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Abstract

Vertebrate Dilx genes are required for the proper development of an array of
tissues and organs including the forebrain, the branchial arches, the limbs and the sensory
organs as well as bone and cartilage formation. D/x genes code homeodomain proteins
that act as transcription factors. Vertebrates have at least six Dlx genes that are organized
into three convergently transcribed bigene clusters: Dilx1/DIx2, Dix5/DIx6 and DIx3/Dlx7.
Dix genes are often expressed with nested patterns along the proximo-distal axis of
organs. Furthermore, Dlx paralogs show overlapping expression patterns and exhibit
partially redundant functions. Yet, each paralog may also exhibit distinct function(s).
Dix1, DIx2, DIx5 and DIx6 are expressed in a spatio-temporal manner in the basal ganglia
of the developing telencephalon. These four genes are required for normal differentiation
and migration of late-born progenitors in the subpallial telencephalon that will,
subsequently, give rise to distinct subtypes of cortical GABAergic interneurons. I have
identified two novel enhancers that regulate Dlx expression in the forebrain of
vertebrates: URE2 (Upstream Regulatory Element 2) and 112b (DixI/DIx2 intergenic
enhancer ‘b’) located in the DixI/Dix2 locus. Despite little sequence similarities, these
enhancers shared overlapping activities in telencephalic domains with the previously
described enhancers 1561 and 156ii (DIx5/DIx6 intergenic enhancers ‘i’ and ‘ii’) from the
DIx5/DIx6 locus. All four enhancers function where endogenous Dlx genes are expressed
between E10.5 and birth. Yet, each enhancer targeted expression of a reporter gene to a
different group(s) of cells in the basal ganglia and was characterized by a distinct profile
of activity in tangentially migrating cells. These cells followed, between E12.5 and
E15.5, migratory routes known to be Dlx-positive in vivo and gave rise to distinct
subtypes of adult cortical interneurons. In addition, the differential activity of the Dix
enhancers identified several subdivisions in the medial and caudal ganglionic eminences
(MGE and CGE) where distinct DIx-progenitors are born. Consequently, the spatio-

temporal regionalization of DIx-progenitors and their acquisition of distinct molecular

i



properties may explain the diversity of cortical interneuron subtypes derived from distinct

ventral subdivisions.
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Résumé

Les génes DIx des vertébrés sont requis pour le développement normal de
plusieurs tissus et organes y compris le cerveau antérieur, les arches branchiaux, les
membres et les organes sensoriels, ainsi que pour la formation des os et du cartilage. Les
genes Dix codent pour des protéines avec homeoboites qui jouent le réle de facteurs de
transcription. Les vertébrés possedent au moins six génes D/x qui sont organisés en trois
complexes bigéniques ou les paralogues sont inversement transcrits: DIxI/Dlx2,
DIx5/DIx6 et DIx3/Dix7. Les génes Dlx sont caractérisés, en général, par des profils
d’expression emboités le long de 1’axe proximo-distal des organes ou ils sont exprimés.
De plus, les génes Dix paralogues partagent des profiles d’expression qui se chevauchent
et, par conséquent, des fonctions en partie redondantes. Cependant, chaque paralogue
peut aussi détenir une ou plusieurs fonction(s) unique(s). Les génes DixI, DIx2, Dix5 et
DIx6 sont exprimés d’une maniére spatio-temporelle dans le télencéphale ventral (cortex
ventral) en cours de développement. Ces quatre geénes sont indispensables a la
différentiation terminale et la migration successive des cellules nerveuses qui sont nées a
partir de cellules précurseurs résidant dans le cortex ventral. Ces derni¢res vont migrer
vers le cortex dorsal et se différencier en plusieurs types de neurones inhibiteurs dont le
neurotransmetteur principal est le GABA. J’ai identifié deux nouveaux éléments
régulateurs des genes Dix dont les séquences sont conservées chez les vertébrés: URE2 et
I12b qui font partie du locus de DixI/Dix2. Ces ¢léments agissent en tant
qu’intensificateurs (enhancers) en cis. Malgré le faible degré de similitude entre ces
séquences et les séquences régulatrices 156i et 156ii du locus de DIx5/DIx6, ces quatre
éléments manifestent des activités chevauchantes dans le cortex ventral, 1a ou les génes
DlIx sont exprimés in vivo chez la souris, et ce, entre le 10éme jour embryonnaire et la
naissance. Malgré ces chevauchements, chaque élément régulateur peut induire
I’expression d’un geéne reporteur dans un ou plusieurs groupes uniques de cellules. De

plus, ces éléments ont montré des profils d’activité distincts dans les populations de



cellules nerveuses qui migrent vers le cortex cérébral entre le 12¢me et 15éme jour
embryonnaire. Ces cellules ont suivi des voies de migration spécifiques aux génes Dix in
vivo, et se sont différenciées en plusieurs types de neurones inhibiteurs. Les différentes
activités des éléments régulateurs m’ont aussi permis de distinguer plusieurs subdivisions
au sein des régions ganglionnaires médiale et caudale du cortex ventral, 1a ou les génes
DIx sont actifs. Par conséquent, les précurseurs exprimant les génes DIx acquierent des
propriétés moléculaires distinctes dépendant de leur régulation spatio-temporelle
spécifique a la subdivision ot ils sont nés. Donc, la diversité des neurones inhibiteurs du
cortex dorsal peut étre attribuée a la variété des précurseurs exprimant les génes Dix dans

le cortex ventral.
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1. Introduction

1.1.  Overview of central nervous system development

The central nervous system (CNS) is comprised of the brain and the spinal cord,
and is the most complex system of the vertebrate body in terms of patterning,
regionalization and cellular components. The process by which the CNS is formed early
during development, so called neurulation, appears to be similar in amphibians, reptiles,
birds, and mammals (Gallera, 1971). It gives rise to the neural tube which is the rudiment
of the CNS. The neural tube is formed by the invagination and closure of the neural plate
or the portion of the dorsal ectoderm that is specified to become neural ectoderm, and,
will ultimately form the brain anteriorly and the spinal cord posteriorly as well as the
neural pituitary, the motor neurons and the retina (Figure 1.1. A) (Gilbert, 2000;
Rubenstein et al., 1998; Smith and Schoenwolf, 1997). The early mammalian neural tube
is comprised of three primary brain vesicles: the forebrain (prosencephalon), the midbrain
(mesencephalon) and the hindbrain (rhombencephalon) (Figure 1.1. B). The
prosencephalon becomes, in turn, subdivided into the anterior telencephalon and the more
caudal diencephalon. The telencephalon will eventually form the cerebral hemispheres
(cerebrum), the hippocampus and the olfactory lobes, and, the diencephalon will produce
the thalamus and the hypothalamus which receive neural input from the retina. The
mesencephalon stays still and gives rise to the cerebral aqueduct connecting the anterior
and posterior brain. More posteriorly, the rhombencephalon becomes subdivided into the
metencephalon and myelencephalon, which will develop into the cerebellum and medulla
oblongata, respectively (Gilbert, 2000; Moore, 1993). Each of the five secondary brain
vesicles will thus form several adult derivatives with distinct cellular organizations,

boundaries and functions (Figure 1.1. B).



Figure 1.1. Organization and development of the mammalian brain

(A) Drawing of the neural plate and the five secondary vesicles of the brain in the
E12 mouse embryo. The prosencephalon (telencephalon in blue and diencephalon in light
mauve) derive from the anteriormost portion of the neural plate. The prechordal plate
(orange) and notochord (red) form the axial mesendoderm and li¢ below the neural plate.
Signals from the axial mesendoderm (e.g. SHH) and non neural ectoderm (e.g. BMPs)
are responsible for the early medio-lateral patterning (dorso-ventral patterning) and
formation of longitudinal subdivisions of the neural plate. (B) Early brain development.
The early mammalian neural tube is comprised of three primary brain vesicles that are
subdivided into five secondary vesicles as development continues. A list of the adult
derivatives formed by the walls and cavities of the brain is shown on the right. Modified

from Moore and Persaud 1993, and Gilbert 2000.
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1.1.1. Early patterning in the neural plate/neural tube

Specifying the brain boundaries and the identity of different structures along the
anterior-posterior (A/P) and dorsal-ventral (D/V) axes of the neural tube is controlled, at
the molecular level, by several signaling molecules and transcription factors. Such
patterning will ultimately generate distinct longitudinal domains (e.g. floor, basal, alar
and roof plates), and transverse domains (e.g. prosomeres in the forcbrain and
rhombomeres in the hindbrain), respectively (Figure 1.2. A) (Rubenstein et al., 1998).

Ventral specification of the neural tube is primarily mediated by: 1) the Sonic
Hedgehog protein (SHH), originating from the prechordal plate anteriorly and notochord
medially (two embryonic structures lying under the neural tube, see Figure 1.1. A) as
well as the floor plate, and genes induced by SHH such as Sonic hedgehog (Shh),
HNF3p, Nkx2.2 (Briscoe et al., 1999; Chiang et al., 1996; Echelard et al., 1993; Ericson
et al.,, 1996; Hynes et al., 1995; Marti et al., 1995; Roelink et al., 1994; Roelink et al.,
1995; Tanabe and Jessell, 1996) and, 2) retinoic acid (RA) which probably comes from
the adjacent somites (Pierani et al., 1999). In contrast, the dorsal fates of the neural tube
are established by proteins of the transforming growth factor-f (TGF-f) superfamily
derived from the dorsal roof plate (embryonic structure lying above the necural tube),
especially the bone morphogenetic proteins (BMPs) (Basler et al., 1993; Dickinson et al.,
1995; Tanabe and Jessell, 1996) including BMP4, BMP7, dorsalin, activin (Liem et al.,
2000; Liem et al., 1997; Liem et al., 1995) and Nodal (Schier et al., 1996; Schier and
Shen, 2000).

