== T Ry proba hD
= pribe hit
SCALE:

e = 100 basepairs

figure 28 Schematic drawings of HIRA cONAs, (DNA clonie interts and probes. A The assembled mouse <DNA and the individual (DNA dlones isotated from
i anEH.$ mouse embryo <ONA iibrary {121, 128, J2E, 64, 12D, 12C and 6B). As a reference the human and marine Tuplel (5 and HED DiAs and human HIRA ate shown.
i Nucleotide positions are indicated on top, Open boxes Cepict upen reading framey; dark gray bores depict WD40 domain coding regions; black oral indicates peata-Q
i stretch coding region; closed arrowbeads mark exon-exon bovadaries determined from mouse genomic sequences; open arrowheads mark human eion-gaen bosndasies
i (exen oumbers are batween the arrowheads); asteries above arrowheads shaw the position of additianal exons 24, 34 and T14; black bars indicate the additional exoas.
i 8 Drawing of a putative mouse Hira transcript with additional exons and the posizions of the various primers and probes used. Probss preceded by m are mause probes,
i the ones precedad by b are human probes, Restriction sites on mouse or human HIRA are given as a reference.

4 From Witminget al. 1997).
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VIl ANALYSIS OF HIRA (DGCR1,
TUPLET), A CATCH2L
CANDIDATE GENE

in the previous chapters | described the low-resolution and high-
resolution mapping of cosmids, probes, markers and genes in the
22qi | region. HIRA/TUPLE] has been mentioned several times as a
probe in the low-resolution mapping section and as a candidate
gene in the high-resolution mapping section. The gene is localized in
the vicinity of the ADU (2;22) translocation breakpoint (Halford et
al. 1993c), a breakpoint of special interest because it represents a
fairly unique combination of a balanced translocation combined with
a DiGeorge phenotype. This strongly suggests that this breakpoint
disrupts coding or regulatory sequences essential for the function or
transeription of a gene in its vicinity, Tnough HIRATUPLET is located
an estimated 150 kb from the breakpoint {Halford et al. 1993c),
trans acting regulatory sequences could be located at the ADU
breakpaint, Similar cases have been shown for SOX? (Wirth et al.
[996) and PAX6 (Fantes et al. 1995). Original best homologies of
TUPLE| were with yeast Tuplp and Drosophila Enhancer of Split
{hence the name TUP{ Like Enhancer of split). Later, best homology
was with yeast Hirlp and Hir2p, resulting in the renaming of
TUPLE] to HIRA (Lamour et al, 1995). Sequence analysis by
Halford et al. (1993c) suggests that HIRA/TUPLE! possibly func-
tions as a transcriptional regulator. This warranted a dose study of
HIRATUPLE! to determine its CATCH22 candidate gene status. To
that effect we studied (embryonic) expression, concentrating on the
mouse homaolog.
Vi1 Hovaw HIRA
Aprobe from the insert of human TUPLET <DINA clone C5 was used
o screen a |1 7-18 week human fetaf brain cDINA library. We
isolated three clones: HT4, HTS and HT9. Restriciion enzyme
analysis revealed that, compared to the C5, the 4,5 kb HT4 containg
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figure 29 tomcrvation of the HIRA gene. A human HIRA probe, hD, detects tonserved sequences in EcoRl
i digests of geaomic DNA from homas, morkey, rat, mouse, dog, cow and yeasl
i From Witming et 21, ($397).

extra sequences inserted in the 5' region, as well as extra sequences
in the 37 region, HT5 (4 kb) only has the 3' extra sequences but
extends 200 bp further 3" than C5. HT9 (2 kb), like HT5, does not
have the extra 5' sequences, but extends 150-250 bp further 5' than
C5. Database searches with the end sequences of HTS, show that
this 5' extension consists of ribosomal RNA sequences: HT? is
chirmeric. HT4 and HT5 could represent splice variants, With the
mouse as our experimental animal of choice, and to confirm the
existence of splice variants, we were interested in obtaining similar
mouse cDMNA clones,
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Murive Hira cDNA Ciones CObE FOR A PROTEIN Wit
Homotooy 10 Humaw CHRoMATIN ASSEMBLY FACTOR 1A
AND MULTIPLE ALIGNMENT SUGGESTS THE PRESENCE

oF THREE FuncTioNat REGIONS IN HIRA
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We examined the evolutionary conservation of HIRA by hybridization of radiolabelled probe hD

(from the 4 kb insert of one of our human HIRA cDINA dones) (figure 28B) to a blot containing
EcoR! digested genomic DNA from various species. The probe hybridizes to homologous
sequences in the DNA of all menticned organisms (figure 29). This high level of conservation from
man to yeast indicates an essential function for HIRA,

As an inftia! step to study whether haploinsufficiency of the HIRA gene contributes to the CATCH22

phenotype, we hybridized probe hE {figure 28B) to an E1 1.5 mouse embryo cDNA library under
stringent conditions. This screening yielded seven positive ¢<DNA clones of the mouse homolog of
the human HIRA gene (fipure 28A). Complete sequencing and assembly of selected cfones allowed
us to construct a <DNA of 3852 basepalrs, containing an ORF of 3045 basepairs. The (015 aa
predicied protein has seven WD40 repeats (at aa positions 10-44, 68-98, 129-159, 172-202,
234-259, 266-313, 326-356) two bipartite nuclear localization signals (at aa 267-286 and
626-643), a penta-Q stretch (aa 408-412) and a mclecular mass of | 11,72 kD.
Sequence comparison between the human and mouse proteins reveal an overall identity of 95.8%
and a similarity of 97.2 %. The N-terminal one third of the protein, containing the WD40 repeats,
is 99.49% conserved (identity and similarity), feaving the C-terminal two thirds with refatively higher
divergence (identity 93.79; similarity 96%4). Two non-conserved amino acids are present in W40
repeats 3 and 6. Compared to the 017 aa hurman HIRA translated sequence, the mmHira
sequence lacks amine acids 510 and 607 or 608. Our Hira sequence is 99% identical to the
recently reported mouse Hira sequence (Scamps et al. 1996) and 100% identical to the mouse
Tupled cDNA clone MF2 (Halford et al, 1993a, b, ¢).

E n addition to hormology with yeast Hirl p and Hir2p, Blast? and BEAUTY database searches with
our mouse Hira sequence reveal high homology to the p6Q subunit of human Chromatin Assembly
Factor | (CAFIA)Y {Kaufman et al. 1995) and a Caencrhabditis efegans protein (PID g687860)
{(which, In the absence of a narne, we will henceforward refer to as C. efegans HIRA Like Protein
(ceHILP). The averall homology with ceHILP is higher than with Hirl p (p-value 6.1 x 10-77 versus
7.6 x 10-45). We aligned the murine Hira protein sequence with ceHILR Hirlp, Hir2p and CAFtA
(figure 30). The overall similarities in this alignment are 39% with ceHILR 389 with CAFIA, 35%
with Hirlp and 319 with Hir2p, It can be readily seen that there are at least three different
conserved (functional?) regions: the highest homologies are found in the N-termina! part, region A
(aa | - 371) {(average similarity 479); in the middle part, region B (aa 473 til aa 658}, homology
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figure 30 Aigoment of mouse Hira scquence with hsCAFLA, ceHILE veast Hirkp and Hirlp. denticat amning acids are indicated by black boxes, similar residucs by gray boxes. The homolagies shown are
i generated by comparing CAFIA, coHILR. Hirlp and Hir2p to Hira. Three regions can be distingsished with high, low and intermediate homology. Region A {aa 1-371) spanning the WD repeats: region B (2a 473-658);
¢ region C (32 744-1015). ceRiLP has 291 additional N-terminal residues.

i From Wilming ecal (i997).
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drops (average similarity 18%); C-terminal region C (aa 744 till 1015) shows again an increase in
homology (average similarity 35%). In this alignment the C-termini of Hira, ceHILP and Hir2p
almost coincide. CAFIA terminates at the end of region B and Hirlp terminates in region C.
Mause/human HIRA alignments and the intronfexon structure of the ceHILP gene support the
presence of three distinct regions within Hira: mouse/numan HIRA comparison showed higher
homology in the N-terminal one third (region A) than in the remainder of the protein; ceHILP
exon-exon boundaries are spatially remarkably close to those of Hira. The major part of regions B
and C are caded for by large single exons in ceHiLP (Wilson et al. 1994; U2[322), suggesting that
these regions represent single functiona! domains. Region A contains the W40 domains, domains
that are present in a wide range of different proteins (Neer et al. 1994) and are involved in protein-
protein interactions (Sondek et al. 1996). In the case of yeast Tup|p, after which Hira was originally
named, WDA40 domains | and 2 interact directly with the homeo-domain protein a2p (Komachi
et al. 1994).
The homology in regions B and C points to conserved domains aithough their functions have yet to
be demonstrated. A clue to their functions might again come from Tuplip. Recently, Edmonson
et al. reported that Tup|p binds histones H3 and H4 through a domain outside the WD40 region
(Edmondson 1996). Strikingly, the CAF complex also binds histones H3 and (acetylated) H4 and is
thought to chaperone these core histones to the newly replicated DNA (Kaufman et . 1995), In
view of the homology of Hira with CAFIA it might well be that Hira performs an analogous
function. Moreover, CAFIA function might be sensitive to gene dosage. CAF/A has been mapped
1o the Down syndrome critical region at 21 q22 (Blouin et of. 1996). The presence of three copies
of CAFIA in Down syndrome individuals might contribute to the phenotype. CAFIA works in a
complex with at least one other subunit (pl50). Changes in gene-dosage might perturb the
stoichiometry of the complex, hampering its formation. Hira, ke CAFIA and Hirl p and Hic2p, is
expected to be functional in a complex. Decreased availabifity of Hira due to haploinsufficiency of its
gene may well have an effect on the formation of such a complex.

il 3 Two Hira TRANSCRIPTS ARE PRESENT
From GastrutaTion Stace OnwARD

Ihe presence of Hira mRINA in adult mice and embryos was examined by Northern blot aralysis of
polyA™ RNA exiracted from embiyos at different stages of development and from varicus adult
organs. Probes 12E (cDNA) and mX (figures 284, B) detect transcripts of 4.4 and 2.3 kb
(figure 2IA). The 4.4 kb tanscript is more abundant in most organs while the 2.3 kb transcript is
more abundant in the adult heart. Among the tissues analyzed, cerebellum, kidney and spleen
cantain the highest levels of Hira mRNA, while lung contains lower but detectable levels, We also
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figure 31 Hira probes hybridined o Korthern blots. - A: Herthern blot of polyh” RRA of whalz mause
3 embrpos (1, 1§, 15 and 17) and et ergans. Two Hira traaseripts (84 and 1.3 kb) are detected by probe m¥ in all
i samples.  Br Probes mB and mC, which exdude 5 sequences, only detect the 4.4 kb transeript, indicating that
§ the 2.3 kb transeript represents a 3" truncated mRKA.

i from Wilming et at, (1997).
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figure 32 Morthern blats with PolyA” RNAfrom adult human organs,  A: Hybridized with probe bE, two
i transeripts are detected (4.5 and 5.00kb). Refative abuadances vary from organ to organ, The 4.5 kb transeriptis mast
i abundantin heart and pancreas. B: Mouse probe m( only deteats the 4.5 kb ranseript and an additional faint
i band of 24 kb,

i From Witming et al. {(3997).
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detect Hira mRNA in the mouse P19 cell line, the murine neurcoblastoma celf line N2A and in the
rat phecchromocytoma cell lfine PCIZ (nct shown), indicating Hira expression in tumors of
neurectodermal origin.

! n mouse embryos the 4.4 and 2.3 kb Hira transcripts are already present during gastrulation stages
(E7) (figure 3IA). At £7 the signal is lower than at more advanced stages. At al} stages examined the
4.4kb transcript is most abundant.

G iven the length of the human and mouse HIRA <DNAs of approximately 4 kb (Halford et al.

1993a, b, ¢, Scamps et of. 1996), the 4.4 kb Hira transcript most likely represents fuli-length
Hira. Probes mB and mC (figure 288) only detect the 4.4 kb transcript on the organ and embryo
MNorthern blots, respectively (figure 3I1B). This suggests that the 2.3 kb transcript contains sequences
from the 5' part of Hire only. Thus, the 2.3 kb transcript might represent an MF2-like mRNA
(Halford et al. 1993a, b, ¢).
To compare Hira expression in adult mouse organs with expression in adult human crgans, we
hybridized a hurman multiple tissue Northern blot with probe hE (figure 28B). Different from what
we observed on the Northern blot of adult mouse organs, probe h> detects two transcripts of
approximately 4.5 kb and 5 kb (figure 324), The relative intensities of the two transcripts vary from
organ to organ. In heart, fung and pancreas the 5.0 kb transcript is most abundant, while in brain
and liver the 4.5 kb transcript prevails. Mouse probe mB on the same Northern blet fails to detect
the 3.0 kb transcript (figure 32B). Only the 4.5 kb transcript is detected. However, an additional
weak signal at 2.4 kb is seen.