Early A/P patterning in the neural plate is controlled by several transcription
factors including the homeobox genes Lim/ and Otx2 (Acampora et al., 1995; Ang et al.,
1996, Matsuo et al., 1995; Shawlot and Behringer, 1995). Wnt antagonists, including
Cerberus and Dickkopf (Bouwmeester et al., 1996; Glinka et al., 1998), induce neural
tissues with anterior properties. Proteins such as Noggin, Follistatin, Chordin and
Frizzled related protein Frzb (Doniach, 1993; Harland, 2000; Thomsen, 1997; Wessely
and De Robertis, 2002) also participate in the establishment of structures with anterior

fate. Candidates for posteriorizing signals include RA (Blumberg et al., 1997), basic



Fibroblast Growth Factor (FGF) (Cox and Hemmati-Brivanlou, 1995; Lamb and Harland,
1995) and Wnt signaling (Altmann and Brivanlou, 2001; Sasai and De Robertis, 1997).

1.2. Organization of the adult telencephalon

Fate mapping studies have shown that the telencephalon, which is the anterior part
of the forebrain, is derived from cells located in the anterior most portion (rostral margin)
of the neural plate (Figure 1.1.) (Cobos et al., 2001; Couly and Le Douarin, 1987;
Eagleson and Harris, 1990; Inoue et al., 2000; Rubenstein et al., 1998; Varga et al., 1999;
Whitlock and Westerfield, 2000). The telencephalon will develop into the cerebrum or
the cerebral hemispheres (reviewed in (Rubenstein et al., 1998; Wilson and Rubenstein,
2000). The cerebrum is the most complex structure of the vertebrate brain in terms of
structural organization, cellular components and neuronal networks. It is involved in
several cognitive and behavioral functions in human such as consciousnecss, higher
cognition, language, motor control and emotions. Despite the highly variable
morphologies of the adult telencephalon of diverse vertebrates, the basic organization of
telencephalic subdivisions is conserved during embryogenesis (Puelles et al., 2000;
Puelles et al., 1999). The two major telencephalic subdivisions are the pallium (roof) and
the subpallium (base) (Killen, 1951a; Killen, 1951b; Killen, 1951¢; Nieuwenhuys R,
1998; Striedter, 1997).

1.2.1. The pallium

The pallium is organized into four main radial subdivisions: the medial, dorsal,
lateral and ventral pallium (Figure 1.2. B-D) (Puelles et al., 2000; Puelles et al., 1999).
All of these pallial domains form cortical structures (e.g., superficial laminar neuronal
zones) but the lateral and ventral pallium also develop deep-lying nuclear structures,
integrated into the claustro-amygdaloid complex. The medial pallium, or limbic cortex,

includes the hippocampus and the subicular regions; the dorsal pallium corresponds to the



Figure 1.2. Organization of the prosencephalon

(A) Schema of a sagittal section through the brain of an E13.5 mouse showing the
prosencephalic subdivisions proposed by the prosomeric model (Puelles et al., 2000,
Puelles et al., 1999). Longitudinal domains include floor plate (fp); alar plate (ap); basal
plate (bp) and roof plates (rp) whereas transverse domains comprise prosomeres pl to p6.
(B-D) Transverse sections through the telencephal'o_n and diencephalon showing the
different subdivisions of the pallium, subpallium and diencephalon. The pallial
subdivisions are: medial pallium (MP); dorsal pallium (DP); lateral pallium (LP) and
ventral pallium (VP). The subpallial subdivisions are: lateral ganglionic eminence (LGE);
medial ganglionic eminence (MGE); septum (S); anterior entopeduncular arca (AEP);
anterior preoptic area (POA); posterior preoptic area (POP) and suprachiasmatic nucleus
(SCH). Subdivisions in the diencephalon include eminentia.thalami (EM); ventral
thalamus (VT); dorsal thalamus (DT) and pretectum (PT). Adapted from Rossant and
Tam, 2002.
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mesocortex and isocortex (formally known as neocortex), which develops between the
medial and lateral pallium; the lateral pallium comprises the primary olfactory cortex, the
dorsal claustrum and parts of the amygdalae. The ventral pallium abuts the subpallium
and includes the ventromedial claustrum, parts of the amygdala, and parts of the olfactory
system and the dorsal most septum (Figure 1.2. B-D) (Puelles et al., 2000; Puelles et al.,
1999).

1.2.2. The subpallium

The subpallium inclﬁdes three primary subdividions: the striatal, pallidal, and
telencephalic stalk domains (Figure 1.2. B-D), all of which extend medially into the
septum. The striatum abuts the ventral pallium and is derived from a progenitor zone
called the lateral ganglionic eminence (LGE). The striatal derivatives include the
caudoputamen nucleus, nucleus accumbens, part of the septum and central parts of the
amygdala. Under the striatal domain lays the pallidal domain, which is derived from
progenitors in the medial ganglionic eminence (MGE) and corresponds to the globus
pallidus, ventral pallidum and septum. The subpallial telencepahlic stalk, which is located
below the pallidal domain, contains the anterior entopeduncular area (AEP) and preoptic
area (POA), and is the site where the major tracts entering and branching out of the
telencephalon pass through. Hence, the striatal, pallidal and telencephalic stalk domains
converge at different levels of the telencephalon to form embryologically and
functionally heterogeneous structures, such as the septum rostrally; the basal ganglia
(LGE, MGE, AEP and POA) and piriform cortex medially; and the amygdala, caudally
(Figure 1.2. B-D) (Puelles et al., 2000; Puelles et al., 1999; Rossant, 2002).

1.3. Development of the telencephalon

1.3.1. Laminar patterning in the pallium

Histogenesis in the telencephalon varies considerably between the pallium and
subpallium. The neocortex, like other dorsal structures such as the tectum of the

midbrain, is organized into a precise laminar architecture and this is an important



characteristic that distinguishes it from the subpallium and the deep pallial nuclei such as
the claustrum, which are organized into nonlaminar architectures (Marin, 2002).

The development of cortical lamination takes place in several stages. Around
embryonic day 9 (E9), the original neural tube in rodents is a single cell layer thick
consisting of a pseudostratified germinal neuroepithelium which is comprised of dividing
progenitors. At the preplate stage (E11-E12), two distinctive zones are established: the
ventricular zone (VZ) or germinal zone (ependymal) and the preplate (PP) (Figure 1.3.)
[reviewed in (Molnar et al., 2006)]. The first population of postmitotic neurons that
migrate from the VZ constitute the PP. The PP contains Cajal-Retzius (CR) cells,
GABAergic neurons and pioneer neurons (Meyer et al., 2000). At E13, a subventricular
(SVZ) is formed between the PP and the VZ. Subsequently, starting around E14, the
neuroepithelium is re-organized in two distinct ways; the first one is radial and gives rise
to the distinct layers of the mature cortex (1) while the second one is tangential and forms
the different columns of the cortex (2).

(1) Upon radial migration of cortical plate neurons, the cortical plate (CP)
formation initiates and splits the PP into a marginal zone (MZ) and a subplate (SP)
(Figure 1.3.). Layer I neurons, which includes Cajal-Retzius cells, remain near the pial
surface in the MZ. Thereafter, successive waves of migration position neurons such that
the CP or neocortex now comprises six layers of neuronal cell bodies interacting with one
another (Figure 1.3.) (Molnar et al., 2006). These layers are derived from radial glia
progenitors located in the VZ where they are born, proliferate, and, after exiting the cell
cycle, migrate radially on radial glial processes through the white matter. Migration of
young neurons derived from these cortical progenitors toward the CP is largely dependent
on radial glia and Cajal-Retzius cells (Rakic, 1971; Rakic, 1972; Rakic, 1974). Radial
glia, whose somata reside in the VZ, extend long processes that reach the pial surface.
These radial processes, along with signaling (involving the Reelin molecule) from Cajal-
Retzius cells located in the MZ, direct the laminar organization. Cajal-Retzius cells

(Reelin+ cells) have multiple origins at the border of the developing pallium: the ventral



Figure 1.3. Laminar patterning in the pallium and formation of the neocortex in mouse
The original neural tube is one cell layer thick and is a pseudostratified germinal
neuroepithelium (E9). At the preplate stage (E11-E12), two distinctive zones are formed:
the ventricular zone (VZ) or germinal zone and the preplate (PP). A subventricular zone
(SVZ) separates the PP and the VZ at E13. Upon cortical plate formation, neuronal
migration from the VZ forms the cortical plate (CP) and divides the PP into a marginal
zone (MZ) and a subplate (SP). Beneath the SP lies a fiber layer (FL) and the SVZ.
Successive waves of migration divide the cortical plate or neocortex into six layers (I-VI)
of neuronal cell bodies. The layering of the neocortex follows an ‘inside-out’ gradient of
development whereby the deeper layers are formed first, followed by the superficial

layers. Modified from Molnar et al. 2006.
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pallium, the septum and the cortical hem (Bielle et al., 2005), and migrate to their final
destinations following different migratory routes (Bielle et al., 2005). Birthdating studies
have shown that the layering of the neocortex follows an ‘inside-out’ gradient of
development (Edmondson and Hatten, 1987; Noctor et al., 2001; Rakic, 1972; Rakic,
1974) whereby neuronal precursors that become post-mitotic first (early precursors) form
the deeper layers followed later on by the superficial layers. Each neocortical layer differs
from the others in its functional properties, its composition of neurons and the synaptic
connections that they make (lamina specific pattern). (2) Upon tangential arrangement,
the neocortex is further divided into 40 anatomical regions that are highly specialized in
distinct behavioral and cognitive functions. Tangential domains include the olfactory

cortex, the motor cortices, the somatosensory cortices, and the visual cortex.

1.3.2. Cell formation in the telencephalon
1.3.2.1. Neurogenesis in the telencephalon

Neurons and glial cells (astrocytes and oligodendrocytes) are the two major types
of neural cells found in the adult telencephalon. They are derived from three distinct
populations of progenitors during neurogenesis: neuroepithelial cells that form the wall
of the neural tube at the onset of neurogenesis and two other progenitor populations:
radial glial cells and basal progenitors. At early stages, neuroepithelial cells divide
symmetrically in the VZ to give rise to two new neuroepithelial cells. Around E12.5,
several signaling pathways induce the expression of glial markers by neurepithelial cells,
which become radial glial cells. Radial glial progenitors begin to divide asymmetrically
to generate the earliest-born neurons in the cortex in mouse. This asymmetric division
generates either a neuroepithelial cell and a post-mitotic neuron, which migrates to the
PP, or a neuroepithelial cell and a basal progenitor cell, which divide symmetrically away
from the VZ surface in the SVZ to generate two post-mitotic neurons (Gotz and Barde,
2005; Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004). Radial glial cells
give rise, directly or via the generation of basal progenitors, to most projection neurons of

the neocortex. Likewise, the vast majority of neurons in all brain regions of the CNS
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derive from radial glia but at distinct time points (Anthony et al., 2004; Gotz and Barde,
2005; Malatesta et al., 2003).

1.3.2.2. Gliogenesis in the telencephalon

Like projection neurons, cortical astrocytes originate from radial glial progenitors
located in the cortical VZ. These progenitors are multipotent cells that initially expand
via symmetric divisions, but they soon generate more restricted progenitors, including
neuronal- and astrocyte-restricted progenitors, which predominate during the late phase
of corticogenesis (Davis and Temple, 1994; Luskin et al., 1988; Nieto et al., 2001; Reid
et al., 1995; Temple, 2001; Williams and Price, 1995). Of note, astrocytes are born and
differentiate after neurons (Altman, 1991). This is due to the Sequential generation of
neuronal and astrocyte precursors (Qian et al,, 2000) as well as to the delayed
differentiation of astrocyte precursors, a process that involves multiple signaling,
transcriptional, and epigenetic mechanisms that are beginning to be elucidated (Fan et al.,
2005; He et al., 2005; Morrow et al., 2001; Sun et al., 2001).

Unlike projection neurons and astrocytes, fate maping experiments showed that
oligodendrocytes progenitors (OLPs) are derived from the ventral telencephalon in three
successive waves: the first OLPs originate in the MGE and AEP from where they
populate the entire embryonic telencephalon including the cerebral cortex before being
joined by a second wave of OLPs from the LGE and CGE (Kessaris et al., 2006; Tekki-
Kessaris et al., 2001; Thomas et al., 2000). Finally, a third wave that is glial-restricted
arises from the cortical SVZ within the postnatal cortex (Gorski et al., 2002; Ivanova et

al., 2003; Kessaris et al., 2006; Marshall et al., 2003).

1.3.3. Regionalization in the developing telencephalon

While the morphology of adult pallial and subpallial structures varies
considerably between species, very similar regional subdivisions are observed in the
telencephalon of all classes of vertebrates during early development. Each subdivision

differs from the others by the profile(s) of gene expression that define its boundaries
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(Fernandez et al., 1998; Puelles et al., 2000; Puelles et al., 1999). Thus, it seems that the
same signaling pathways regulate early regional patterning of the telencephalon, from
fish through mammals, by inducing expression of several trans‘cription factors, such as

homeodomain proteins, in a spatio-temporal manner.

1.3.3.1. Regionalization in the pallium

Besides their role in neural plate formation earlier during development, secreted
proteins of the TGF-4 (BMP, GDF), and WNT families have been implicated in the
dorsal patterning of the telencephalon and its subsequent regionalization. Structures near
the dorsal midline, including the cortical hem, choroid plexus and hippocampus, function
as signaling centres and express several BMPs (Furuta et al., 1997) and Wnts which are
predominantly expressed in the dorsomedial region of the telencephalon (Figure 1.4.)
[reviewed in (Campbell, 2003; Zaki et al., 2003)]. For instance, ectopic Bmp expression
represses ventral telencephalic markers such as Nkx2.] and DIx2, while maintaining
dorsal markers, leading to decreased proliferation and increased apoptosis in the basal
telencephalon as well as holoprosencephaly (Furuta et al., 1997; Golden et al., 1999). In
contrast, dorsal development is disrupted in mice lacking Bmp5 and Bmp7 (Solloway and
Robertson, 1999); these mice have delayed closure of the neural tube, hypoplasia of the
telencephalic vesicles and reduced apoptosis in the telencephalic roof. Likewise, loss of
function of Wnt3a and a downstream target of Wnt signaling Lef], leads to loss/reduction
of the hippocampus (Galceran et al., 2000; Lee et al., 2000).

The downstream effectors of BMP and/or Wnt signaling in the dorsal
telencephalon involves the combinatorial actions of transcription factors such as Emx/,
Emx2 and Lhx2, which function to specify and expand the medial and dorsal pallium. In
fact, mutations in these homeobox genes can cause dorsal to ventral transformations and
loss of structures within the pallium. LAx2 mutants thus lack most of the hippocampus
and neocortex (Monuki et al.,, 2001). The Emx mutants do not show as marked

phenotypes in the dorsal pallium as do the LAx2 mutants, although hippocampal
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Figure 1.4. Signaling centers in the prosencephalon

Schematic representation of the expression of patterning molecules in the
prosencephalon of the mouse at midgestation. Members of the BMP and WNT families
of signaling molecules such as Bmp4 and Wnt3a are required for dorsal patterning in the
prosencephalon whereas Shh and Fgf8 are needed for patterning of ventral structures.
Abbreviations: CP, commissural plate; Cx, cortex; HT, hypothalamus; LGE, lateral
ganglionic eminence; LT, lamina terminalis; M, mesencephalon; MGE, medial
ganglionic eminence; OC, optic chiasm; S, septum. Adapted from Rossant and Tam,

2002.
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development is impaired in Emx2 mutants (Pellegrini M et al. 1996; Yoshida M et al,
1997). Expression of many dorsal markers such as the homeodomain protein Emx2 is lost
in Gli3 mutant mice, Gli3 being a repressor of Shh target genes (Rallu et al., 2002; Theil
et al., 1999; Tole et al., 2000). Furthermore, Pax6 and Emx2 display opposing activities
and may generate graded positional identity along the rostro-caudal and D/V axes within
the dorsal telencephalon as suggested by their patterns of expression and loss-of-function
phenotypes (Figure 1.5.) (Bishop et al., 2000; Mallamaci et al., 2000; Muzio et al., 2002;
Pellegrini et al., 1996; Tole et al., 2000; Yoshida et al., 1997).

Besides homeobox proteins, members of the basic-helix-loop-helix (bHLH) family
of transcription factors such as Mash-1 and the two neurogenin genes, Ngn/ and Ngn2,
regulate neurogenesis and specify D/V identity in the telencephalon with opposing
activities. Mash-1 is expressed ventrally (in the LGE and MGE) and specifies ventral
progenitors (Casarosa et al., 1999; Ma et al., 1997; Parras et al., 2002) while Ngn/ and
Ngn2 are expressed dorsally and influence neuronal identity in dorsal progenitors (Figure
1.5.) (Fode et al., 2000; Ma et al., 1997, Nieto et al., 2001; Parras et al., 2002; Sun et al.,
2001) [reviewed in (Marin, 2002; Schuurmans and Guillemot, 2002; Wilson and
Rubenstein, 2000; Zaki et al., 2003)].

1.3.3.2. Regionalization in the subpallium

Each of the embryonic subdivisions in the subpallium, LGE, MGE, and
AEP/POA, expresses a different combination of regulatory genes that define its identity
and delimit its borders. Some genes including Otx2, Six3 and Vax! are expressed by early
subpallial progenitors at the neural plate stage, while the expression of other genes
including Dix1, Dix2, Gshl, Gsh2, Mashl, Nkx2.1, and Isl] takes place at later stages
following neurulation (Figure 1.5.) (Bulfone et al., 1993a; Bulfone et al., 1993b; Eisenstat
et al., 1999; Guillemot and Joyner, 1993; Hallonet et al., 1998; Hsieh-Li et al., 1995; Liu
et al., 1997; Olivier et al., 2001; Porteus et al., 1994; Valerius et al., 1995).

Signaling molecules found in the ventral telencephalon include SHH in the MGE,
and RA and transforming growth factor-a (TGF-a) in the LGE. Lateral signals are
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proposed to participate in patterning the intermediate telencephalon and RA may be
involved in this process (Pierani et al. 1999; LaMantia et al. 1993). SHH is required for
ventromedial specification (i.e. MGE) (Figure 1.4.) (Chiang et al. 1996; Ericson J et al.
1995; kohtz JD et al. 1998; Machold et al. 2003; Fuccillo et al. 2004) but some aspects of
ventrolateral patterning (i.e. LGE) can occur in its absence (Pierani et al. 1999; Rallu et
al. 2002). Moreover, D/V patterning can occur in the absence of both SHH and Gli3
(Rallu et al. 2002), suggesting the presence of alternative pathways and/or signals in
ventralizing the telencephalon. Mice, fish and humans that have defects in SHH signaling
lack ventral telencephalic structures and do not express basal markers (ventral) such as
Nkx2.1 and DIx2 (Chiang et al., 1996; Muenke and Beachy, 2000). Alternatively, ectopic
expression of Shh in mice and fish induce ventral telencephalic markers such as Nkx2.1,
Gsh2, and DiIx2 within dorsal telencephalic cells (Corbin et al., 2000; Gaiano et al.,
1999), and repress the expression of dorsal markers, such as Emx/ and Tbr! (Kohtz et al.,
1998). Many downstream targets of SHH are homeodomain proteins that play a key role
in the ventral patterning of the telencephalon including Nkx2.7, which is specifically
expressed in the MGE (Kimura et al.,, 1996; Sussel et al., 1999); Gsh2, which is
expressed in both LGE and MGE (Cajal, 1911; Corbin et al., 2000; Toresson et al., 2000;
Yun et al., 2001); and Pax6, which is a marker of the dorsal telencephalon and dorsal
LGE (Stoykova et al., 2000; Warren et al., 1999) (Figure 1.5.). Thus, Nkx2./ mutants
display a ventral to dorsal transformation, with cells in the MGE acquiring an LGE
identity. Similarly, Gsh2 mutant mice have ectopic expression of pallial markers in the
dorsal LGE, causing dorsalization of this region of the subpallium (Corbin et al., 2000;
Szucsik et al., 1997; Toresson et al., 2000; Yun et al., 2001). Complementary to the
Nkx2.1 and Gsh2 phenotypes, mice lacking Pax6 express subpallial genes within the
ventral pallium (Figure 1.6. B) (Corbin et al., 2000; Stoykova et al., 2000; Toresson ct al.,
2000; Yun et al., 2001). In addition, Pax6 and Gsh2 mutants show milder phenotypes
than single mutants (Toresson et al., 2000), confirming that the reciprocal regulatory
interactions between these genes mediate D/V patterning on either side of the

pallial/subpallial boundary.
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Figure 1.5. Regionalization of progenitor domains in the developing telencephalon is
defined by the expression patterns of several transcription factors