% Hira Js UBRuSTOUSLY EXPRESSEDy WITH ENHANCED EXPRESSION IN
PHARYNGEAL ARCHESy NEURAL FoLbsy CIRCUMPHARYNGEAL
Neupat Crest anb Live Bups

The expression of Hira iy organs (brain) and cell lines (neuroblastema and pheachromocytorma) of
neurectodermal origin and its expression during organogenesis, raised the possibility that Hira
plays a role in the development of the brain and the pharyngeal region of the head. Therefore we
determined the spatial distribution of Hira during mamenalian embryogenesis. Whole mount in situ
hybridization was performed on mouse embryos of 8.5, 9.5 and 10.5 days of gestation, a time-
window during which the most aritical events in organogenesis are taking pface. For these experi-
ments we used single stranded RNA probe mA {figure 28B), that only detects the 4.4 kb transcript.
At EB.5 base levels of Hira transcripts are present throughout the embryo, including the heart
{figures 33A, B). Higher levels of transcripts are detected in the cranial neural folds (figure 334). At
E9.5 Hira transcripts are also widely present (figure 33D), Higher levels of expression are seen in
the pharyngeal arches | and 2, We do not detect Hira transcripts in the heart anyraore at this stage.
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figure 33 (s is a
grayseale thumbaail of the eriginal
for quick reference; sea the full size
color pictare on the foldout poster
on the back tover)

Whole mewnt in situ hybridizatiza
of mouse embryos with DIG
labelted probe mA.  A: Yentral
view oF an E8.5 embryo. Hira tran-
seripts are preseat ubiquitously,
but higher fevels are present in the
reoal fold. B:  Lateral view of
an 8.5 embryo. The heart is posi-
tive for i, € £95 embryo
hybridizad with a ran-complemen-
tary (sense) probe a5 a nagatise
contral.  D; Lateralvigw of an
9.5 enbrya shows edranced &
pression in i first two branchial
arches. The heart is notably nega-
five. E: tateral view of an E10.5
shows additional exprestion in
limb buds, the circumpharyngeal
reural crest, the froatonasal mass
and the manilfary component of

farchl. F EI0S embrpoasa

nzgative control, Abbreviations:
aipr anterior intestingl portal;
epne; drcompharyngzal rewral

wrest; D: forelimb bad; hib: hiedliomb bud; h: keart; my: imaxitlary component of pharyageatarch [; af: nearal folds; pal: pharyngeal arch I} pa2: phasyngeal arch 1
Lateral views are shown with the dorsal side of the embryo left ard all views show the anterior end up.

from Wilming et al. {1997).

Sections of gelatin embedded whole mount embryos reveal Hira transcripts in the mesenchyme of
the pharyngeal arches (not shown). At EHO.5 the expressicn pattern of Hirg is similar to that at £9.5
(figure 33E). The highest level of transcripts is In the anterior part (including the maxiltary compo-
nent) of arch | and the posterior part of arch 2. In addition, the frontorasat mass and limb buds have
a raised level of transcripts. Just posterior to arches | and 2 a drcumscribed spot with a higher level
of Hira transcripts is present, This region corresponds well to the region where hindbrain neural
crest cells reside before entering the develeping gut and migrating to the third and fourth pharyngeal
arch. In chicken embryos this region is known as the circumpharyngeal neural crest (Kuratani and
Kirby 1991). Control hybridizations with non-complementary (sense) probes are negative {figures

33C, F).

E tis of interest that Mira transcripts are present in neural folds, where neural crest cells will be gener-
ated. In chicken embryos the zinc finger gene Slug is also expressed in the cranial folds. Treatment
of embryos with Slug antisense cligos showed that Slug is necessary for neural crest cell migration
(Nieto et al. 1994). In mice, the homeobox gene Msx-3 shows highly restricied expression that
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partially overlaps with Hira expression (Shimeld et al. 1996). Most
of the mesenchymal cells in the pharyngeal arches derive from hind-
brain neural crest cells. It thus seems iikely that the Hira expressing
cells in pharyngeal arches | and 2 represent hindbrain neural crest
cells. Special attention needs to ba drawn to the regional differences
within the arch mesenchyme. Certain sub-populations of cells either
in the anterior part {arch |) or in the posterior part (arch 2) seem to
exist. In a recent study it was shown that Bmip-7 has an overlapping
distribution pattern (Wall and Hogan 1995). it will be interesting to
study whether the various gene products (Slug, Msx-3, Bmp-7 and
Hira) function in the same devefopmental pathway. Another group
of Hirg expressing cells that is evident constitutes of neural crest cells
in the circumpharyngeal region. In birds, it has been demonstrated
that these neural crest cells are crucial for proper development of
the: cutflow tract of the heart, In mice, these cells express the proto-
oncogene Ret, and part of this popufation of hindbrain neural crest
cells is on its way to the develcping gut or to the superior cervical
gariglon (Durbec et al. 1996).

En general, the elevated levels of Hira expression overlap with the
expression domains of the cellular retinoic acid binding protein gene
Crabipl. Crabp ! is also expressed in the frontonasal mass, branchial
arches { and 2 and the neural folds. Exposure of vertebrate embryos
to retinoic add leads to phenocopy of the CATCH22 phenotype
(Vaessen et al. 1990). The overall Hira expression pattern seems to
be conserved across species (Roberts ef o, 1997),

$ ull-size Hira transcripts are present in the developing heart at £8.5,
where they are not detectable anymore at E9.5 and E10.5. The
probe we used for the in sftu experiments does not detect the short
transcript, which is predominant in the adult heart. It is possible that
between E£8.5 and E9.5 the embryonic heart switches from the full-
size ta the 2.3 kb transcript. The developing heart arises through a
complex series of morphogenetic interactions. In the mouse embryo
the heart field is induced at E7.5. The straight heart tube is sub-
sequently specified in an anterio-posterior sequence (£9.5) to form
the various regions and chambers of the looped (E8.5) and mature
heart (EI5} (Kaufman 1992). The expression in the heart at E8.5



suggests that Hira might play a role in cardiac looping. This is of
interest in the context of CATCH22, as the heart is one of the
affected organs,

cDNA Cioves 12B avd 12E REPRESENT
SpUCE VARIANTS wiTH Exons 3A avp 11A

I 5

?wo cut of the seven Hira cONAs {clone 128 and  7E) contain non-
canonical sequences (figure 284) in positions similar to the human
clones HT4 and HT5. To investigate whether these cDNAs repre-
sent valid transcripts, we partially characterized the genomic crgani-
zation of the murine Hira gene, The intron-exen boundaries we
determined coincide with those in the human as recently published
by Lorain et al. (1996). Below we will use their numbering of the
exors.
CIone 12B centains a 203 bp insert between exons 3 and 4, which
encode part of the first and second WD40 domain respectively
(sequence in figure 34A). Genomically, the insert is continuous with
exon 3 but is separated from exon 4 by an intron. Therefore, clone
128 must have arisen from the use of an alternative splice donor site.
The ORF of clone |28B is interrupted by a frameshift, both in <DNA
and genomic clones. The next potential translation initiation site is

gtattacaga gtggeoocttt geaggcrtbg cgtgtitygea gagigoocaa 50
51 ggttagraca tgtgittgta attagaaaga taaggecoca tgeggogtta 100
101 actccccteg gectgotgteo tgaaadcaca gatgttguct geacacctgg 150
151 gtgagttatt cggcagaaga ctegaccgoe acgaaccaltt tggacgteotg 200
201 cga 203

-

—

gacttttygee aaccgttaat gggatattat atccatttgt ctgaatggag 50
%1 ctctgtggaa geoccagagca ggtcagecage tatccactta gtgatgeokgt 100
101 tgctggg 107

figure 34 Woleotide sequences of the etra Hira wrons. Ac exon M from close 128, B:  exon 1A
3 from clone 12E. Stopeodens in the Hira reading frame are underlined. Aucession numbers: EHBLRS9713 2ed X911,
i respectively. ’

i From Wilming et al. (1997).
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the methionine codon at nucleotide position 510, with a Kozak score of 0.6/, or the meihionine
codon at nucleotide position 546 with a Kozak score of 0.78.
?he 3" terminus of clone 12F has an insert of 107 nucleotides between exons | | and |2 (sequence
in figure 34B). Exon | | encodes the last WD40 domain. The |2E insert causes a frameshifi in the
ORE with stop codons as a result. PCR amplifications with primer sets p5-p8 and pé-p8
(figure 28B) on mouse genomic DNA, show that the 12E insert is located within an intron, With
primers p5 and p8 we can amplify a 1.3 kb fragment, while with primers pé and p8 we can amplify
a 0.6 kb fragment. The insert is therefore separated from exon 11 and 12 by 0.5 kb and 0.33 kb
introns, respectively,
G enomic sequences show that the 25 bp MF2 insert is positioned between exons 2 and 3. The
extra sequences are designated by us as exon 2A (MF2), 3A (12B) and 1A (12E). BlastN and
BlastX database searches with exons 3A and | 1A do not yield any significant homologies.
Through RNMase protection assays, we examined the presence of cellular mRNA species containing
exon 3A, We detect fult length protected fragments with probe mX {figures 28B, 35B) in all RNA
samples analyzed (figure 35A), This indicates the presence of canonical Hira transcripts. In addition,
two smaller protected fragments are detected with this probe showing the existence of mMRNA
species that contain exon 3A. Full length protection was also found with probe mY (figure 28B) that
containg exon 3A sequence (not shown). This also indicates the presence of transcripts containing
exon 3A. None of the negative controls with sense probe or tRNA target vield any protected
fragmant.
To show the presence of mRINAs containing exon | 1A we performed RT-PCR experiments with
various primer sets on mouse embryo and adult organ RiNAs. We used primer sets p5-p7, p5-p8,
p6-p7 and p6-p8 (figure 28B) on poly-dT and random primed cDINA from total or polyA’ RNA
samiples, With all four primer sets we <an amplify fragments containing exon 1 1A sequences, both
in adult organs and embryos. The presence of transcripts containing exon 3A was lkewise
confirmed by RT-PCR with primer sets pl-p3, pl-p4, p2-p3 and p2-p4 (figure 28B) on the same
samples. Exon 3Ais present in all samples (not shown).
Recapitulating, we find that two Hira mRNA species (2.3 and 4.4 kb) are present in embryos and
adult organs. Both embryonically and at the adult stage {(averaged over the individual organs) the
4.4 kb transcript is expressed at higher levels than the 2.3 kb transeript, without dramatic variations
in the ratio between the two. Between aduit organs the ratio of the expression of the 2.3 kb and
4.4 kb transcripts varies. The smaller 2.3 kb transcript is the predominant mRNA in the adult heart,
Northern blot analysis reveals that this transcript facks the sequences of the 3" end of cancnicat Hira,
This raRNA thus encodes a protein that congsists of mainly WD40 domains. The 2.3 kb transcript
could represent the transcript coding for the truncated | 2E or MF2 coded polypeptides, The 4.4 kb
transcript must represent the full length Hira transcript, Scamps et al. menticn only one full length

63

VIl  Results & Discussion



64

a % synssy  f{iA

UoISSnIS!

transcript in fetal mouse RNA (Scamps et al. 1996), Most likely, they used 3' probes.
U ntil now, two HIRA transcripts have orly been reported for human fetal liver (Halford et al.
1993a, b, ¢, Lamour et al. 1995). Though these transcripts were labelled 3.4 and 3.2 kb
(Halford et al. 1993), and 4.5 and 4.2 kb (Lamour et al. [995) we assume that these are identical
to our 5.0 and 4.5 kb adult transcripts. In the adult heart and pancreas the 5.0 kb transcript is
predominant, whereas the 4.5 kb transcript is predominant in brain, Like the 2.3 kb transcript in the
mouse, the 5.0 kb variant is not detected by a Hira probe that excludes WD40 repeat coding
regions. One explanation could be that the 5.0 kb transcript represents an mRNA that encodes a
HIRA like protein with C-terminal WD40 domains. This protein would have an N-terminal
extension, which could be similar to the N-terminal extension of ceHILP This part of ceHILE which
has no equivalent in HIRA, CAFIA, Hirlp or Hir2p, bears very high homology to C. elegarnis
proteins that are similar to S. pornbe SDS22p and L. monocytogenes Internalin (U39849, P45969).
Yeast SDS22p positively madulates protein phosphatase | (Ohkura and Yapagida 1991) and
Internalin is required for the internalization of L. monacytogenes by eukaryotic cells (Mengaud et df,
1996). Alternatively, the 5.0 kb transcript encodes a protein with N-terminal WD40 repeats
foilowed by as of yet unknown sequences not present in canonical HIRA,

The insertion of exon 3A into the Hira mRNA disrupts the canonical Hira open reading frame. An

N-terminally truncated protein starting from either of the next two in-frame translation start sites
lacks the first WD40 domain, This is comparable with the protein coded for by the MF2 Tuple!
(Hira) cDNA, which lacks half of the first WD40 domain due to a 25 bp insert in the mRINA. In
Tuplp the array of WD40 domains appears to influence the binding specificity of the individual
domains: in the context of other WD40 demains, a single domain has different binding spacificities
than in isolation (Komachi et al. 1994). The lack of a W40 domain is therefore very likely to alter
the affinity of Hira for other prateins. The insertion of exon | 1A introduces stop cedons, vielding a
polypeptide consisting only of WD40 domains, This truncated polypeptide could compete with full
length Hira for binding to other proteins. This putative truncated form of Hira resembles CAFIA
which also consists mainly of WD40 repeats.