(A) Coronal hemisections of an E14.5 telencephalon showing the progenitor cell
domains in different colors. (B) Transcription factors are expressed with different
intensities in the telencephalon and have boundaries of expression that respect pallial and
subpallial progenitor domains. Ventral (subpallial) markers include Isl//, Nkx2.1, Gshli/2,
Mashl and DIx1/2. Dorsal (pallial) markers include Pax6, Dbx1, Ngn2, Emx] and Lef].
Abbreviations: AEP, anterior entopeduncular area; Ch, choiroid plexus; dLGE, dorsal
lateral ganglionic eminence; DP, dorsal pallium; LGE, lateral ganglionic eminence; LP,
lateral pallium; MGE, medial ganglionic eminence; MP, medial pallium; POa, anterior
preoptic area; svz, subventricular zone; VLGE, ventral lateral ganglionic eminence; VP,

ventral pallium; vz, ventricular zone. Adapted from Rossant and Tam, 2002.
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Figure 1.6. Repressive interactions between regulatory genes set the boundaries in the
telencephalon

(A) The establishment of appropriate D/V patterning in the telencephalon depends
on the reciprocal repression between dorsal and ventral genes such as Bmp4 and BFI,
respectively. (B) Independent progenitor cell domains in the LGE and MGE are defined
by the interaction between several regional markers such as Pax6 and Nkx2.1.
Abbreviations: AEP, anterior entopeduncular area; DP, dorsal pallium; HT,
Hypothalmus; LGE, lateral ganglionic eminence; LP, lateral pallium; M, mescncephalon;
MGE, medial ganglionic eminence; MP, medial pallium; OC, optic chiasm; POa, anterior
preoptic area; Tel, telencephalon; VP, ventral pallium. Adapted from Rossant and Tam,

2002.
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Other factors control the competence of the telecephalon to be ventralized: BFI (Foxgl)
mediates ventralization of the telencephalon by restricting BMP signaling to the dorsal
telencephalon (Figure 1.6. A) (Dou et al., 1999).

Fgt signaling pathway is also involved in patterning of the ventral and dorsal
telencephalon (Figure 1.4.). Mouse embryos bearing hypomorphic and conditional null
Fgf8 mutations have small and abnormally patterned telencephalon (Fukuchi-Shimogori
and Grove, 2001; Meyers et al., 1998; Shanmugalingam et al., 2000; Storm et al., 2006).
A major reduction in Foxgl expression, a reduced mitotic index, and increased apoptosis
contribute to telencephalic hypoplasia in the FgfS null mutants (Storm et al., 2006). Fgf8
also regulates the expression of Bmp4, Wnt8b and Shh, which in turn affect patterning of
both dorsal and ventral structures (Storm et al., 20006).

1.3.4. Cell migration in the telencephalon

Cell migration occurs after patterning and regionalization of progenitors in the
forebrain. Once cells are specified, they will migrate to their final destination in the
mantle of the forebrain. Like in other CNS regions, there are two types of cell migration
in the forebrain based on their orientations: radial migration, in which cells migrate from
the progenitor zone (place of birth) towards the surface of the brain following the radial
disposition of the neural tube and, tangential migration, in which cells migrate

orthogonally to the direction of radial migration.

1.3.4.1. Radial migration in the telencephalon
As mentioned earlier, radial migration is the major type of migration in the
cerebral cortex. Neurons migrate along the radial glial fibers acting as guides to reach
their final destination in the cortical plate where they differentiate into glutamatergic
neurons (Figure 1.7. B) (Edmondson and Hatten, 1987; Noctor et al., 2001; Rakic, 1971;
Rakic, 1972; Rakic, 1974). Radial migration is also found in structures that develop in the

absence of lamination (the formation of cortical layers), such as the striatum, although
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different mechanisms might be involved (Figure 1.7. B) [For review, see (Marin and

Rubenstein, 2003a)].

1.3.4.2. Tangential migration in the telencephalon

Different types of neurons are born in distinct subdivisions of the embryonic
subpallium and follow restricted routes of migrations before reaching their final
destinations in both the pallium and the subpallium (Figure 1.7. C). During ecmbryonic
development in mammals, precursors of olfactory interneurons (periglomerular and
granule cells) are not intrinsically generated in the olfactory bulb but in the dorsal region
of the LGE. They reach their destinations through tangential migration (Corbin ¢t al.,
2000; Dellovade et al., 1998; Marin and Rubenstein, 2001b; Marin and Rubenstein,
2003a; Sussel et al., 1999; Wichterle et al.,, 2001; Yun et al., 2001). This type of
migration continues through adulthood and progenitors of olfactory interneurons are
constantly born in the SVZ of the lateral ventricle (Lois and Alvarez-Buylla, 1994). They
migrate to the olfactory bulb along a highly restricted route called the rostral migratory
stream (RMS) (Kornack and Rakic, 2001; Lois and Alvarez-Buylla, 1994; Pencea et al.,
2001; Thomas et al., 1996). Likewise, the embryonic subpallium is the origin of a large
number of cells that migrate tangentially towards the developing cerebral cortex and
hippocampus (Figure 1.7. C) (Anderson et al., 1997a; Corbin et al., 2001; de Carlos et al.,
1996; Lavdas et al., 1999; Letinic et al., 2002; Marin and Rubenstein, 2001b; Pleasure et
al., 2000; Sussel et al., 1999; Tamamaki et al., 1997; Wichterle et al., 1999). Cells
migrating tangentially into the cerebral cortex give rise primarily to GABAergic
interneurons (Anderson et al., 2002; Cobos et al., 2001; Stuhmer et al., 2002b; Wichterle
et al., 2001), but also generate cortical oligodendrocytes during embryogenesis (He et al.,
2001; Olivier et al., 2001; Ross et al., 2003; Santagati et al., 200'3; Spassky et al., 1998).
These migrating cells originate from multiple sites within the subpallium. Most cortical
GABAergic neurons seem to derive from the MGE (Anderson et al., 2002; Anderson et
al., 2001; Lavdas et al., 1999; Sussel et al., 1999; Wichterle et al., 1999; Wichterle et al.,

2001) although a substantial number of interneurons also originate from other structures
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Figure 1.7. Regionalization of the telencephalon defines neural progenitors that will
migrate radially and/or tangentially to produce neurons using the three major classes of
neurotransmitters in the telencephalon

(A) Neurons using distinct neurotransmitters are derived from different progenitor
populations in the telencephalon. Hence, cholinergic (red) and GABAecrgic ncurons
(blue) originate from ventral progenitor cells located in the AEP/POa (red), and, LGE and
MGE (blue), respectively. In contrast, glutamatergic neurons are specified in the pallium
(green). (B, C) Neurons from the three classes mentioned above follow radial (B) and
tangential (C) routes of migration in the telencephalon to reach their final destination(s)
appropriately. The dotted line indicating a migration of pallial neurons into the BMC in
panel C is theoretical. Abbreviations: Ach, acetylcholine; AEP; anterior entopeduncular
area; BMC, basal magnocellular complex; Cl, claustrum; Cpu, caudate-putamen nucleus;
Cx, cortex; DP, dorsal pallium; GABA, y-aminobutyric acid; GP, globus pallidus; Glu,
glutamate; H, hippocampus; LGE, lateral ganglionic eminence; LP, lateral pallium;
MGE, medial ganglionic eminence; MP, medial pallium; Pir, piriform cortex; POa,

anterior preoptic area; VP, ventral pallium. Adapted from Rossant and Tam, 2002.
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such as the CGE (Figure 1.7. C) [(Anderson et al., 2001; Jimenez et al., 2002; Nery ct al.,
2002), for recent review, see (Wonders and Anderson, 2006)].

1.3.4.3. Routes followed by tangentially migrating neurons and
lamninar positioning in the dorsal cortex

GABAergic interneurons migrating to the cortex follow very restricted routes
during development. Cell tracing studies identified two different streams of interneurons
to round the corticostriatal notch and follow tangentially orientated paths to enter the
cortex [reviewed in (Corbin et al., 2001; Marin and Rubenstein, 2001b; Marin and
Rubenstein, 2003a; Metin et al., 2006; Nadarajah and Parnavelas, 2002)]. An early
stream (E12 in mouse), originating in the MGE, innervates mainly the PP. These cells are
tangentially orientated and many show features typical of Cajal-Retzius cells (Figure 1.8.
A) (Lavdas et al 1999). A second and more prominent stream, composed also of MGE
cells, has been observed to migrate predominantly through ?he IZ slightly later in
development (E13-E15 in mouse) (Figure 1.8. B). At the late stages of corticogenesis,
cells originating mostly in the LGE, but also in the MGE, appear in the lower |Z and SVZ
(E15-birth) (Figure 1.8. C) (Anderson et al., 2001).

Upon reaching the dorsal cortex, interneurons acquire their laminar position in
different ways and through mechanisms that are beginning to be uncovered. Imaging of
the surface of the cerebral hemispheres in both explant cultures and brains of living
mouse embryos showed interneurons descending into the underlying cortex to assume
positions with isochronically generated radially derived neurons (Ang et al., 2003). It
seems therefore that once interneurons reach the neocortex, either through the MZ or the
17/ SVZ streams, they migrate radially in the final stage of their journey within the cortex
to take up their positions in the appropriate layers (Figure 1.8. D) (Ang et al., 2003;
Hevner et al., 2004; Polleux et al., 2002; Tanaka et al., 2003). Interneurons arising in the
ventral telencephalon at later stages of corticogenesis activeiy migrate towards the
cortical VZ upon reaching the dorsal telencephalon, a mode of movement called

‘ventricle-directed migration’ (Nadarajah et al., 2002). After a pause in this proliferative
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zone, they migrate radially in the direction of the pial surface to take up positions in the
developing CP (Figure 1.8. D) (Nadarajah et al., 2002).

Like pyramidal cells, cortical interneurons are believed to be disposed in an
‘inside-out’ pattern within the developing cortex. Furthermore, it is belicved that
contemporaneously born interneurons and pyramidal cells reside within the same layer
(Ang et al., 2003; Fairen et ‘al., 1986; Hevner et al., 2004; Miller, 1985; Pcduzzi, 1988,
Valcanis and Tan, 2003), although this view is still a matter of debate (Yozu et al., 2004).

1.3.4.4. Molecular control of tangential migration

Several factors and guidance molecules control neuronal migration from the
subpallium to the pallium. Motogenic factors including the hepatocyte growth factor
(HGF) (Powell et al., 2001), the brain derived neurotrophic factor (BNDF) and members
of the neurotrophin family such as NT4, strongly stimulate neuronal migration (Polleux
et al., 2002), although the specific mechanisms that mediate this function arc yet to be
elucidated. Guidance molecules/cues play an important role in directing interneuron
migration in a ventral to dorsal manner; chemorepulsive and chemoattractive factors
produced by the POA and the cortex seem to be involved in this directional guidance,
respectively (Marin et al., 2003b; Metin et al., 2006; Wichterle et al., 2003). Furthermore,
sorting of interneurons destined to the cerebral cortex or to the striatum appears to be
mediated by Neuropilin/Semaphorin interactions. Expression of members of the
semaphorin family, including Sema3A and Sema3F, in the mantle of the developing
striatum prevents cortical interneurons, which express neuropilin receptors (Neuropilinl

and 2), from entering this structure (Marin et al., 2001a).

1.4. Inhibitory neurons in the telencephalon - the GABAergic phenotype -
1.4.1. Classes of neurons in the telencephalon
Two general classes of neurons form the complex neuronal network in the
telencephalon: 1) the excitatory pyramidal neurons or projection neurons, which send

their axonal projections to distinct targets inside and outside the telencephalon (e.g ipsi/
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Figure 1.8. Routes of tangential migration followed by immature GABAcrgic
interneurons and laminar positioning of interneurons in the dorsal telencephalon during
development in mouse

In mouse, cortical interneurons (red) originate from the ganglionic eminences
(GE) in the subpallium. (A) At early stages (E12), these interneurons follow exclusively
the MZ while at later stages (B and C) they migrate along routes at the levels of 1Z/SVZ
and SP. (D) In the MZ, interneurons (1) display varying orientations and (2) enter the
developing CP by inward migration. Cells that enter the cortex through the lower streams
migrate to the CP (3 and 4) directly or (5) after a short pause in the VZ. Pyramidal cells
(blue) are of pallial origin and migrate radially to their positions in the CP.
Abbreviations: Cx, cerebral cortex; lateral (LGE) and medial (MGE) ganglionic
eminence (GE); MZ, marginal zone, CP, cortical plate; SP, subplate; 1Z, intermediate

zone; SVZ, subventricular zone; VZ, ventricular zone. Modified from Metin et al. 20006.
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contralateral cortex, brain stem, spinal cord, thalamus) and, 2) the inhibitory neurons or
interneurons, which form only local synaptic connections between afferent and efferent
excitatory neurons and/or other interneurons (DeFelipe and Farinas, 1992; Peters A,
1984). Pyramidal/projection neurons in the neocortex use glutamate as their principle
neurotransmitter and comprise 70-80% of neocortical neurons (DeFelipe and Farinas,
1992; Peters A, 1984; Peters and Sethares, 1991; White, 1989). Most striatal neurons
(90%) are also projection neurons but use GABA (y-amino butyric acid) as their main
neurotransmitter (Gerfen, 1996; Heimer, 1995; Kawaguchi et al., 1995; Parent and
Hazrati, 1995). Inhibitory neurons or interneurons comprise 20-30% of all neocortical
neurons (Hendry et al., 1987; Meinecke and Peters, 1987; Parnavelas et al., 1977) and
10% of striatal neurons (Kawaguchi, 1997a; Kawaguchi et al.,, 1995). They are
subdivided into several subtypes based on their neurotransmitter content. The most
common type of telencephalic interneurons contains GABA as its main neurotransmitter.
However, some interneurons of the olfactory bulb and striatum use dopamine
(dopaminergic) or acetylcholine (cholinergic) as their principal neurotransmitter (Gall et
al., 1987; Kawaguchi et al., 1995). In mouse, it is suggested that glutamatergic neurons
are specified in the pallium, whereas GABAergic and cholinergic neurons are specified in

the subpallium (Figure 1.7. A).

1.4.2. Properties of interneurons in the telencephalon

Although there are several types of pyramidal cells with d'ifferent projection sites,
these cells have relatively uniform shapes with apical and basal dendrites and with
primary axons that descend towards the white matter (DeFelipe and Farinas, 1992;
Feldman, 1984). In contrast, non-pyramidal cells display morphological diversity of
dendritic and axonal arborization patterns as revealed by Golgi staining (Cajal, 1911;
Fairen, 1984; Peters, 1984), and are anatomically, molecularly, and physiologically
heterogenous (Fairen, 1984; Kawaguchi and Kubota, 1997b; Naegele and Barnstable,
1989). Thus, interneurons are subdivided into several subclasses on the basis of: 1) their

morphological features, based on their dendritic and axonal morphologies, there are
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basket cells, bipolar cells, double bouquet cells, bitufted cells, chandelier cells and
Martinotti cells, 2) their anatomical features; based on their axonal arborization,
interneurons can be axon- or dendrite-targeting cells or both, and soma-targeting cells, 3)
their electrophysiological properties; there are several subtypes of interneurons based on
their firing patterns: fast spiking (FS), burst spiking non-pyramidal (BSNP), regular
spiking non-pyramidal (RSNP), irregular spiking (IR) and late spiking (LS), 4) their
molecular properties primarily their neuro-chemical content. Interneurons can express
one or more neurotransmitters including three calcium-binding proteins: parvalbumin
(PV), calretinin (CR) and calbindin (CB), and four neuropetides: somatostatin,
neuropeptide Y (NPY), vaso-active intestinal peptide (VIP) and cholecystokinin (CCK)
[(for review on cortical interneurons, see (Markram et al., 2004)]. Note that one or more
combination(s) of the above properties define each subtype of interneurons and it is
therefore difficult to systematically distinguish between different subtypes of
interneurons based on one specific feature. Nevertheless, several studies have shown that,
for instance, PV-, SOM- and CR-positive interneurons constitute distinct, non-
overlapping groups of GABAergic neurons in the rat frontal cortex (Kubota et al., 1994),
and in the sensory cortex (rat primary visual cortex) (Gonchar and Burkhalter, 1997).
These neurons have different electrophysiological characteristics (Cauli et al., 1997;
Kawaguchi and Kubota, 1997b). These three subclasses account for more than 80% of all
GABAergic neurons in the sensory cortex (Gonchar and Burkhalter, 1997; Tamamaki et

al., 2003).

1.4.3. Function of interneurons in the telencephalon

The telencephalon is the seat of language, memory, motor functions, emotions,
higher cognition and consciousness in humans. Inhibitory interneurons are indispensable
for a normal telencephalic function since they are the regulators of principal neuron
activity (pyramidal cells), a role that is primarily mediated through inhibition and
establishment of appropriate spatio-temporal balance in the excitation/inhibition ratio

depending on the context (Borg-Graham et al., 1998; Kisvarday and Eysel, 1993; Monier
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et al., 2003; Murthy and Humphrey, 1999; Santagati et al., 2003; Sato et al., 1996; Sillito,
1984; Wehr and Zador, 2003). The connectivity of the networks and the propertics of
their intrinsic voltage-gated currents are finely tuned allowing inhibitory interneurons to
generate and control the rhythmic output of large populations of both principle cells
(pyramidal neurons) and other populations of interneurons (McBain and Fisahn, 2001).
GABA itself produces inhibition with different time courses depending on which receptor
subtypes (GABA, or GABAg) are expressed in the post-synaptic membrane (Benardo,
1994; Connors et al., 1988; Kang et al., 1994; McCormick, 1989; Tamas et al., 2003;
Thomson and Destexhe, 1999). GABAergic cortical cells are excitatory during
development (Ben-Ari, 2002). In addition, the relevance of inhibitory neurons to cortical
function is evidenced by the severe consequences of cortical dysfunction related to
absence/reduction of inhibition such as in cases of epilepsy (role of chandelier cells)
(DeFelipe, 1999), schizophrenia (role of chandelier cells) (Lewis, 2000), working
memory (role of GABA in spatial tuning) (Rao et al., 2000), and, perhaps, autism
(Rubenstein and Merzenich, 2003).