! n conclusion, at least four different splice forms of HIRA can be identified in humans and mice. This
complex expression pattern of the mammalian HIRA gene is regulated in an organ- and develop-
mental specific manner and arises from alternative splicing and exon skipping.

H IRA is being analyzed for point rmutations and microdeletions by several groups that are looking

for a cause for the CATCH?2?2 phenotype in apparently non-deleted CATCH22 patients. The new
exons 2A, 3A and | |A should be included in these screens, Further analyses of the human 5.0 kb
transcript should help in identifying more HIRA sequences to check for mutations.
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protected fragments 2 and 3
probe mX

algmatively spliced mRNA

cangnical mANA

proba mX
protected fragment 1

SCALE:
e = 100 basepaits

ﬁgure 35 Result of ANAse protection assay and diagram of the probes wted.  Ar Protected RNA fragments
i resulting from an assay with probe mX and the targat RNAs shawn. Controls were RNAs hybridized to son-
complementary (sense) RNA probes or 1RBA as a target for antisense probes. Arvewheads poinl to probe mX (sense
and antisense} and the protected fragmeats: {1) Full lengih protected fragment representing the canonical transeript
{2) and (3} indicate the presence of transtripts with exos 34 B:  Schematic drawing of probe mX and the
relevant fragments of two postible target transceipts. Gray baxes indicate canoricat exons, the black box indicates
exoq 34, The upper and fower lines fndicate the expected size of pratected fragments and their correspording number
inh.

From Witmiag et al, (1997).
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O INSIGHT

COmmon!y deleted in the majority of patients with one of the
chromosome 22 deletion syndromes is a region considerably
larger than the SRO. Most CATCHZ22 deletions extend over a
distance of more than 3 Mb, usually including the scl . 1B locus
(Desmaze et al. 1993a, b, Halford et af. 19%93c¢, Lindsay et al.
1995, Morrow et al. 1995, Carlson et al. 1997a, b), as was also
shown In our patient series. According to Halford et af. (1993c), a
deletion not including the scl 1B locus was found in 7 out of 9i
DGS and 6 out of 16 VCFS cases. In six of the seven DGS cases, the
defetion includes the D225134 (sc4.1) locus, whereas in the six
VCFS cases, the deletion does not extend distally to this locus. The
only DGS patient who probably had a deletion not extending so far
distally is the child of the father who's cell line is encoded GMD5878,
In VCFS the most centromeric distal boundary is found in
GMOO980. This means that haploinsufficiency for a gene or genes in
the region between the GMO0980 and GMO5878 breakpoints, and
perhaps also in the adjacent distal region, might play a specific role in
the pathology of DGS. Furthermore, genes located more distally but
within the commonly deleted region, such as COMT {Dunham et al.
1992, Desmaze et al. 1993a), 710 (Halford et of. 1993b) and the
zine finger gene ZNF74 (Aubry et al. 1993), might contribute to the
dlinical phenotype in CATCHZ22 patients. Qccasionally 2205 patients
with dista! deletions are found, including genes like TBX! and COMT
(McQuade et al. 1998). Although ZNF74 was found to be delsted
in 23 out of 24 DGS patients (Aubry et al. 1993), our FISH analysis
now shows that the gene maps close, and possibly even distal, to
sci |, 1B, ie, far outside the SRO. This is not to say that in the more
distal regions there could not be contributing genes. For example,
Der(22) syndreme patients suffer from severe developmental delay
and craniofacial and cardiac abnormalities after meiotic malsegrega-
tion of the constitutional {1 1:22)(q! 1,923) translocation. The geno-
type resuits in duplication of the proximal 22q1 | region and mapping
of the breakpoint shows it to map in the same region as the distal
breakpoint of 1.5 Mb VICFS deletions, i.e. between RANBPI and
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ZNF74 {Funke et al. [998). The overlap in phenotype suggests that anywhere in this region one or
more dosage dependent genes can be expected.

Family members with apparently identical 22q1 | deletions can be either severely, mildly cr not at

all affected. In {iterature several such cases have been described (Holder et al. 1993, Devriendt

et al. 1997). The ADUNDU patients, which have a balanced translocation in stead of a deletion,
are also an example of phenotypic hetercgeneity. Cloning of the breakpeints in both mother and
daughter has shawn them to be identical (Budarf et af. 1995). Yet, the mother is asymptornatic
(although in hindsight she may have weak facial dysmorphism) and the child has partial DGS, |n two
of the DGS cases studied here, the deletion was inherited from a parent who does nct have the
DGS or VCFS phenotype. But the mother of one patient has had an operation for tetralogy of
Fallot, and the father of the other patient suffers from psychiatric iliness but has no physical
complaints, Inheritance of a 22qi | deletion with increased severity of the dinical phenotype in the
second generation has been reported before by others (Witson et af. [991, [992b, Desmaze
et al. 1993a, Driscoll et al. 19%3). Qur findings once more indicate that if an individual with isclated
conctruncal heart defects is found to have a 22ql | deletion, there is a risk of more complicated
malformation in the offspring. These malformations can spread across organs or tissues, fe. when
the parent had a mild conotruncal defect, the proband doesn't necessarily have a more severe form
of that specific defect, it can have other or additional affected organs. Here, more complicated
means the total picture is more severe with respect to quality, quantity andfor variation,
Embryologicaly the source of these malformations is the same, namely neural crest refated.
Differential effects of apparently identical 2291 | genotypes could be the result of environmental
effects during development, subtle genetic differences (even between identical twins), stochastics,
or any combination of the above.,

AsmaFI number of BGS and a large number of VCFS patients have been described in whom no

hernizygosity was found for any of the lodi investigated (Halford et al. 1993c). The prevalence of

such cases may depend on the strictness of diagnostic criteria (Driscoll et al. 1993). in our series,
one DGS case, four VOIS cases and the cell fine GMO3479 revealed no hemizygosity. Patient
DG-RoY (table 5) has the major features of DGS but he has a dysmorphic mentally retarded
brother with no DGS features, indicating that the malformations might have ancther basis in this
famnily. All the VCFS patients included in table 5 have the major features of the syndrome. A genetic
etiology is suggested by the fact that, in all four cases, family members have VCFS dysmorphic
features. An explanation could be that efther there is another VCFS locus or the mutation in 22q1 |
cannot be detected with our present methads. An indication for ancther DGS locus comes from
patients with a deletion in 10p|3 (Greenberg et al. 1988a, b, Monaco et al. 1991) (see also later),
Alternatively, the disease does not have a genetic basis in non-deleted cases.
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table 5 Chivical features of four VOFS patients and one DGS patient without detectable 2211 deletivn, -+ preserce of cinical trait; -2 absence of dhinical traig
nd: ra data avaitable; (2): mather and daughter; (b): sister has YOS dysmarphic features but ro cardiac defect; (<): mother has preminent nose ard cardiac murmur;
i (d): sib bay meotal retardation, dysmarphic face and deafness.

VCF-Ro2 | VCF-Ro3 ] VCF-Ro5 | VCF-Ro6 | DG-Ro9
bé'f'd'iéc':'d'éfzéél;M s o e A e
Typical facies + + +
Palatalabnormalities nd nd + + +
Leamningdisabilities nd nd + nd nd
Clinodactyly nd + + +
DecreasedLymphoidiissue nd nd nd nd +
Other (a) (a) (b) (c) (d)

G enetic studies of DiGeorge syndrome have been based on the assumption that the critical gene is
located at a balanced translocation breakpoint or in an SRDO. The description of new balanced
translocation breakpoints and interstitial deletions associated with CAFCH22 phenotypes necessi-
tate the revision of this assumption. The definition of a DiGeorge syndrome critical region by the
various groups is confusing and conflicting, The Philadelphia MDGCR comprises contig {, 2 and part
of 3 (distal boundary determined by a 1{15,22) translocation). This group recently reported a
balanced t(21,22) translocation, disrupting the CTLCL! gene, in a patient with only facial VCFS
features. The suggestion was made that the truncation of CLTCL! leads to the features in this patient
and that mutations/deletions of other genes must be responsible for cardiac, thymic and parathyroid
features of the CATCH22 phenctype (Holmes et al. 1997). The boundaries of the Furopean
SRDO (represented by our contig 3) are defined by the deletion breakpaint in patient G (Levy
et al. 1995) and the unbalanced {1 1,22} translocation breakpoint in GMO0980. The centromeric
deleticn breakpoint in patient G has not been cloned yet, but | map it between DGSI and SLCZ0A3,
To add to the confusion, an interstitial deletion distal in the commonly deleted region has been
reported in a Japanese patient with a (partial?) Takao syndrome phenatype. This could point to the
existence of a second DiGeorge syndrome critical region (Kurahashi et al. 1996), This second
DGCR is located telomeric of contig 5. It will be important to identify genes in this SRDO2.
Furthermore, position effects cannot be excluded. In campomelic dysplasia and aniridia, SOX9 and
PAX6, respectively, can be influenced by translocation breakpoints up to 25G kb distant from the
disease causing gene (Wirth et al. 1996, Fantes et af. 1995). A similar effect could play a role in
CATCH22. It is ako possible that as a result of the CATCH22 deletion a heterochromatic region
{e.g. close to the centromere) can exert its influence onto former distal regions, thereby sifencing
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the genes in these regions. In this model it is even possible that the
genes of major effect are located outside the commonly deleted
region, Support for this theory may be found in the description of
four monozygotic twin pairs with interstitial 2211 deletions (Miller
et al. 1983, Goodship et al. 1995, Fryer 1996, Yamagishi et al.
1998). In these cases there is impertant variation in the phenotype
within single twin pairs. Since genetically the individuals within each
twin pair are virtually identical, the explanation for this discordance
could be found in position effect variegation. The extent of this
proposed variegation could vary between the individuals of a twin
pair (due to epigenetic effects), thereby sitencing genes over varying
distances along the chromosome, Similar position effects could play a
role in the above mentioned unbalanced translocations t{15;22) and
t(21;22). In these translocations 22q1 | -gter moves to the p arm of
an acrocentric chromosome, regions known to be highly hete-
rechromatic. It is very well possibie that the spread of heterochro-
matin from the p arm of the host chromosome to 22g1 | is involved
in the silencing of genes dose to the translocation breakpoint. Since
there appear to be at least two SRDOs, one cannot exclude that
both position effects and gene deletions can lead to the CATCH22
phenotype, Considering the fact that there are many phenocopies of
the CATCH22 phenotype, deletion or silencing of different genes on
22q11 could lead to similar phenctypes.
There may be a strong correlation between the CATCH22 and
22ql | deletions, but there are reports of correfation with other
chromoscmes, most nctably 10p (Greenberg et al. 1988a, b,
Monaco et al. 1991, Obregon et al. 1992, Shapira ¢t al. 1994,
Devriendt et al. 1995, Schulfenhauer et of, 1995, Daw et ol
1996, Lipson et ol. 1996, Pignata et al. 1996, Hsu et al. 1997).
Indications are that there are two different loci on 10p, since there is
not one single SRO but two dose together {Dasould et al. 1997,
Gottlieb et al. 1998). | think these lodi should not be neglected: they
may hold important clues as to which genes from 22qi | are
involved. Comparing genes in these alternative loci with those in or
around 22q| { may reveal genes whose products are involved in the
same (developmental) pathway, or maybe even homologous genes,



This would then strengthen the position of the 22ql{ gene as a
candidate gene and enable the researcher to focus on the most likely
causative gene.
From above considerations we tend to conclude that from the posi-
tion of a gene within the defetion region one cannot deduce
whether a gene is crudial or not. All the genes described in the
Results & Discussion chapter of this thesis map within the commanly
deleted region and could thus contribute to the phenotype. Is it a
prerequisite that the gene product is sensitive to gene dosage? | can
think of two alternative mechanism that would fit the genotype-
phenotype relationship we see in CATCH22, so the answer must be
no. One theoretical possibility is that the gene on the other chromo-
some has to be rendered nonfunctional as well, by for example a
point mutation, to get the phenotype. These mutations may have
escaped our attention because we simply do not know where to
{ook or we may not have performed mutational analysis on the gene
in question yet. As of yet, inkeritance patlerns do net indicate that
this double hit mechanism is a plausible explanation, A second possi-
ble, and more plausible, mechanism is that the gene in question does
not get transcribed unfess it pairs with its partner on the homalogous
chromosome, It has been reported in literature that some genes
need to pair with their hormolog if transcription is to take place. In
either case the gene product in itself is not sensitive to dosage, it is
simply absent by lack of transcription. Once we have pinpointed the
2205 genefs) transcription and protein studies will clarify the true
mechanism,
The pleiotropy of the DiGeorge genotype and phenotype makes it
unlikely that anly one gene is etiologic for the syndrome: it is most
likely that the phenctype is the result of haploinsufficiency of several
genes. To be fair, one of the arguments supporting this idea, the fact
that defetions associated with CATCH22 are invaniably large, is not
necessarily incompatible with a one-gene hypothesis, It is possible
that the underlying deletion mechanism dictates that deletions termi-
nate in discrete, widely separated regions (low copy repeats, "weak”
regions 1) in stead of at random positions, In that case the large size
of the deletions would have no relation to the phenotype but be just
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a side effect of the mutational mechanism. There is some evidence that there are regions in 22q/ |
prone to breaking. Around the DGCR there are regions of paralogous groups of genes and
sequences that, owing to the high homology between them, could give rise to recombination
events resulting in interstitial deletions (or transtocations when matching paralogs on another chro-
mosome) (Halford et al. 1993a, Eichler et al. 1998). In this light it is interesting to note that two
deletion syndromes | described in the intreduction, namely Angelmann Syndrome and Smith
Magenis Syndrome, have similar regions surrounding their chromosomal regions {Eichler et af.
1998). Apparently it is a feature of pericentric regicns. The Cat Eye Syndrome region is probably
the victim of the same type of chromosomal weak spets as 2205 (Eichler et of. 1998). Some CES
duplications (Type Il CES) overlap with the CATCH?22 region and their breakpeoints co-localize with
DGCR breakpoints (McTaggart et af. 1998). Indeed, Edelman et al. (1999) recently described a
common molecular basis for chromosome 22q1 | rearrangement disorders (CES, 2205, der{22)
syndrome). Low copy repeat regions named LCR22s (containing (pseudo)genes like GGT and BCRL
and repeats) apparently mediate translocations, deleticns and duglications in all three syndromes,
These types of mechanisms act on a large scale, but the fact that the DGCR region is so difficult to
clone suggests that on a smaller, more local scale there are stability issues as well, As described we,
and others, have had dificulties with cosmid walks either due to lack of averlapping clones or
matches to scrambled dones. Genes located in these regions are UFDIL, CDC45L and TRAIN-
MODEL (M5 contig) and HUDDL, GP1BB and TBX (M56 contig). Could this paint to involvernent
of mutations (microdeletions, point mutations) in one or more of these genes in CATCH22 eticlogy?
Over the course of many years the CATCH22 deleticn region has been the subjected to intense
scrutiny. This resulted in the isolation of many genes and the production of mere than 1.2 Mb of
sequence. Ongoing efforts will undoubtedly result in further isofation of genes and detailed expres-
sion studies of new and known genes. Despite all the effort, to date not cne gene located in the
caritical region stands cut as the obvious candidate gene (but: see chapter X-2-5); however, we can
make some assumptions on which genes are, on the surface, the likely candidates (see below). The
major problem is that not only do we do not know whether one or more genes are involved, there
s also the possibility that changes in the chromosomal structure may change regulation of genes up-
or downstream of the deletion.
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Bromrormancs AND GENOME PROJECTS WiLL BE
A Majop Boow 1o Mepicar GENENC RESEARCH

f we want to study the suggestionfhat genes outside the DGCR are causative for CATCH22 or
contribute to the phenctype, the road ahead may be shorter than one would initially think,
Telomeric of the DiGeorge region many genes have been described, but mostly from heavily
studied dusters like lmmunoglobulin Lambda Light Chain and BCR, Reports on genes in the inter-
vening regions of 22q are few and far in-between since these regions have not been targeted for
systernatic study. Fortunately there are several future developments that will aid research in the field
of medical genetics and functional genomics, Singularly the most important is the completion of
human genorme sequencing, which is projected to be early next century (rough shotgan sequence
finished spring 2000, complete 99.99 % accurate sequence arcund 2002). But since chromosome
27 was one of the first ones to get sequenced (because of its small size and the number of genetic
diseases associated with it), the chromosome relevant to this thesis is actually the first complete
human chromoscme to be finished {it was completed in 1999: Dunham et af, 1999). As our
studies showed, having the genomic sequence available is extremely helpful in locating new
{potential) genes (which, as should be dear by now, does not mean that we can incontrovertibly
identify the disease gene). Sequencing efforts are not only concentrating on the human genorne,
Mouse genomic sequencing projects are progressing and will yield invaluable information on the
location of previcusly undetected genes and gene regulatory regions by comparing syntenic regions
of mouse and hurman, For mouse chromosorne |6, which centains the syntenic region of human
chrormosame 22ql |, such a sequencing program is under way, as described by Lund et al. (1999),
Gene prediction algorithms are constantly improving (the more experimental data becomes
available the larger and better the training sets) so that we get better in making reliable predictions
where we have no homologies to existing genes, itis questionable however, whether gene predic-
tion will develop fast enough to keep abreast of experimental discovery of genes. Mass gene identi-
fication schernes like EST and gene signature (Okubo et al. 1992) sequencing already yield very
valuable information on the existence of genes where no other significant homology is detectable,
often supported by gene prediction prograrms. Ongoing efforts in this field will increase the value of
ESTs in gene identification. An interesting development that will certainly prove to be a tremen-
dously powerful tool for linking genes with disease is the production of expression libraries. One of
the first comnplete libraries available is cne for the yeast S. cerevisive. For complete libraries it is
essential to have the complete genomic sequence, as we have for S, cerevisioe, An expression
library consists of arrays of upique DINA or PNA" fragments, each unique fragment representing a
single ORFE, transcript or gene. The complete yeast library represents the total of ORFs, both
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predicted ard confirmad, on the yeast genome. It is in determining
which fragments to synthesize that the yeast genome sequencing
project comes in. Libraries can also be made from data obtained
from EST projects or other mRNA based projects. This ylelds sets
that are specific for, for example, tissues, medical conditions or
developmental stages. Gridded arrays of these DNA/PNA" frag-
ments on filter, sorted by chromosome, tissue, developmental stage
or any other criterion, can be hybridized with total labelies mRNA
from wild type and mutated or experimentally treated cells.
Subtracting the hybridization result of the wild type from that from
the cells under investigation will reveal changes in the expression of
each gene in the set. If polysores are used as the mRNA source,
one can even read translational information from these experiments.
Already the oligo arrays are available as so-called micro-chip arrays
{en coverslip or microscope sfide size glass substrates), which offers
obvious advantages in ecanomy of use, Moreover, they are easier to
use in automated analysis (scanning with a {modified) fluorescence
microscope). Only partial human expression libraries, produced
from UniGene EST data, are currently available commerdially, but
complete libraries like those for yeast wili certainly become avaitable
in the first decade of the next century.
CIearly the future of genetic and genomic research is bright, in no
small part thanks to what is arguably the most important endeaver
ever undertaken in biclogical sciences: the Human Genome Project.
It will lay the foundation for decades of research and, together with
other genome projects (most notably those for pathogens), provide
a major impetus to molecular medidine. It also speeds up the first
and probably most time-consuming stage of many medical genetic
research projects: finding and isolating the gene(s) (or even chromo-
somg) relevant to the particular disease one is working on. At
present, finding a gene responsble for a disease still starts with

" BNA = Peptide Nucieic Acds, These have an amide backbone instead of a sugar back-

bone. As a result the backbone is electricaliy neutral, lacking the negative phaosphates.
This in turn makes for less repulsion between malecules to be hybridized, more stable
PNADNA or PNARNA duplexes and milder (low-salt or salft-free) hybridization
buffers. The molecules are also mare slable: resistant to rnany stripping-hybridization
cydes when fixed te filters or glass and refractory to nudease activity.



linkage analysis {statistically linking probes or markers to the disease,
an arduocus task that can take years if there is no deletion to work
with) and, once successful in that field, constructing genomic contigs
of the relevant area. These then have to be sequenced or subjected
to a variety of other techniques to identify genes, after which the
candidate genes are subjected to mutational analysis. Arriving at this
stage takes years; years that can be saved in the near future, as the
sequence and most of the genes in it will be readily available and
identifiable. In combination with gridded expression libraries it wil
make identifying candidate genes both easier and faster. If there is still
a need for linkage analysis, the availability of the total genomic
sequence yields a sheer infinite number of probes which speeds up
the process considerably, Techniques like High Throughput
Genatyping make screening for enutations (once genes bave been
identified) much easier. Of course, having the sequence of genes
handed to the researcher on a silver platter, just shifts the emphasis
from isalating the gene to determining what the gene product
actually does and if, why and how it is responsible for the phenotype.

I n the field of genomic analysis, automatic analysis and annotation is a
project in constant development, The ACeDB package and
associated analysis systems set up at the Sanger Centre in Hinxton
(UK) and the Genome Sequencing Center in St Louis, Missouri
(USA) are coming a long way in this, but final human intervention is
still, and probably always will be, necessary. Systerns like these not
only allow a great deal of automation, they also offer opportunities
for integration of data. Thanks to the take-off of the Web and related
technologies, we are now able to link to varicus sources, offering
data on for example mapping and expression from the annotated
sequence map {Helt et al. 1998 (and Genome Research 8 {1998} in
general), Bard et al. 1998),

Reverse Gewenics: BE AWARE OF THE PITFALLS
oF UsivG THE Mouse as A MobEL ORGANISM
c urrently the most popular technique for trying to identify the func-
tion and phenotype of a given gene is the construction of mutated
organisms, mostly rmice but also yeast, Xenopus and Zebrafish. We
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too think knock-out studies in mice may provide some clues as to which genes are involved in the
CATCH22 phenotype. We are currently analyzing the effect on development of a null mutation of
the murine Hira gene (chapter 1X-2-4), If It turns out that more than one gene is invelved, crosses
between various knock-out fines are necessary. Do we want to test if chromosomal structure
effects play a role, then large deletions {in excess of several hundred kb) are necessary. Detailed
delfetion experiments on multi- and single gene scale are currently under way (Baldini et af, 1998).
A complicating factor in this matter is that the genomic organization of the mouse syntenic region on
chromosome |6 is different on the macro level (Botta et ol, 1997, Puech et al. 1997). Initially it
looked like the gene-order was conserved between mouse and hurman (Bucan et af. 1993) and on
a certain level it indeed is: between HIRA and RANBP! the order of the 10 genes tested is identical
between the two organisms, But this block of genes is rotated with respect to the IDD to GSCL
block of genes, so that in mouse the Ranbp ! gene, in stead of Hirg, is close to Gscl. The iDD-GSCL
block by itself is again conserved, but surrounding genes (DGCRG, HCF2) are displaced up to several
megabases (Puech et al. 1997). In the resuits and discussion section | already mentioned that the
CLICL! gene is absent from mouse chromosome |6, while the hurman equivalent of mouse Tsk/
has degenerated into a pseudogene. Thus, trying to mimic farge hurman CATCH22 deletions in the
mouse requires a cautious approach, Within certain limits {the HIRA-RANBP! block for example) it
should be feasible to construct faithful copies of human deletions, deleting exactly the samie genes as
in human, But deletions spanning the equivalent of the common deletions in human patients may be
too dissimilar, deleting genes in mouse that are not deleted in human and vice versa. Very recently
Lindsay et al.constructed mice strains with a deletion of 1.2 Mb of the equivalent of the DiGeorge
region, using the cre-loxP system (Lindsay et al. 1999). They were able to reproduce CATCH22
like heart defects (related to maldevelopment of the fourth arch arteries} in hemizygous mice and
could rescue deleted mice by crossing with mice carrying a duplication of the deleted sequence. The
deletion effectively remcves the sequence for genes Dgsi, Gsdl, Ctp, Dregé, Ranbp!l, Arvdf, Comnt,
T10, Tbx!, Gplbb, Cderell, Tmvef , Cdc451 and Ufd 11, From their results it is clear that one or more
of the genes in the deletion is dosage dependent and involved in neural crest development in the
fourth arch. But it is also clear that other genes, outside this deletion, are responsitle for the other
phenotypes related to parathyroid, thymus and the craniofacial area. No abnormalities with respect
to these structures was cbserved in the deleted mice.
The fact that the 22q | region is reshuffled to such an extent, and that the region is distributed over
three chromosemes in mouse (6, 10 and |6} suggests that already during evolution the region
was unstable and prore ta rearrangements, This fits well with the observation that human 22q1 | is
very unstable. The evolutionary breakpoints may well be related to clusters of breakpoints {"weak
spots”) on 22q 1 1. It would be interesting to see what the situation is on mouse |16 or in the areas
of the evolutionary breakpoints on mouse 6, 10 and 6. Currently the only evolutionary breakpoint
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determined at the nucleotide level is one of the breakpaint between the Siarmang gibbon (Hylobates
syadactylus) syntenic region of human chromosomes 22 and 16, This breakpoint is located in
human 22q13.! (Cordelia Langford, PhD thesis (in preparation)). Most primates have the human
chromosome 22 syntenic region on one chromosome (in one or two contiguous blocks). Great
apes (Gaorilla Gorilla gerifla, orangutan Pengo pygmaeus, chimpanzee Pan troglodytes) have a single
"human chromosome 227, in their case chromosome 23, while fesser apes (lemur Evlernur fulvus
mayottemsis) distribute hurman 22 in two blocks over two chromosomes (Jauch et ol 1992,
Wienberg et al. 1992, Koehler et al, 1995a, b, Consigliere et al. 1996, Hameister et al. 1997,
Richard et al. 1996, Bigoni et al. 1997, Morescalchi et af. 1997, Muller et al. 1997). Cattle (Bos
tavrus), harse (Equus cabelius), deer (Indian muntjak Muntiocus muntjok vaginalis), pig (Sus scrofa
domestica) and carnivores (American mink Mustela vison, harbor seal Phoca vituling, dolphin Tursiops
truncatus, dog Conis familiars, cat Felis cotus) give us a glimpse of what was probably an early
arrangement of chromosome 22 almost invariably a chromosome 22 block is adjacent to a
chromosome | 2 block (Hayes 1995, Johansson et al. 1995, Rettenberger et af, 19953, b, Yang
et al. 1995, Chowdhary et al. 1996, Goureau et al. 1996, Fronicke et al. 1996, 1997a, b,
Raudsepp et al. 1996, Hameister et al. 1997, O'Brien et al. 1997b, Wienberg et al, 1997, Bielec
et al. 1998}, In an evolutionary distant past, chromosome 22 and |2 were probably one.
The mouse knock-out system is undeniably a powerful one, but there are some caveats. An impor-
tant one is that due to redundancy the deletion of one cr both copies of the gene of interest could
have no measurable effect. Though actually very important and helgful, most of the time reperts on
these “negative” resufts are not published, hence giving the impression that knock-outs are more
successiul than they really are. Another problem regarding phenotype is that a mouse which may be
regarded as having no phenctype, actually has one, but we don't know how to recognize it. There
are only so many traits one looks at, and the proficiency in detecting anomalies depends heavily on
the context of the research and one's particular area of expertise. This problem can partly be
alleviated by enlisting the help of independent mouse experts. A further caveat is that the phenotype
rmay escape our attention because the laboratory environment where the mice live will not bring
out that particular trait (certain sodial skills, searching for food, ete.). Short of releasing and monitor-
ing the mice in a2 more natural biotope, which is logistically and finandially next to impessitle, we
cannot do much about this, Lastly, and probably most importantly, a phenotype can be very depen-
dent on the genetic background, as graphically illustrated by the widely variable phenotypes of EGFR
knock-out in three different strains of mice (Threadgilt et al. 1995). In this respect it is very impor-
tant to perform the studies described above, on the colinearity of 22ql | genes between mouse
and human, on other strains or crosses of mice as well. | would be surprised if the results were
identical to thase for the published crosses.
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Apossibly very fruitful way of finding crest genes is tuming to the