1.4.4. Origin of interneuron subtypes in the adult cortex

While most GABAergic neurons in the olfactory bulb, cerebral cortex and
hippocampus derive from the ventral telencephalon in the anlage of the basal ganglia in
rodents (LGE, MGE and CGE) (Anderson et al., 2002; Anderson et al., 2001; Corbin et
al.,, 2001; Jimenez et al., 2002; Marin and Rubenstein, 2001b; Nery et al., 2002;
Parnavelas, 2000), it is not known precisely where and when each subtype of interncuron
originates during embryogenesis. Recently, in vitro cell transplantation experiments (Xu
et al.,, 2004) and in utero fate-mapping experiments (Butt et al.,, 2005) in mice have
uncovered the spatio-temporal origin of the major cortical interneuron subtypes. The PV-
and SOM-expressing interneuron subgroups seem to originate primarily within the MGE,
whereas CR-, VIP- and NPY-expressing interncurons appear to derive mainly from the

CGE. Yet, it is still not clear how the diversity of interneuron subtypes is generated and
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whether distinct progenitors give rise to different subgroups of interneurons in each of the
above regions.

Unlike in rodents, more than half of the cortical interneurons in humans derive from
mitoses within the cortical SVZ (Letinic et al., 2002), while the rest originate from
progenitors in the subpallium and migrate tangentially to the cortex (Letinic et al., 2002;
Rakic and Zecevic, 2003). However, it is also unknown if these cortical and subcortical

progenitors give rise to the same subtypes of interneurons or not.

1.5. The Vertebrate DIx family of genes

1.5.1. Origin, genomic organization and evolution of the DIx genes

1.5.1.1. The distal-less gene -DIl- '

The vertebrate DIx genes are related to the Drosophila Distal-less gene -DII-
which is required for proximo-distal (P/D) patterning of the leg. As indicated by its name,
DIl function is required for the specification of distal leg pattern elements in Drosophila.
DIl mutants lack the rudimentary larval limbs and die before birth (Cohen et al., 1989;
Cohen and Jurgens, 1989; Gorfinkiel et al., 1997; Wu and Cohen, 1999). DIl is also
required for development of the P/D axis and specification of the identity of the antenna,
which corresponds to both the ear and the nose of the fly (Cohen et al., 1989; Dong et al.,
2000). In addition, it is needed in the development of other limb-derived structures
including the mouthparts (Cohen and Jurgens, 1989) and the analia (Gorfinkiel et al.,
1999). Besides its major role in adult appendage development, DIl is expressed in both
the optic lobe of the brain (Kaphingst and Kunes, 1994) and the glial cells of the ventral
nerve cord (J.B. Skeath and G.P., unpublished observation)'. However, it remains

unknown whether it plays a role in the development of the CNS in the fly.

1.5.1.2. Genomic organization of the Dlx genes in Vertebrates
Dix genes are found in all vertebrates. Mammals including mouse and humans

have six DIx genes (Nakamura et al., 1996; Price et al., 1991; Robinson and Mahon,
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1994; Robinson et al., 1991; Scherer et al., 1995; Simeone et al., 1994; Stock ct al., 1996;
Weiss et al., 1994). These genes are organized in three bigene clusters with inverted
transcription orientation (face-to-face) and are separated by short intergenic regions
(<12kb). The three DIx bigene clusters are DixI/DIx2, DIx5/DIx6, and DIx3/Dlx7. Each
DlIx cluster is linked to a Hox cluster on a separate chromosome (McGuinness et al.,
1996; Nakamura et al., 1996; Simeone et al., 1994; Stock et al., 1996). All Dix genes
comprise three exons separated by two relatively short introns (<3kb). They encode
proteins of 243-333 amino acids including a highly conserved homeodomain of 61aa (Liu
et al., 1997). In some teleost fish (ray-finned fish) such as zebrafish, there are eight
known DIx genes (Akimenko et al., 1994; Ekker et al., 1992; Ellies et al., 1997b; Stock et
al., 1996). Six of these genes are clustered in bigene clusters similar to those found in
mammals, and the remaining two genes (dix2b and dix4a) are not linked to other Dix
genes. Based on similarities in sequence motifs within the homeodomain as well as the
N- and C-terminal regions of the DIx proteins, Dix genes are grouped in two general
classes: DIx2/3/5 and DIx1/4/6 (Ellies et al., 1997b; Stock et al., 1996). Yet, it is not

known whether the two groups display any functional differences.

1.5.1.3. Evolution of the Vertebrate DIx genes

As mentioned above, modern vertebrates have six or more Dlx genes.
Urochordates (primitive vertebrates) such as the tunicate Ciona intestinalis possess at
least three Dix genes, two of which are linked in one cluster (Caracciolo et al., 2000).
Lampreys have at least four Dix genes, two of which are organized in one cluster. The
remaining two genes are not linked to another gene (Myojin et al., 2001; Neidert et al.,
2001). Drosophila and amphioxus have one -DII- gene that is most closely related to
Dlix1 (Holland et al., 1996; Stock et al.; 1996) although the support for this relationship is
not strong. The latter gene may thus be related to the founding member of the vertebrate
family. Given the conserved genomic organization of DIx genes and their linkage to the
Hox clusters, a scenario has been proposed to explain the evolution of this family; it

hypothesizes that an inverted tandem gene duplication of an ancestral Dix gene, followed
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Figure 1.9. A model for D/I/DIx gene family evolution

(A) An initial tandem duplication event (I) from an ancestral distal-less gene
(orange) gave rise to the first Dix bigene cluster (red and blue). Two rounds of large or
whole genome duplication events (II) and a subsequent loss of one Dilx pair (III)
generated the three DIx bigene clusters of modern vertebrates. i\Iote that, each of these
clusters is linked to a Hox cluster on a separate chromosome (not shown). (B)
Nomenclature and genomic organization of DII/DIx genes in selected species. Complete
genome duplication may have occurred in teleosts after the divergence of this lineage,
thus generating additional DIx genes in fish species such as zebrafish. Adapted from

Zerucha and Ekker, 2000.
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by two rounds of genome duplication and a subsequent loss of one Dix pair gave risc to
the mammalian DIx genes (Figure 1.9.) (Ellies et al., 1997b; Neidert et al., 2001). In
addition, complete genome duplication may have occurred in teleosts after the divergence
of this lineage, thus generating additional D/x genes in fish species such as zebrafish

(Figure 1.9.) (Robinson-Rechavi et al., 2001; Stock et al., 1996).

1.6. Functions of the DIx genes in organ development of Vertebrates

Vertebrate DIx genes encode homeodomain transcription factors that regulate
transcription of downstream target genes. They are primarily transcriptional activators.
They have similar DNA-binding properties in vitro and can activate transcription from
both artificial (Feledy et al., 1999b; Liu et al., 1997, Masuda et al., 2001; Zhang et al.,
1997) and authentic enhancers (Benson et al., 2000; Dodig et al., 1996; Iler ct al., 1995;
Morasso et al., 1996; Roberson et al., 2001; Stuhmer et al., 2002a; Yu et al., 2001;
Zerucha et al., 2000). They can also function as repressors on artificial reporter genes
(Ryoo et al., 1997; Yu et al., 2001).

DlIx genes are required for normal development of an array of tissues and organs
including the forebrain, the limb/fins, the branchial arches/facial derivatives, sensory
organs as well as bone and cartilage formation. Two general characteristics of these genes
are: 1) their nested and sequential (spatio-temporal) expression patterns along the
proximo-distal axis primarily in the forebrain and the branchial arches (Eisenstat et al.,
1999; Liu et al., 1997; Qiu et al., 1997); 2) their functional redundancy/compensation as a
result of high overlap in gene expression primarily between paralogs but also among
orthologs (Ellies et al., 1997b; Quint et al., 2000). Note that, subtle differences in Dix
gene expression also exist and may account for distinct functions among paralogous
genes (Akimenko et al., 1994; Ellies et al., 1997b; Liu et al., 1997). Evidence supporting
the above observations comes from loss of function studies performed in mice. Even
though single Dlx mutants die during embryogenesis (DIx3) or shortly after birth (Dlx1,

DIx2 and DIx5), there is, in general, a mild or lack of obvious phenotype in tissues where
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more than one DIx is expressed at any given time (Acampora et al., 1999; Anderson et al.,
1997a; Anderson et al., 1997b; Depew et al., 1999; Qiu et al., 1997; Qiu et al., 1995).
Furthermore, all heterozygous mice for these mutations appear normal and are fertile. In
contrast, when both paralogous genes in one cluster are mutated (double mutants) severe
phenotypes are observed, such is the case of Dix1/Dix2 (Qiu et al., 1997) and DIx5/Dix6
double mutants (Robledo et al., 2002).

1.6.1. Limb development

DIl is primarily required for the distal patterning of leg structures in the fly (Cohen
and Jurgens, 1989). This seems a common feature of DI///DIx function in arthropods and
mammals for all Dix genes are expressed in the apical ectodermal ridge (AER) of the
developing limbs (fore- and hindlimb) (Dolle et al., 1992; Morasso et al., 1995). Their
expression regulates the patterning and outgrowth of the limbs in mammals. Of note, no
limb phenotype has been reported for any of the Dix single mutants obtained so far
(Acampora et al., 1999; Depew et al., 1999; Qiu et al., 1997; Qiu et al., 1995) suggesting
that the various Dlx genes serve some redundant function in the AER. However, DIx5 and
DIx6 seem to play a more important role than DIx/ and DIx2 in limb development. This is
based on the fact that, unlike in DixI/DIx2 mutants where the limb is usually normal
(Depew M. and Rubenstein J., unpublished observations), DIx5/DIx6 mutants have severe
malformations of the distal limb manifested by split distal limb defects similar to
ectrodactyly syndromes seen in humans (Robledo et al., 2002). Thus, the Dix5/Dix6 null
limb phenotype phenocopied the Split-hand/split-foot malformation (SHFM) with
variable penetrance in the forelimbs and complete penetrance in, the hindlimbs (Robledo
et al., 2002). In humans, this malformation is characterized by missing digits, fusion of
the remaining digits (syndactyly), and median clefts (lobster-claw) (Scherer et al., 1994).
Since Dix5 and Dix6 genetically map close to one of four human SHFM disease loci, they
are postulated as candidates of SHFM1 (Crackower et al., 1996; Scherer et al., 1994). In
contrast, no obvious phenotype was observed in the patterning of limbs and other

appendages in the DIx5 mutants suggesting a compensatory role by other Dlx genes such
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as Dix6. All eight zebrafish dix genes are expressed in the median fin fold (primordia of
unpaired fins) and the apical ectodermal cells of the developing pectoral fin buds

(Akimenko et al., 1994).