zebrafish (Danic rerio). The developmental biclogist's pet organism
of the late 90s and beyond presents with a list of mutations (natural
or induced) that can be traced back to defects in crest develepment
{Brand et al. 1996, Driever et ol 1996, Gaiano et df. 1996,
Haffter et al. 1996, fiang et al. 1996, Neuhauss et al. 1996,
Piotrowski et al. 1996, Schilling et al. 1996a, b, Whitfield et al.
1996). No genes have been allocated to most of these mutations,
but it holds great prosmise for the future.

StubvinG OTHER CONGENITAL SYNDROMES PROVIDES

INsIGHT INTo COMPLEX GENOTYPE “PHENOTYPE

RetaTronstips

S tudies of the genetics of other diseases, syndromes and malforma-

tions, have shown that nature can have some interesting surprises

for us in stall. In the intreduction | discussed the RET proto-
oncogene, a gene involved in no less than four different diseases.
Loss-of-function mutations cause Hirschsprung's disease and various
constitutive activation mutations cause MEN2A, MEN2B or FMTC
cancers, The type (position) of mutation and the phenotype are
strictly correlated. It is remarkable that cne gene can cause such
varied phenotypes. True, three of them are carcinomas, but they are
different carcinomas nevertheless. Where RET is interesting for being
associaled with four different diseases, Hirschsprung's disease is
interesting for being associated with five genes, RET among them
{see intraduction). Yet ancther interesting example of the muddled
relationships between genes and diseases is Charcot-Marie-Tooth
disease, a common peripheral nervous system afficion. Several lodi,
on chromescme |, 17, X and possibly others, are connected to this
inherited disorder (Patel and Lupski 1994). On chromosome |7
the PMP22 gene is responsible, interestingly through two different
mutational mechanisms; both a duplication of the gene and a domi-
nant mutation can cause CMTI. Homozygeus dupfication causes a
more severe phenctype, suggesting gene dosage effects, To make
things more interesting, a mutation (different from the one for
CMT1) in or hemizygosity of PMP22 cause the neurological disorder
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HNPP (Hereditary Neuropathy with liability to Pressure Palsies), Yet
another mutation (a recessive one) in combination with hemizygos-
ity causes CMTI. Dominant mutations of the CX32 /GJB! gene on
chromosome | and of the MPZ gene on chromosome X can cause
CMT as well. Recapitulating we have one gene with three different
types of mutation associated with two different diseases and one
disease associated with at least three different genes, one of which
can be mutated via two different mechanisms. Another genetically
heterogeneous syndrome is Opitz syndrome, part of the CATCH22
family,. Not only are loc on chromosome 22 linked to this
syndrome, a chromosome Xp22 ocus is associated with Opitz as
well (Robin et al. 1995, Quaderi et ol 1997),
Examples like described above are important to bear in mind when
trying to decide or identify which genes are causative for a
syndrome. The possibility of fong range effects of chromosomal
aberrations on gene regulation as described earlier doesn't make this
decision or identification any easier. Especially not if one considers
the exarnple of the Kreisler mouse. Extremely long range effects play
no role here, but the effect of a chromosomal rearrangement on the
expression of the candidate gene shows that on should take heed
when studying phenotype-genotype relations. The Kreisler gene
MafB/Kr is expressed in rhombomeres five and six and gives rise to
the Kreisler mouse when deregutated due to an inversion event
upsiream of the gene (Cordes and Barsh 1994), The gene is
actually located on the inverted segment, approximately 30 kb from
the distal breakpoint. Homozygous & k™ mice lack r5 and r6 and
are affected in the development of the inner ear and the hyoid bone
(Frohman et al. 1993, McKay et al. 1994). They show abnormal
circling behavior (Kreisler is German for circler) and are deaf,
MafBfKr is expressed in the affected rhombomeres and their neural
crest, explaining the causal relationship between the mutation and
the phenotype. Eichmann et al. show that it is not that simple. In
both chicken and mouse the expression of the gene extends beyond
only these rhombomeres: it is found in differentiating neurons, the
mesonephros, the perichondrium ard the hemopoietic system
{Eichmann et af. 1997}, These expression sites persist in Kreisler
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mice and there appear to be no defects in these systems, In other words, we are dealing with tissue
specific gene inactivation due to chromosomal rearrangements and not with a simple on-off situation.

OneoinG ResearcH into HIRA ReveaLs THAT I s AumosT

CeRTANLY INvOLVED IN CHROMATIN INTERACTIONS

Afew years ago the HIR family consisted of only five members {two yeast and one each in human

mouse and wormm), but the HIR family of proteins has been growing ever since, with a Drosophila

(Dhh, Drosophila HIRA Homolog) and a Fugu homolog recently described (Kirov et al. 1998,
Lievadot et al. 1998a, b) and an unpublished Xencpus version mentioned (Scarmps et @, unpub-
lished). Our division of HIRA in three domains of refatively high, low and medium conservation
{from N to C terminal) is confirmed by alignment of existing HIRs with Fugu HIRA and Dhh, The
cloning of a Diesophila and Xenopus hemolog brings new opportunities for modifying HIRA
expression, since these two organisms are exceptionally amenable to reverse genetic analysis. Fugu
HIRA could be very useful for mouse transgenic experiments, since the whole genomic size in Fugu
is a mere 9 kb (i.e. ten percent of the human/mouse size).

Severa! recent papers already offer us some more insight into the HIRA network. Lorain et df,

fished for HIRA interacting proteins with the two-hybrid system and describe one of them as a

Cna) family protein (Lorain et al. 1998). Dna is a part of the larger group of Dna heat shock
proteins or chaperonins. Proteins in this family are involved in (re)folding of proteins, often in the
context of multimolecular complexes. The new Dna) member is called HIRIP4 (HIRA Interacting
Protein 4) and is spedial in that it has a nuclear localization, as opposed to the oytoplasmic localiza-
tion of previcusly described family members, Two putative zinc fingers in HIRIP4 are necessary and
sufficient to bind HIRA, and HIRIP4 can bind to itself and to histone proteins, Since HIRA itself is able
to interact with core histones H3.3B and H2B directly (Lorain et af. 1998), there seems to be
ample evidence for our initial suggestion that HIRA is invelved in chromatin interactions (Wilming
et al. 1997). A fink between BIRA and neural crest development is not only provided by the
expression pattern described in this thesis, but also by recent findings by Magnaghi et al. Apparently
Hira interacts with Pax3 and Pax7 (Magnaghi et al. 1998). in the introduction | descabed Pax3 and
Pax7 knock-outs and that both result in neural crest related malformations. PAX3 hemizygosity is
related to Waardenburg Syndrome, but many double knock-out mice die from a DGS like sheno-
type. HIRA binding to the Pax molecules may involve the Pax hormecdornain; if this is confirmed it is
a small step to suggest looking for interactions with other hormeodomain protelns such as Hox and
Msx. Association of HIRA with Pax transcription factors fuels the initial idea that HIRA is a trans-
cription (co-Yfactor, A picture is starting to emerge where HIRA acts as a general transcripticnal co-
regulator recruited by specific transcription factors {e.g. PAX3, PAX7) and modulating chromatin,
Haglo-insufficiency or absence of any or some parts of the multi-protein complex could bring this
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mechanism te a halt, which could explain the many (partial) phenocopies of and overlaps with DGS,
Preliminary results from Hira knock-out mice produced by our and other groups suggest some
kind of perturbation of the cell-cydle, In vitro results show a shortened cell-cydle, enhancing neural
crest cell growth and impeding differentiation. I vivo, -/~ knock-out embryos die in utero at E8.5-10
after apparently asynchronousfuncoordinated development of different parts of the embryo,
Further study of the phenotype and its physiological or developmental background will be necessary
to darify the role and function of Hira.

% B Is THE 'DIGEORGE GENE STiLL To BE IDENTIFIED?

H IRA remains a prime candidate (see above), but given the reservations described earlier, it is very
difficult to reject or put forward a CATCH22 gene a priori, Most of the 22q1 | genes described in
this thesis could conceivably be etiologic for CATCH22. After all, from the introduction it should be
clear that there are many, in number and type, molecules guiding the proper development of neural
crest and its derivatives. Anything from a cell-surface, trans-membrane or extra-cellular type to a
kinase, transcription factor or receptor type protein is a potential candidate. GSCL is a good candi-
date since it is a transcriptional regulator and Goosecoid knock-out causes severe craniofacial
deformities due to first and second arch malformation. A word of caution is in place: the homology
between GSCL and Goosecoid is based on the horneodomain and a small N-terminal domain,
Outside the homeodormain regicn are the sequences that cne would assume confer the identity of
the particular protein as different from cther hemeaobox proteins with very similar homeodomains,
In these sequences there is no significantly homology. Moreover, Gscf knock-out mice are normal,
Genes coding for transmembrane proteins like IDD and TRAINMODEL could play a role in regu-
{ating adhesion to ECM components or in signaling, adding to their candidate status, TRAINMODEL
is highly expressed in the lung and heart and where we know much about the heart malformations
as part of CATCH22, abrormal lung development is still uncharted territory but could be part as
well (McDonald-McGinn et al. 1995). TOMCAT is likely to be involved in ligand induced signaling
related to cell movement and adhesion, making it a prime candidate (| have discussed the role of
catenins in the Introduction). TBX, as a transcriptional regulator; is another prime candidate with a
fitting embryonic expression pattern and a family member associated with heart disease. A kinase
protein like DGSG can be involved in signal transduction or any number of cellular processes and
could thus play a pivotal role. The same could be said for RANBP I, probably involved in regulating
nuclear processes. COMT is invelved in neurotransmitter metabolism, so it can be respansible for
andllary components of the phenotype (i.e. psychotic iliness), but is not respansible for the main
components (neural crest, pharyngeal arch related). UFD L, HUDDL, MORF and CLTCL appear
on the surface to be involved in general cellular processes (protein degradation, cytokinesis, meta-
bolism, and endocytosis, respectively), and GP1BB seems to be specifically active in platelets, so
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they would not seem to be prime candidates. Interestingly, a report
was published recently on UFD L and its role in cardiac and cranio-
facial defects (Yamagishi et af. 1999). Yamagishi et @!. started with
dHand knock-out mice (dHand influences cardiac neural crest; see
introduction) and analyzed which genes are downregulated as a
result of the dHand null mutation. Cne of these genes is UfdIl.
Expression studies show that mRNAs can be found in embryonic
structures relevant to DiGeorge syndrome (i.e. branchial arches,
cardiac outflow tract, palate, frontonasal mass), o their patient sertes,
all patients with known 22q1{ deletions are hernizygous for UFD{L
This Is not so surprising, since the gene is located in the commonly
deleted region. Probably most of the deleted patients miss one copy
of HIRA as well. More impaortantly, they found the first three UFDIL
exens missing in ene (out of ten) patient who was syndromic but did
not have a FISH-delectable deletion. Preliminary results of similar
experiments in European laboratories do at present show no dele-
tions in these types of patients (Wadey et al. 1999). In conclusion, it
is very likely that UFDIL plays an important role in 2205 eticlogy,
but it is more than lixely {and the opinion of prebably the majority of
researchers in the field) that other genes, either in or outside the
DiGeorge region, have equally important parts to play. Before we
can complete the picture describing "Which?', "Why!?" and "'How?',
we will have to perforrmn much mare extensive and more detaited
expression, functional and mutational studies. Our search for the
elusive DiGeorge gene(s) is not over yet.