1.6.2. Neural crest cells and pharyngial arch development

All Dlx genes are expressed in the ectomesenchymal cells derived from the cranial
neural crest cells (except zebrafish dix2b or dix5) (Akimenko et al., 1994; Bulfone et al.,
1993a; Davideau et al., 1999; Dolle et al., 1992; Myojin et al., 2001; Neidert et al., 2001;
Qiu et al., 1997; Robinson and Mahon, 1994; Simeone et al., 1994; Yang et al., 1998).
These cells migrate from the border of the neural plate and give rise to the first and
second pharyngeal arches (maxilla and mandible of the first arch and hyoid arch). These
arches will later differentiate into the facial skeleton, dental mesenchyme and connective
tissue (Depew, 2002b; Depew et al.,, 2002a). In the pharyngial arches, Dix gene
expression follows a temporal sequence of expression that is well correlated with their
nested expression patterns along the P/D axis in that region. Thus, Dlx] and DIx2 are
expressed first in more proximal and intermediate domains, followed by D/x5 and DIx6 in
intermediate domains, whereas in distal zones all six genes are expressed (Acampora et
al., 1999; Depew et al., 1999; Depew et al., 2002a; Qiu et al., 1997; Qiu et al., 1995).
DiIx] and DIx2 single mutant mice have similar defects in proximal first and second
branchial arch derivatives (Qiu et al., 1997; Qiu et al., 1995). However, D/x2 mutants
also display distinct craniofacial abnormalities such as in the lateral skull
dermatocranium. This is probably due to a higher level of expression of Dix2 in the first
arch ectoderm, from which derives the previous structure (Qiu et al., 1997). DixI/DIx2
deficient mice display various defects in proximal domains of the first and second
pharyngial arches, with a lack of distal defects suggesting a functional redundancy in this
region where all of the DIx genes are expressed (Merlo et al., 2000; Qiu et al., 1997; Qiu
et al., 1995). These mutants exhibit not only the defects of the single mutants, but also the
absence of the upper molar teeth (Qiu et al., 1997). In contrast to DIx/ and Dix2 single

mutants, DI/x5 mutants exhibit morphological alterations in skeletal elements derived

40



from both the proximal and distal domains of the first four branchial arches (Acampora et
al., 1999; Depew et al., 1999). This implies that redundancy between DIx genes is not
generalized. Moreover, DIx5/DIx6 mutants exhibited severe craniofacial defects including
the complete absence of the calvaria, resulting in exencephaly, reduction in the size of the
eyes, and clefting and dysmorphogenesis of nasal, maxillary and mandibular structures

(Robledo et al., 2002).

1.6.3. Sensory organs development

DIl 1s required for specifying antennal identity in Drosophila, the antenna
including both the ear and the nose of the fly. This function is evolutionarily conserved
since Dix genes have been implicated in the development of ear, nose, and retina in
vertebrates. During neurulation, DIx3, DIx2, Dix5 and DIx6 are expressed in the otic
placode and, later on, regionally expressed in the otic vesicle (primordium of the inner
ear) (Depew et al., 1999; Ekker et al., 1992; Liu et al., 1997; Quint et al., 2000; Robinson
and Mahon, 1994; Zhao et al., 1994). In addition, early expression of Dix5 and Dix6 is
detected in the frontonasal ectoderm, olfactory placodes (primordia of nose) and,
subsequently, in the olfactory and respiratory epithelium (Acampora et al., 1999; Depew
et al., 1999). Mice lacking the function of Dix5 exhibit defects in the morphogenesis of
the olfactory pit and in the differentiation of the olfactory epithelium (Depew et al.,
1999), as well as regional defects in the inner ear, particularly in the semi-circular canals
(Acampora et al., 1999). However, the ear defects reported with DIx5/DIx6 mutants are
dramatically more severe than those observed in DIx5-deficient mice, again suggesting
that DIx5 and DIx6 have both unique and redundant functions (Robledo et al., 2002).

In the developing and postnatal retina, Dix/ and Dix2 are expressed in retinal
ganglion cells (RGC), amacrine and horizontal cells (de Melo et al., 2003; Dolle et al.,
1992; Eisenstat et al., 1999). The retina of Dix//Dix2 null mice displays a reduced
ganglion cell layer (GCL), with specific loss of differentiated RGCs (other subtypes seem
less affected) (de Melo et al., 2005). This phenotype suggests that DIx/ and Dix2 play a
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specific role in terminal differentiation and survival of late-born RGCs in the developing

mouse retina (de Melo et al., 2005).

1.6.4. Bone and cartilage formation

Unlike all other members of the mammalian Dlx family, DIx5 and Dix6 are
expressed in all skeletal elements (developing bone) from the time of initial cartilage
formation onwards. However, DIx5 displays stronger and wider expression than D/x6 and
plays a prominent role in osteoblast differentiation and bone formation (Acampora et al.,
1999; Depew et al., 1999; Simeone et al., 1994; Zhao et al., 1994). DIxJ is expressed in
all bones during osteoblast differentiation including dermal bones (intramembranous) but
disappears in fully differentiated osteocytes (Acampora et al., 1999; Depew et al., 1999;
Zhao et al., 1994). DIx5 mutants display a delayed ossification of the roof of the skull and
abnormal osteogenesis. They also carry a defect in the endosteal component of the long
bone diaphyses and have a reduction in the periosteal lamina (Acampora et al., 1999).
DIx5/DIx6 mutants exhibited more severe axial and appendicular skeleton defects
including growth retardation and kinked tail vertebrae (Robledo et al., 2002).
Furthermore, while early cartilage formation of long bones was normal at E14.5 in
DIx5/DIx6 mutants, the axial and appendicular skeletons displayed severe retardation in
chondrocyte/cartilage and osteoblast differentiation and subsequent mineralization

(Robledo et al., 2002).

1.6.5. Other functions in organ development

Dix4 (previously DIx7) is implicated in proliferation and survival during
erythropoiesis since it is expressed in normal bone marrow cells (Shimamoto et al., 1997;
Shimamoto et al., 2000). DIx3 is expressed in the surface ectoderm and has been
implicated in epidermal development. Humans with a four-base pair deletion in the
coding region of DLX3 have a disorder known as tricho-dento-osseous (TDO) syndrome
that affects morphogenesis of epidermal derivatives (hair) and ectodermal derivatives

(teeth and craniofacial skeleton) (Price et al., 1998a; Price et al., 1998b). TDO i1s an
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autosomal dominant inheritance of enamel hypoplasia and hypocalcification with
associated strikingly curly hair. In addition, DIx3 is expressed in ectodermal components
of the developing placenta and DIx3-null mice die in midgestation because of a
deficiency in the vascularization of the placenta (Morasso et al., 1999). Some Dlx genes

are also expressed in the genital eminence (Porteus et al., 1994).
1.7. Function of the DIx Genes in forebrain development

As mentioned earlier, all six mouse DIx genes are expressed in ectodermal
derivatives: the nervous system and the surface ectoderm. However, only four Dix genes,
Dixl1, DIx2, DIx5 and DIx6, are expressed in the CNS (Bulfone et al., 1993b; Dolle et al.,
1992; Eisenstat et al., 199‘9; Liu et al., 1997; Price et al., 1991; Robinson et al., 1991;
Simeone et al., 1994; Yang et al., 1998). This expression is highly restricted to two
domains in the forebrain: one telencephalic, which corresponds to the subpallium (basal
ganglia), and, one diencephalic, which includes the prethalamus (ventral thalamus) and
hypothalamus. Of note, these two domains are also found in other vertebrate species
including chicken, frogs, turtles, zebrafish and lampreys (Fernandez et al., 1998; Myojin
et al., 2001; Neidert et al., 2001; Puelles et al., 2000; Zeruch'a et al., 2000). Like in
pharyngeal arches, DIx genes display a spatio-temporal sequence of expression in the
basal ganglia during development (Figure 1.10.). Thus, DIx2 and Dilx! (but to a lesser
extent) are expressed in early progenitors including some proliferating cells in the VZ
(scattered cells). Both Dix/ and DIx2 are also expressed in most undifferentiated cells in
SVZ (uniform expression), and some differentiated cells in the MZ (scattered cells). DIx5
is not expressed in VZ progenitor cells but displays very strong expression in the SVZ
(proliferating cells) and intermediate expression in the MZ. Finally, Dix6 is mainly
expressed in differentiated cells in the MZ (Figure 1.10.) (Bulfone et al., 1993b; Eisenstat
et al., 1999; Liu et al., 1997; Zerucha et al., 2000).
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Figure 1.10. Domains of expression of D/x genes in the telencephalon