Stupvive CATCH22 Puenocories v Live
DeverorvenT May YIELD VALusBLE CLUES
ABOUT THE REGULATORY PATHWAYS IN
CRANIOFACIAL DEVELOPMENT

a 6

Earlier | indicated that Pax3 and HIRA are active in the same
pathway, suggesting that this strengthens the case for HIRA, We
may want o look at the best phenocopies of CATCH22, such as
displayed by for example Hoxa3 knock-outs, and carefully study the
pathways of these genes in relation to 22g1 | genes. In a sense this
was how the role of UFD 1. was discovered (see chapter 1X-2-5);



Et! knock-out mice are DGS phenocopies that display dHand
downregulation (see chapter 11-4-1-2) which in turn leads to Ufdll
downregulation, Maybe more linked genes can be discovered this
way, resulting in cther strong candidate genes. Similarities between
the development of imbs and the face in the context of 22q1 | genes
may also tell us more about the position of a gene as a candidate
gene. Limb and face development differ significantly in important
respects (the face doesn't have an Apical Ectodermal Ridge or Zone
of Polarizing Activity), but on the genetic and developmental level
there are some remarkable similarities. In the introduction we have
already seen Greig Syndrome, a syndrome that combines craniofa-
cial dysmorphism with limb malformations. There are more such
syndromes (for example Acro-Oto-Ocular (Bertola et of, 1997),
Crouzon (Murdoch-Kinch and Ward 1997), Comelia de Lange
(Ireland and Burn 1993,
Allanson et al. 1997),
Oral-Facial-Digital (OFD})
(Dodge 1970, Whelan
et al. 1975), Filippl
(Orrico  and Hayek
1997) and Smith-Lemli-
Opitz (SLOS) (Lanoue

O poputation at large

undiagnosed 22085 patients
@ detected 22DS palients

patients falsly diagnosed as 22D5

et al. 1997)) and as
mentioned earlier,
CATCH22 patients

sporadically present with
imb abnormalities, In
both systems epithelial-
mesenchymal  interac-
tions play a crucial role
and are interchangeable
to a certain  extent,
Mesenchyme from either
of the three facial primor-
dia (maxillary, mandibular
and frontonasal}) can

figure 36 A Yean diagram shawing the ceal life sitvation
i faced by researchers and dividians involied in phenotype based
i research. Hot all 215 patients are detected (light gray) and some
i ron (DS patients are incorrently diagnoted as 1205 {medium
i grayh. Developnient of better screening tooks together with inceeased
i dinicat knowledge and trairing will bring the two Grcles dloser
i together,
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maintain limb AER and limb AER can induce chick frontonasal mesenchyme to form a reasonable
facsimile of an upper beak. Maxiltary or mandibular ectoderm in turn can support imb outgrowth.
Results from transplantations of mesenchyme frem hind limb bud {leg) to fore limb bud (wing) in
chick embryos are comparable to transplantation of presumptive first arch neural crest o the posi-
tion of second arch neural crest (Zwilling 1955, Saunders et al. 1959, Noden 1983a, Gumpel-
Pinot 1984). In both situations the ectopic structures {bones, musculature) are reminiscent of those
that would have been formed at the origingl site. Genetically, genes fike Msx! and Msx2 can be
detected in both limbs and facial primerdia, possibly working in a similar fashion. Other homeobox
genes, from the Hox clusters, are key factors in patterning of the head (see introduction), but they
set up separate gradients in the limb buds (Oliver et al. 1988, 1989, Wedden et al. 1989,
Duboule 1992, Hunt and Izpisua-Belmonte and Duboule 1992, Krumlauf 1992, Tabin 1992,
1995, Johnson el al. 1994, Favier and Dolle 1997, Innis 1997, Rijli and Chambon [997).
Upstream regulators like RA affect both limb and craniofacial development (Denker et ol 1991,
Wedden 1991, Mendelsohn et af. 1992, Noden 1992, Richman 1992, Morris-Kay 1993, Tabin
1995, Morris-Kay and Sokolova 1996, Tamura et al. 1997). In conclusion, it is clear that in many
instances the same signalling pathways appear to be used in the face and the limb; studying limb
development could therefore give us some insight into facial genetics,

O

7 Cuwical Contriunion To QUR HNOWLEDGE 1S EXPANDING AND JMPROVING
S ince CATCHZ22 is detected based on phenotypical characteristics, identification of patients referred
to as being syndromic is prone to human error. General practitioners are sometimes the first fine
of diagnosticians and they may not have the spedialized knowledge to make the correct diagnosis,
missing out on an unknown number of patients and probably also induding patients actually not
syndromic for CATCH2?2 (figure 36). Better information and education improves the situation, even
though the spectrum of 22DS ghenotypes is widening. Assodiations of new malformations with
22l deletions are found on a regular basis (Giannotti et of. 1994, Jaquez et al. 1997, Sabry et
al. 1998), but in most cases this is based on very few patients, so some assodiations may be coinci-
dental. But as our knowledge grows, we are able to study patients more careflully, picking up abnor-
malities that escaped our attention earlier and identifying patients we would not have recognized
before. This, together with improvements in surgical techniques, could face us with the ironic effect
of a rising incidence of CATCH22. Similar findings were done for congenital heart disease, Patients
are diagnosed earlier than before and they are being subjected to corrective surgery when possible.
Patients that would not have survived till reprodudive age in the past, or would be socially unfit to
repreduce if they did, can now transmit their mutated genes or chromosomes to a next generation,
Growing knowledge of 22DS genetics, to which | hope this thesis has contributed, could help alle-
viate this side effect through better prenatal diagnostics and genetic counselling.
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x 1 Proes
N B84 isa 1.0 kb plasmid probe for locus D225183, which has been
assigned to the region 22pter-ql | (van Biezen et al. 1993) and

was kindly provided by Dr E.C. Zwarthoff. It recognizes a Pstf poly-
rmorphism (Lekanne Deprez et al. 1991). Plasmid HP500 (Carey
et al. $992) and cosmids sc4.| (Carey et ol.1992) and scl .|
(Halford et af. 1993a} were kindly provided by Dr P}, Scambler, and
0539 (Aubry et al. 1993) by Dr M. Aubry. A cosmid for the locus
D22575 (N25) (Driscoll et al. 1993) was purchased from Oncor
(Gaithersburg, MDy; URL4). This probe is supplied as digoxygenin-
labelled DNA by the manufacturer and is premixed with a digoxy-
genin-labelled control cosmid (pHI17) for the locus D22532 in
22q13.3, Probes for the human B-globin gene and the
immunoglebulin-A light chain complex were used as controls in
Southern hybridizations.

CS is a plasmid containing 2.8 kb of human HIRATUPLET cDINA

sequence {Halford et al. 1993c) and was kindly provided by Dr BJ.

Scambler. Cosmid ¢H748 (48H7) was used as a HIRATUPLE!
spacific FISH probe (Halford et ai. 1993¢). Cosmids M&9 (87024}
and M78 (I 14BI) were isolated using a plasmid containing a frag-
ment of the PDGFB gene, which is focated on 22q13 These were
used as chromosome 22 specific control probes.

X2 Panents anp Cele Lings
Patients were ascertained through clinical geneticists. Blood
samples or skin biopsies for the establishment of fibroblast cultures
were abtained from propositi and, in some cases, their parents. Cell
lines GMO3476, GMO05878 and GMOO980 were obtained from the
PMNIGMS Human Mutant Cell Repository (Camden, NJ; URLS).
GMO03479 is from a DGS patient and has no detectable cytogenetic
abnormality (Scambler et af. 1991), GMO5878 is from the
unaffected father of a DGS child and has a balanced translocation
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t{13:22)q26.3;q1 1.2) (Carnizzare and Emanuel 1995}, GM00280 is from a VCFS patient with a
translocation t() 1,22)(q25;q# 1) and monosomy 22pter-gl | (Fu et al. 1976), ADU is from a DGS
patient with an apparently balanced translocation 1(2;22)q14. 1:q1 1. 1) {Augusseau et al. 1986) and
was kindly provided by Dr | Amblard. Hybrid cell lines were established by fusion of fibroblasts
from patients with thymidine-kinase deficient Chinese hamster cells (A3) followed by selection of
colonies in HAT culture medium according to standard procedures.

X3 Karvorveivg anp FISH
Cells were harvested from cultures of phytohaemagglutinin-stimulated lymphocytes, skin fibroblasts
or established cell lines and spread onto slides for the production of G-banded or R-banded
chromosome preparations and FISH. In some experiments, confluent fibroblasts were enriched for
Gl interphase cells by growth in medium with 256 fetal calf serum for 4 days.
FFSH was carried ocut as described by Arnoldus et af. (1990) with minor madifications. Cosmid
probes were labelled by nick-translation with either biotin-16-dUTP or digoxygenin-1 1-dUTR
The hybridization mixture contained 5n ng of each labelled cosmid plus | mg human genomic DNA
as a competitor in 10 ml 70% formamide, 2XS5C, (1X 55C = 150mM NaCl, |5 mM Na-citrate,
pH7.0). After hybridization and washes, the slides were stained In three consecutive steps: (1)
avidin-fluorescein, (2} biotinylated geat anti-avidin plus sheep anti-digoxygenin-rhodarnin, (3} avidin-
D-flucrescein plus donkey anti-sheep-Texas red, The slides were finally embedded in a glycerol
mixture containing an anti-fade reagent and 4,6-diamino-2-phenyl-indole (DAP for counter-
staining. In case of single color labeliing (fluorescein), propium icdide was used as the counterstain,
The slides were analyzed with a Zeiss Axioskop epiflucrescence microscope, using various fitter
combinations (single, double and triple band), )
For 22g1 | deletion analysis, metaphase spreads or Gl interphase cells were hybridized simultane-
ously with the test probe and a chromosome 22q specific contra! probe (Mé9 or M78). The
probes were usually stained in two colors, but single color staining was afso used for metaphase
preparations. Metaphases (at least |5 per case) in which both chromosomes 22 gave a signal with
the contre! prabe were scored for test probe signals in 22ql |, Alternatively, interphase nuclei (at
least 50 per case) with two signals for the contro! probe were scored for the number of test probe
signals. In preparations of unaffected controls 95-100% of the metaphases and 90-95% of the
interphase nuclei gave a deuble (dizygous) signal for the test probe, indicating high hybridization
efficiency.
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Wi 4 Huvaw DNA

G enomic DNA, extracted from blood samples, cultured fibroblasts or established cell lines, was

digested with restriction enzymes according to manufacturer's recommendaticns {Boehringer
Mannheim, Mannheim, Germany; URLE) (New England Biolabs, Beverly, MA; URL7) (Pharmacia,
Uppsala, Sweden; URL8} (Eurogentec, Seraing, Belgium; URL9), separated by agarose gel
electrophoresis and transferred to HyBond N (Amersham, Little Chalfont, Bucks, UK; URL10) or
Qiabrene {Qiagen, Hilden, Germany; URLI 1), DNA probes were labelled with [o:”"PJdATP and
in some cases also with [0 °P)dCTR using the random primer labelling method.

H uman placenta DNA was isofated from freshly frozen tissue and sonicated to a size range around

100 bp.

oo 4 200 Beor
Azoo blot containing EcoRl digested genomic DINA frorm human, Rhesus monkey, Sprague-Dawley
rat, BALB/c mouse, dog, cow, rabbit, chicken and yeast Sacharomyces cereviciae, was purchased
from Clontech (Pale Alto, CA; URL1{2) and hybridized according to manufacturer’s instructions
(hybridization at 65 "C, wash in 2X S5C at 60 °C).

W B GRIDDED LIBRARY
The chromaosome 22 specific cosmid library L22ZNCO3 used in this work was constructed at the
Biomedicaf Sciences Division, Lawrence Livermore National Laboratories (Livermore, CA) under
the auspices of the Naticnal Laboratory Gene Library project spenscored by the US Department of
Energy (kindly provided by Dr P de Jong). Cosmid containing bacteria from the frozen stock plates
were plated out in a 6x6 array on HyBond N membranes with a BioMek rabot {Beckmann,
Fullertor, CA; URLI3) using custom software (W, van Loon). Filters were subsequently treated
according to the recommendations of the library producer. Filter hybridizations were preceded by
pre-adsorption of vector and repeated sequences. Competitor DINA consists of a total of 500 g
DINA: egual amounts of sheared human placenta DNA and cosmid DNA (Sau3A digested insert-
less cosmids M100 or MB89 or non-overlapping cosmids). Cormpetitor DNA and radio-labelled
cosmid probe were denatured and hybridized 2 hours at 65 "C in 5x5SC before being added to the
fitters.
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X & SieLe Copy PROBES
Restriction enzyme digested cosmids were exposed to Southern
hybridization with 800 ng radio-abelled sheared human placenta
DNA and radio-labelled non-overlapping cosmid DINA. Restriction
bands failing to hybridize with both probes were considered single
copy non-vector probes and gel-isolated and subcloned in a
subsequent experiment. Prospective single copy probes were
hybridized back to a Southern blot containing restriction enzyme
digested human placenta DNA to ascertain the absence of non-
unique sequences.

X7 ConNnte ASSEMBLY
Sequences were retrieved from the EMBL databank (release 49)
(ACO0O067-AC0ACO7 1, ACO00G73-AC000080, ACO00082-
ACO00097) and the linear order was established according to the
annotation information. Overlaps were determined using the FastA
program (Pearson and Lipman 1988). Contiguous sequences were
assembled and were labeled 22qi1 contig | through 5 from
proximal to distal. The contigs are assembled from the following
cosmids: contig |: 10322 (1-39862) + f4lc7 (5065-43728) -+
dgarcen (8781-108400), contig 3: 1391 {1-10%09) + 728 (-
100090) + 98c4 (34-38718) + 49cl2 (1880-39546) + 10259
(15200-43944) + 83c5 {6268-42087), 12918 (9363-43714) + 59f
(15181-42027) + 105a (14400-38479) + 8lh (2869-43485) +
3le (reverse complement 33656-1); contig 4: {00h {1-40649) +
carlaa (1505-42672) + 91c (6643-44937) + 89h (854-39756) +
2h (9257-41098) + 33e (622-44426) + 8c (752-45539) + Séc
(15227-44096) + 20b (10140-44456); contig 5: 68f (1-39579) +
24b {11184-38457) + p201mi8 (reverse complement 139812-
139806) + 68al (1-44575) + pl0ImI8 (reverse complement
95242-1), Contig 2 is dgertel.



H 8 DATABASE AWALYSIS

COnsecutive 40 kb stretches of assembled sequences were used as
query sequences for database comparison by Blast {Altschul et al,
1990) through the EMBL/Genbank, EST, translated yeast and
transfated fly databases, These databases are maintained by the
Dutch CAOS/CAMM  bicinformatics service in Nijmegen and
available on their server (URLI16). Prior to database searches the
query sequences were masked with the Xblast program (Claverie
1994) to mask repeat sequences. Blast searches were performed
with default parameters, with the exception of BlastX searches,
where the low complexity filter was invoked. All programs run under
the GCG (Program Manual for the Wisconsin Package, Version 8,
August 1994, Genetics computer Group, 575 Scdence Drive,
Madison, WI 53771, USA) and EGCG (Pregram Manual for the
EGCG package, Peter Rice, the Sanger Center, Hinxton,
Carnbridgeshire, CBIO [5A, Great Britain) packages. Blast outputs
were manually searched for significant homologies. Positive ESTs or
proteins were compared with the relevant contig with FastA, TfastA
or FrameAlign to establish the exact regions of homology. When
ESTs were involved, paired ESTs (f.e. 5" and 3' ends of the same
cDNA cone) were identified and orphan (unpaired) ESTs were
checked for corresponding partners, If any were found, these were
also mapped to the contigs by FastA. 100-200 kb Segments of
contigs were reanalyzed and reannotated with the genomic analysis
and annotation system in use at the Sanger Centre, which includes
Blast and ACeDB {URL2) amongst a host of other dedicated

software,
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X9 XeeraiL
COntig sequences were analyzed by X-grail version |.3c (Uberbacher and Mural 1991) in 50 kb
segments, with 10 kb overlap. Searches for exons, Polll promoters, CpG islands and poly-
adenylation signals were performed using default parameters. X-grail was running on a Sun SPARC
workstation,

W 10 Genome CLONES AND LIBRARIES

COsmids posttive for NB84 were isolated from the Lawrence Livermore Laboratories sorted

human chremosome 22 cosmid gridded library L22NCO3 (construdted at the Biomedical Science
Division, Lawrence Livermore National Laboratory, under the auspices of the Mationa! Laberatory
Gene Library Project spenscred by the US Department of Energy and kindly provided by Dr Pieter
de Jong), Cosmids were used as probes to isolate overlapping cosmids. Overlap was established
and mapped using EcoRf restriction mags, cross-hybridizations and single copy probe hybridization,
These single copy probes were isolated by hybridizing a Southern blot of Pstf digests of several
cosmids with labeled total human placenta DNA. Non-hybridizing restriction fragments were
selected and used as single copy probes. Hybridizations were performed under standard condi-
tions, YAC y20el is from an ICRF library constructed by Tony Monace, PAC b20-28G is from a
Lawrence Livermoare library provided by Pieter de Jong (see above). YAC y30fh10 is frorm an 1Cl
library.

X 11 EmBrros

Embryos were derived from crosses between FYB/N mice, The morning of vaginal plug was
considered 0.5 days post coitum (dpc). The embryos were staged accerding to the number of
developrmental days post coitum {E8.5 - EI2.5). The E8.5 embrycs were staged under the
dissecting microscope by counting somites.
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W 12 cDNA CLoNINGy SEQUENCING AND DATABASE SEARCHES

The mouse embryo E11.5, the 26 week human fetal brain and the human testes cDINA libraries

were from Clontech (Palo Alto, CA; URLI2) (ML 10275, HL{O65b and HLIG10b respectively).
Another human fetal brain (17-18 weeks) cDNA library was purchased from Stratagene (La Jolla,
CA; URLI4) (#936206). Plagues were lifted onto nitrocellulose membranes (Milipore HATF
filters) and hybridized as recommended by the manufacturers, The cDINA clones were sequenced
by primer walking using the Pharmacia (Uppsala, Sweden; URLS) T/ sequencing kit. Sequences
were assembled, afigned and compared using the GCG package at the CAQS/CAMM server in
Nijmegen (URL16). Database searches were performed using Blast programs (Altschul et af.
1990). Multiple sequence alignments were edited manually with the GeneDoc program and
printed with BoxShade,

W13 WHote MoONT IN SrTu HyeribizATION

Complementary {antisense) or non-complementary (sense) RNA probes were synthesized from
linearized DNA templates using the DIG-UTP labeling kit (Boehringer Mannheim, Mannheim,
Germany; URL6). In situ hybridization on whole mouse embryos (E8.5-E 1.5} was performed
according to the protoce! of Wilkinson (1992), with posthybridization washes modified as follows:
50 minutes and 70 minutes in solution | at 70 °C; 20 minutes in solution and { and 2 (509/50%)
at room temperature; two times 20 minutes solution 2 at room temperature; twice 30 minutes in
solution 2 with RMase A at 37 °C; [0 minutes solution 2 at room temperature; twice 30 minutes
soluticn 3 at 65 °C; twice 30 minutes TBST at room temperature. Adsorption of anti-digoxigenin
antibodies to embryo powder was omitied. Embryos were either photographed on film and subse-
quently scanned, or images were captured electronically with an elecironic camera. kmages were
processed using Adobe Photoshop software.
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W 14 RNA JsotATion

Adu[t organs or embryos were homogenized in GIT or LICH Urea

with a tissue homogenizer. Total RNA was purified by uftra-
centrifugation on a CsCl cushion or by LiCl precipitation and organic
extractions. polyA™ RNA was isolated from total RNA with the
PolyATtract mRNA isolation system Il {(Promega, Madison, Wi
URLI5).

¥ 15 NORTHERN ANALYSES

The mouse embryo and a human muitiple tissue Northern blots

were purchased from Clontech {Palo Alto, CA; URLI2). Blots
were hybridized as per manufacturer’s protocol, The mouse multi-
ple tissue Nerthern blot and hurman fetal Northern blot were
produced by running 5 g polyA” RNA per lane on a denaturing
formaldehyde agarase gel, blotting in 20x SSC onto Qiabrene T
nylon membrane {Qiagen. Hilden, Germany; URL11), and LV
crossinking in a Stratalinker (Stratagene, La Jolla, CA; URLI4).
Mouse tissues were from fermale FV8 mice. Hurnan fetus was from
an abortion on dinical indications of a |3 week embryo suffering
from MLD.

W 16 RNASE PRotection Assay

iomplementary (antisense) or nen-complerentary (sense) [6"P)-

UTP labelied RNA prabes were synthesized from linearized Hira
cDNA templates, gel-eluted, hybridized to totat RNA at 50 “C and
subjected to RNase protection assay according to Gilman (1987),



# 1T RT-PCR DefEctioN oF ALTERNATIVE HIRA
MRNVA

RT—PCR was performed on 5 g total RNA or | g polyA” RNA

{from E8.5, £9.5, E10.5 and EJ4.5 mouse embryos and adult
mouse brain, spleen, liver and lung) with a mix of 300 ng each of
oligo-dT and random hexamer primers according to established
protocols. The RT reaction product was used for the following PCR
amplification: one cycle of 2 minutes 94 °C, Z minutes 50 °C, 2
minutes 72 °C; 30 cycles of | minute 94 °C, I minute 50 °C, 1.5
minutes 72 “C and one cycle of ten minutes at 72 °C. Primer
sequences: pl = cigggaagettgtgatcigy, p2 = getattacagagtggeectt, p3
= tcgcagacgiccaaatggtt, p4 = ccaatgtacgtageccgatt, p5 = atactgctpct-
gtgctatte, pb = tttgccaaccgitaatggeg, p/ = cccagcaacageatcactaa, p8
= atgcigagcitgtcteecta, Positive controls were | pg of cDNAs 128, E
and £ Negative controls were omission of cONA and a sample from
an RT reaction without RNA,
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aa
agenesis

alae nasi

aplasia

ARYCF

assoclation

ataxic

atresia

atresia of choanae
atrophy

auricles

bal [2, 3, ..}, BAE [2,3,..]
BECE

bp

CA

CAF!

CAF-}

CAFIA

CAFEP6D

canthus

CDC45L

CDC45L2

CHAFIB
chondrodysplasia punctata
clinodactyly

CLTCLI

CLDNS

CPETALI

coarctation of the aorta
coloboma

eyclopla

deformation
dextroposition of aorta
DGA

DGCR

DGS

disease

disruption

DORV

double Inlet feft ventricle
double outlet right ventricle
dpc

dysphagfa

dysplasia

dystopla canthorum
ECM

eplcanthal lolds
epiphyses

GPIBB

GSCL

HS

HCDCREL-1

helices

HIRA

hyperplasia
hypertelorism
hypertrophy
hypoplasia

hypospadia

hypotonia

hypotraphy

ichtyosis

amno zcd

abseace of part of the body cavsed by an absert anfzze

wings of the nose

ahsence of part of the body caused by the falure of an an'sze to devdlop
armadiio repeat gene deleted in velocard ofzcal syndrome

a rardem oocumence in bwo or more indsdduds of Inutp'e anomates not known to be a polytople field defect. sequence, or syndrome

uncoard nated

congenial absence or ¢losure of a nonnal body onfce o tebular organ

bony or membranowus ocduson of the opening between nasal cavity and nasophanyng
decrease in size of tusue or organ cused by decrease in cell sze and/or number
extemnal parts of extermal ears

branchial arch | {2,3,..]

see "CLONS

Dasepair

see “coarctation of the aorta’

see "CHAFI18’

see "CHAFIB’

see "CHAFIB’

see "CHAFIB’

angle of pafpebrat fssures

CDCAS (cel dvison oyde 45, 5 cerevisize, homalog)tse

sez "CDC45L"

chromatin assembly fgor 1, subunt B {p60)

stppfed eppearance of the epphyses on Koy images

permarent [ztera! or med:f deviztion or defection of one or more frigers
<lathrin, heavy polypeptide-ie |

capdin 3 (transmembrane proten deleled in vefocard ofaca syrdrome)

see "CLDNS'

anoma'ous constrict’on in the aortic wal doge to the dudtus artenosus

faied dosure of ins resuiting in “keyhole' irs

one-gyeidness

an zbnorma! form, shape or position of a part of the body caused by medhania! forces
2orta connedted to right vertiice

DiGeorge Anomaly

DGeorge Cnitical Region; DiGeoge Chromosoma! Region

DiGeorge Syndrome

condton of knawn cause in which there i progresson and deteriontion vath tie

a morphe'ogic defedt of an grgan, par of an organ, or lirger regon of the bady resulting from the extrinsic breakdown of, or an interference with, an orignatty nomal developrrental process

see “double outlet right ventricle”

both left and right atriurn conneds to the feft veritride

both the puimenary trunk and the aorta are cannedted 1o the right ventride

days post cotum

dEauty swatcsing

an abnermal organization of celis into tssue(s) and it morphoogical resut(s), the process and consequence of dyshistogeness
fuson of inner eyetds

exdtra cestutar matriv

vertical folds et and right of the nose cover the lissures between gyetds

ends of fong bones

Byeoprotein b (platelet), beta pehpeptide

goosecad-the

see "PNUTLI"

see "PNUTLI"

postedor and supenor free margn of the pinna of the ear

HIR {histone cell cyde reguistion defoctive, 5. cerevisize) homolog A

overdevelopment of an organism, organ, or tssue resuting from a increased number of cefis
larger than normal d:stance betvecen pupis

increase in size of calks, tissue, o organ

undardevelopment of an organsm, organ, or tissue resulting from a decreased Aumber of ceils

male urethra opens edop'caly between the glans and the scrotum in the ventral ¢ide of the pens due to vental miding dosure defedt

reduced tone of steletal musces, reduced resistance Lo streldvng
decrease in size of ¢efls, tissue, of orFan
scatng of skin
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suLiz - A4esso[D - SUORIULS( - SUOIILIAUDY - SUOIIZIADAQTY

malformation
micrognathia

PA

paipebral

patent

patent ductus arterlosus
PDA

persistent truncus arterlosus

phittrem

pinna

PNUTL]

polydactyly
polytoplc fleld defect
Ps

PTA

pulmonary atresla
pulmonary stenesls
pulmonary valve stenosis
PVS

rl (2,3,

RAA

RANBP
retrognathla
right aortic arch
sequence
SLC20A3
SLCI5AI
STK228

stridor
syndactyly
syndrome
syntropy

TBX!

tetralogy of Fallot
THYCF

TOF

transposition of great arteries

TSSK2

TUPLEI

UDRFBIL

YCFs

ventricular septum defect
vsD

WS {2,3,4)

GEMNE

Gene

PROTEIN

Proten

P12345, Q67890

X12345, D780, 712345, AC678901

PiR:Al 2345
gb 1234567
£9.5

a morpholegic defect of 2n organ, part of an organ, or farger regon of the body resulting from an intnns ety abnormal deve'opmental process
sma'l chin

see “pulmenary atresta’

peitanng to eyelds

open, unichstrudted, rot ased

persstence of the connedion between left pulmonary artery 2nd descend:g 2orta

see “patent ductus arteriosus”

the two great alencs are conneded to the ventricles & one vessel with one vale
indented area between nose and upper 1p

the projedting part of the ear lying outside of the head (2'so: auriches)

Peanut {(Drosophfa)-tie |

extra digfs

a pattern of anamates derived from the d-sturbance of a sngle developmental feld

se¢ ‘pulmonary stenosis”

see ‘persistent truncus arteriosus®

narroving or obstruction of the opening between pulmonary arfery and right ventricle
narrowing of opening between putmonary and right ventrice

narrring of openng between pulmonary and fght ventride at the 'evel of he vahes
see "pulmonary valve stenosly”

rhombornere § [2, 3, ....]

<ee “right aortic arch®

RAN bindrg proten |

withdrmwn chin

nght eorlc ardh instead of normal left arch

(thnica)) a pattem of multiple ancrmal€s derved from a sngle known or presuried prior anoma'y or mechanical fador
see "SLC2SAL"

solute carrier famvly 25 (Mitochondnial carrier; citrate transported), member |
sering/threcnine knase 238 (spormvogeness assodated)

kigh ptehed respiratory sound

fused dgts

a pattern of multp'e anomates thought to be pathogeneticaty refated and not knowwn Lo represent a single sequernce o a pottopic fe'd defect
see “assoclation”

T-baoxe |

combination of PS, V5D, deatroposton of the aorta and right ventricalar by perirefdy, often combred with PA
see "CLDNS"

se “tetralogy of Fallot™

pumenary connedts to left ventrcle and 2o te dght ventricle

see "STH22B™

see "HIRA"

ubiquitin fusion degradarion [-e

Vela Card o Fzdz! Syndreme

persistent opening between left and right ventrice

see "ventricular septum defect”

Waardenburg Syndrore type | [2,3.4]

human gene or transeript

mouse or ather non-human gene o trensanpt

fumzn protein

miuse or other non-human grotein

protein sequence database (SeessProt, TREFIBLY accession numbers
mucleotde sequence database (EMBL, GenBank) accession numbers
FIR pratein database accession number

Genome DaaBase idenitifer

embrycnic day 9.5 (9.5 dpe}

The folowing sources proved helphul in collating tivs data:

Spranger ¢t of. 1982
Dorland 1994
URL3
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Sumvary

n this thesis | describe our efforts to lift a tip of the vell covering the
molecular genetics of the 22gl | chromosomal region associated
with CATCH22, Syndromes that collectively form the CATCH22 or
22q11 Deletion Syndrome are characterized by their association
with a deletion in chromosome 22qi | and a relation between
phenotype and cranial neural crest, Survivability ranges from fatal
{perinatal death) to eminently survivable or treatable, Accordingly,
the clinical phenotypes are very variable: from mild cranioafacial
deformities to absence of thymus and severe heart conditions.
Affected structures include, but are not limited to, thymus, thyroid,
parathyroid, cardiac cutllow tract, aortic arch derivatives, craniofacial
structures, and inner and outer ears, The instance of all these struc-
tures being derived from, or dependent on, the embryonic neural
crest, and being associated, in these syndromes, with deletion of part
of chromosome 22q1 | is very suggestive of one or more genes on
or arcund 22gl1 being involved in some aspect of neural crest
development. Neural crest is a neurectoderm derived population of
migratory cells that contribute to many different types of tissues and
organs, from enteric and parasympathetic ganglia to facial bones and
cardiac septa. Though the genetics of neural crest development is
being studied by many research groups employing techniques like
transplantation, antisense treatment, knock-out transgenics and in
vitro culture, much remains to be discovered. Many genes that do or
could play a role in crest develpment have been identified and
include genes as diverse as genes coding for homeoboy, extra-
cellular matrix, transmembrane receptor and extra-cellutar signalling
proteins, In order to find the 22q1 1 gene(s) contributing to cranial
crest development we mapped genomic protes and markers to the
deletion. Thus we could roughly determine the commonly deleted
region and gain starting points for the construction of genomic
contigs, Genomic sequences of these and additional contigs were
analyzed for the presence of genes and features associated with
genes. So fan the resulting map shows twentyseven genes (some
putative) in the 1.2 Mb sequence analyzed. More than half of these
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genes were unknown or hot known to locate to chromosome 22 at the time. Gene and exon
prediction programs were indispensable for supporting putative genes and were shown to be quite
accurate in predicting and extending putative genes in those cases where the gene was identified
and confirmed experimentally later. A large area in the sequence appears rermarkably devoid of
genes. One or more as yet unidentified (large) genes with low andfor localized expression may be
located here. The nature of the gene produdts found in 22q11 is variable, without obvious kinship
between the genes. | fourd an enzyme (MORF), putative nuclear regulators (RANBP1, HIRA), an
ECM related factor (TOMCAT) and a homeobox protein (GSCL), amongst others, As one of the
first and best candidate genes, HIRA was singled out for detailed analysis of expression and gene
structure, It is expressed ubiquitously, but with enhanced expression in the branchial arches.
Possible splice variants were identified in Northern blot essays, RNAse protection assays and cDNA
clone analysis. HIRA is a protein similar to yeast histone gene regulators Hirlp and 2p and was
found to have homologs (orthologs?) in €. elegans and now also (by others) in Drosophila, Fugu and
Xenopus, HIRA is part of the larger (and very diverse) family of WD40 repeat domain proteins.
Recent experiments suggest that, as we indicated, the protein is invelved in some form of chromatin
interaction and regulation,
Recent[y one of the many 22q! | genes, UFDIL, has been put forward as a very strong candidate
gene on account of its expression pattern and role in heart develepment. The variable nature of
CATCH22 phenotypes and genotypes warranis further research into the role of other genes in
22q! | that could also be etiologic, ether alone or in cooperation with UFD L or other genes, HIRA
and G5CL, amongst others, are strong contenders that are currently being studied through muta-
tional analysis, knock-out and transgenesis. Ruture research should not only concentrate on studying
22911 and its genes, but also explore the parallels between face and limb development and the
currently largely neglected finks between CATCH22 and chromosomes other than 22 {most
notably 10).
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KL SAMENVATTING

E n dit proefschift beschriff ik ons onderzoek dat ten doel heeft 2en tipje van de sluier op te lichten
van de moleculaire genetica van het 22q1 | chromosomale gebied dat met CATCH22 is geasso-
cieerd. De syndromen die samen het CATCHZ22 of 22q1 | Deletien Syndrome vormen worden
gekarakteriseerd door de associatie met een deletie in chromosoom 22q1 | en de relatie tussen
fenotype en craniale neuraallist, Overleefbaarheid varieert van niet (overliiden rond geboorte) tot
aan zeer (behandelbaar of geen noemenswaardigedevensbedreigende handicap), Het Klinische
fenotype is overeenkomnstig variabel: van milde craniofaciale afwijkingen tot afwezigheid van thymus
en ernstige hartafwikingen. Aangedane structuren omvatten ondermeer thymus, schildklier,
bijschildklier, uitstroomgebied van het hart, aortaboog afgeleiden, craniofaciale structuren, en
binnencor en corschelp, Dat al deze structuren afstammen van de embryonale neuraallist, of er
van afhankelijk zijn, en in deze syndromen met een deletie van een deel van chromosoom 2291 |
zijn geassocieerd, suggereert dat een of meerdere genen in of in de buurt van 22q1 | bij aspecten
van neuraallijst ontwikkeling betrokken zijn. Neuraallijst is een van het neurectoderm afgeleide
popuiatie van migrerende cellen welke bijdragen azn een reeks verschillende soorten weefsels en
organen, van darm en parasympatische ganglia tot aan aangezichtsbotten en hartmembranen.
Hoewel de genetica van neuraallijst ontwikkeling met behulp van technieken als transplantatie, anti-
serse behandeling, knock-out transgenese en in vitro kweek door vele onderzoeksgroepen wordt
cnderzocht blijven er nog veel vragen open. Er zija al talloze genen geidentificeerd die zeker of
mogelijk betrokken zin blj neuraalljst ontwikkeling, als divers als genen die coderen voor
homeobox, extracellulaire matrix, transmembraan receptor eiwitten en extracellulaire signaal eiwit-
ten. Teneinde de 22ql | genen te vinden die bijdragen aan neuraallijst ontwikkeling, hebben wij
genomische probes en markers in de deletie in kaart gebracht, Hierdoor konden wij het meast-
gedeleteerde gebied van 22q11 bepalen en startpunten voor de constructie van genomische
contigs verkrijgen, Genomische sequenties van deze en additionele contigs zijn geanalyseerd voor
de aanwezigheid van genen en eigenschappen geassocieerd met genen. De kaart van het geanaly-
seerde gebied toont zevenentwintig genen (sommige daarvan potentigle genen) in 1.2 Mb
sequentie. Meer dan de helft van deze genen waren onbekend of niet bekend dat ze op 2291 |
lagen ten tijde van de analyse. Gen- en excnvoorspellingsprogramma’s bleken onmisbaar vaor het
ondersteunen van potentiéle genen en het blikt dat deze programma's nauwkeurig potentiéle
genen voorspelden en uitbreidden waar deze genen later expenmenteel werd geldentificeerd en
bevestigd. Een groot gebied in de geanalyseerde sequentie lijkt geen genen le bevatten, Een of
meerdere nog le identificeren (grote) genen met lage en/of gelocaliseerde expressie kunnen hier
aanwezig ziin. De aard van de genproducten die in 22q1 | gevonden worden is zeer variabel,
zonder enig duidelijk verband tussen de eiwitten. Onder andere identificeerde ik genen voor een
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enzym (MORF), mogelijke nucleaire regufatoren (RANBPT, HIRA),
een ECM geassodieerde factor (TOMCAT) en een homeobox
protein (GSCL). Als een van de eerste en beste kandidaatgenen
werd HIRA gekozen voor gedetailleerde expressie en genstructuur
analyse. Het gen komt wij algemeen tot expressie in het embrya,
maar de kiewbogen tonen een hoger dan gemiddeld
expressieniveau, Splice varianten van het mRNA werden geidenti-
ficeerd met behulp van Northern assays, RNAse protection assays
en ¢cONA kloon analyse, HIRA is een eiwit dat lijkt op gist histon gen
regulators Hirlp en Hir2p en een hoemaoloog (ortholoog?) werd
gevonden in de worm C, elfegans. Recentelijk zijn door anderen ook
orthologen gevonden in Drosophila, Fugu en Xenopus. HIRA maakt
deel uit van een grotere (en heel hetercgene) familie van WD40
repeat domein eiwitten. Recente experimenten suggereren dat,
zoals wij al aangaven, het eiwit betrokken is bij chromatine interactie
en regulatie,
Recenteli]’k is een van de vele 22gl | genen, UFD/L, naar voren
gebracht als een sterk kandidaatgen vanwege het expressiepatroon
en de rol in hartontwikkeling. Het feit dat CATCH22 fenotypen en
genotypen zo variabel zijn maakt dat wij andere genen niet moeten
uitsluiten van verder anderzoek. Andere genen, alleen of in combi-
natie met UFDIL of andere genen, kunnen ook bijdragen aan
CATCH22 etiologie. HIRA en GSCL, maar ook andere genen,
worden op dit moment onderworpen aan mutatie-analyse, knock-
out experimenten en transgenese teneinde hun rol nader te kunnen
bepalen. Toekornstig onderzoek zou zich niet alleen op 22q1i | en de
daarin aanwezige genen moeten concentreren, maar ock de para-
lellen tussen ledemaat- en aangezichtsontwikkeling en de op het
moment ondergewaardeerde connecties tussen CATCH22 en
andere chromosormen {met name chromoscom {0} moeten
exploreren.
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D e schrijver van dit proefschrift werd op de eenentwintigste februari
van het jaar negentienviffenzestig geboren in de stad Utrecht. Na
het behalen van het VWO diploma (keuzerichting exacte vakken)
aan de Rijksscholengemeenschap EA, Minkerma te Woerden in 1983
begon hij azn de studie Biologie aan de Rijks Universiteit Utrecht.
Gedurende de pericde 1986-1987 werkte hij aan een project {rolvan
mRIMNA stabiteit in de celeycius regulatie van histon geneny; verschd in mRINA interacties
mel het cytoskelet fussen membraangebonden en niet-membraingebonden mRNAs)
aan the Department of Biochemistry and Molecular Biology,
University of Florida College of Medicine, Gainesville, Florida, ender
auspicién van Prof. Dr G. Stein en Dr ). Stein in Gainesville en Pref.
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werd de studie voor ruim een jzar onderbroken voor de vervulling
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[986-1989 een project bewerkt {in st tybridizatie van in vitro geloveekie rat
cahvarium osteoblasten ten behoeve van onderzoek naar ontwikkelingsgeregu'eerde/-
reguterende botspedfieke genen; elecdtronenmicroscopisch onderzoek aan de door
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