(A) Schematic representation of an E12.5 coronal section of the mouse
telencephalon showing in yellow the combined expression of Dlx transcripts. Tangential
migration from the subpallium to the pallium is indicated with arrows. (B) DixI, Dix2,
Dix5 and DIx6 expression patterns in the basal ganglia. Most cells in the proliferative
zones (VZ and SVZ) in the subpallial telencephalon express one or more Dix gene(s) at
some stage of their proliferation and/or differentiation. Dlx2 'is mainly expressed in
undifferentiated cells; its expression is found in scattered cells (green dots) in the VZ, in
most cells in the SVZ (uniform green) and few cells in the MZ (green dots). DIx6
(brown) is primarily expressed in differentiated cells in the MZ (uniform peach). Dix/
(red) and DIx5 (blue) have intermediate expression patterns in the SVZ and MZ. (C)
Proposed model for the spatio-temporal expression of Dix genes and their sequential role
at different stages of differentiation. Abbreviations: LGE, lateral ganglionic eminence;
LV, lateral ventricle; MGE, medial ganglionic eminence; MZ, mantle zone; NCX,
neocortex; PCX, palliocortex; SVZ, subventricular zone; VZ, ventricular zone; 111, third

ventricle. Adapted from Panganiban and Rubenstein, 2002.
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Model:

DIx2 === D|x1 =—sDI|X5 == DIX6
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1.7.1. Control of differentiation and migration of GABAergic neurons in the

basal ganglia

Dix genes are required for the differentiation and migration of most GABAergic
neurons in the telencephalon (GABAergic projection neurons and GABAergic
interneurons). This is evidenced by their co-localization in most of these neurons
(Anderson et al., 1997a; Anderson et al., 1997b; Stuhmer et al., 2002a; Stuhmer et al.,
2002b) and from loss-of-function studies in the mouse (Acampora et al., 1999; Anderson
et al., 1997a; Anderson et al., 1997b; Qiu et al., 1997; Qiu et al.., 1995). The function of
DlIx genes in the control of GABAergic phenotype is best understood by examining the
DIx1/DIx2 mutant phenotype. These mice die within a few hours after birth and show the
following defects. 1) They exhibit a major block in neurogenesis and subsequent
differentiation and radial migration of late-born striatal projection neurons that are
derived from the LGE after E12.5 (Anderson et al., 1997b; Marin et al., 2000). Late-born
cells are unable to migrate out of the proliferative region and tend to accumulate within
the LGE where they partially differentiate (Anderson et al., 1997b; Marin et al., 2000).
The onset of this abnormality (around E12.5) coincides with the development of the SVZ
as the main proliferative zone in the LGE, where DIx!, Dix2 and Dix5 are primarily
expressed. Furthermore, the failure of the mutant SVZ to mature is also reflected by the
lack of Dix5, DIx6 and Oct6/SCIP expression, specific markers of this region (Anderson
et al., 1997b; Marin et al., 2000). Taken togethér, these defects d'emonstrate that: 1) Dix/
and DIx2 are upstream regulators of DIx5 and DIx6 in the LGE and their function is
critical for normal striatal development after E12.5. 2) Dix//Dix2 null mice display a
major block in the development of several types of GABAergic, dopaminergic and
cholinergic interneurons derived from the subpallium. Hence, they have reduced numbers
of striatal interneurons (GABAergic and cholinergic), olfactory bulb interneurons (>95%
of GABAergic and dopaminergic), hippocampal interneurons (>95% GABAergic) and
cortical interneurons (>75% of GABAergic) (Anderson et al.,, 1997a; Anderson et al.,
2001; Anderson et al., 1997b; Bulfone et al., 1998; Marin et al., 2000; Marin and
Rubenstein, 2001b; Pleasure et al., 2000). The previous defects are caused by a block of
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differentiation and a lack of radial and tangential migration of interneurons from the
MGE, the AEP/POA, as well as the LGE. DIx5 and DIx6 expression is also lost in the
MGE except in a narrow strip in the deep MZ (Anderson et al., 1997b; Zerucha et al.,
2000).

Unlike DiIx1/Dix2 double null mutants, D/x single mutants have subtle defects in
forebrain development. However, they also die shortly after birth (D/x2 mutant) or within
the first month of life (DIx/ mutant) due to craniofacial and/or enteric nervous system
defects (Acampora et al., 1999; Qiu et al.,, 1997, Qiu et al.,, 1995). No major
abnormalities have been reported in the forebrain of Dix/ mutant mice during
development (Qiu et al., 1995). In contrast, in the adult brain, Dix/ mutant mice display
subtype-specific loss (partial loss) of CR+ (bipolar cells) and SOM+ (e.g. bitufted cells)
but not PV+ subtypes of interneurons in the hippocampus and the cerebral cortex (Cobos
et al., 2005). This partial reduction occurred in a time-dependent manner (in animals
older than one month) (Cobos et al., 2005). In addition, these mice showed generalized
electrographic seizures and histological evidence of seizure-induced reorganization, thus,
associating loss of DIx/ function with delayed-onset epilepsy linked to interneuron loss
(Cobos et al., 2005). Dix2 mutant mice revealed normal histology but a reduction in
tyrosine hydroxylase (TH) immunoreactive neurons (dopaminergic neurons) in the
olfactory bulb (Qiu et al., 1995). Analysis of these mice at post-natal stages is hampered
by their perinatal death. No abnormalities have been reported in the forebrain of Dix5
mutant mice (Acampora et al., 1999). Although no dosage effect was reported thus far in
DIx mutant mice, Horike and collegues (2005) identified D/xJ as a direct target of Mecp2
(gene mutated in individuals with Rett syndrome) and showed that the maternally
expressed DLX5 display a loss of imprinting in lymphoblastoid cells from individuals
with Rett Syndrome (Horike et al., 2005). Taken together, these results suggest that Dix
genes have considerable redundant functions in forebrain development; yet, each Dix
gene may be more or less needed in specific function(s) (with possible dosage effect at
least in humans), or, alternatively, can be required for distinct function(s), as suggested

by the subtle differences and incomplete penetrance of single DIx mutant phenotypes.
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1.8. Regulation of DIx gene function in Vertebrates

The requirement for DIl and DIx function in the development of auditory and
olfactory system, the mouthparts, appendages, and maybe the brain of both invertebrates
and vertebrates suggest that DI/I/Dix was somehow involved in the formation of the
primitive versions of these structures prior to the divergence of the two lineages.
Consequently, some aspects of Dix function may have been inherited from an ancestor
that pre-dates the vertebrate radiation. However, to date, there is no direct evidence for
this at the molecular level in terms of regulation mechanisms and/or common targets of
DIl/DIx. Alternatively, the similarities in DI/l and DIx functions could be the result of
homoplasy, which is the appearance of sameness resulting from independent evolution.
In contrast, following the duplication events that led to multiple pairs of physically linked
Dix genes (after the divergence of modern vertebrates), the expression patterns of
orthologous genes were, in general, conserved. This suggests that selective pressure to
maintain the overall regulatory mechanisms that control DIx expression or to preserve
specialized functions including novel functions of the Dix paralo'gues, was acquired after
the duplication events (Panganiban and Rubenstein, 2002; Quint et al., 2000; Zerucha and
Ekker, 2000). Thus, it is likely that regulatory mechanisms including shared cis- and/or
trans- acting elements, as well as signaling pathways would have likely been included in
these duplication events. This may explain at least some of the overlap in expression

patterns and redundant functions of DIx genes.

1.8.1. Trans- and cis-regulation of Dix genes

Several Dlx cis-acting elements have been identified, some of which are found in
the intergenic regions of Dix bigene clusters and may be shared between the two Dlix
paralogs. Indeed, two enhancer elements, zI461 (400bp) and zI46i1 (300bp) located in the
zebrafish dix5a/dix6a (previously dix4/dIx6) intergenic region were found to drive corréct
forebrain expression in transgenic mouse at E11.5, although t_he second element was

much less efficient than the first one (Zerucha et al., 2000). lacZ expression in these mice
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was found in two domains where endogenous Dlx genes including Dix5 and DIx6 are
expressed. These domains are the subpallium (basal ganglia) in the telencephalon and the
prethalamus and hypothalamus in the diencephalon. The nucleotide sequence of both
elements was highly conserved between zebrafish, mouse and human (>85%). The mouse
enhancer (mI561) also targeted lacZ expression to the same domains of the forebrain in a
constant manner (Zerucha et al., 2000). A 1.6 kb fragment from zebrafish that contains
both elements directs expression of a reporter gene that recapitulates endogenous dlx
expression in the forebrain of zebrafish embryos, suggesting conserved function of these
intergenic enhancers (Zerucha et al., 2000). In all of the above experiments, the reporter
gene expression in mouse matched DIx5 expression more closely than that of DIxé.
Nevertheless, the two enhancers may still be shared by the two DIx genes but interact
differentially with the promoter of each gene (Zerucha et al., 2000). Furthermore, zI46i
(mI561) appears to be regulated by DIx1 and DIx2 in vivo and in vitro (Stuhmer et al.,
2002a; Zerucha et al., 2000). This suggests that DIx1 and DIx2 may act as positive
regulators of DIx5/DIx6 expression through this intergenic enhancer. Thus, cross-
regulatory interactions between DIx genes are important to establish their overall
expression in the forebrain.

Similar to the DIx5/DIx6 intergenic region, five conserved non-coding elements
(size between ~180 and 358 bp, >82% conservation) were identified in the intergenic
region of DIx3/Dix7 in both mouse and human (Sumiyama et al., 2002). One of these
elements shows similarity with an element in the zebrafish dix3/dix7 intergenic domain
(M. Ekker, unpublished data). Three additional elements were found conserved (~85%)
between mouse and human: two were located in the 5’flanking region upstream of DIx3
and one upstream of DIx7 (Sumiyama et al., 2002). A 79kb reporter construct containing
all the above conserved regions, with lacZ inserted into the first exon of DIx3 gene was
tested in transgenic mice. It targeted strong lacZ expression in the limb buds and first and
second visceral arches at E9.5 and E10.5, consistent with the endogenous DIx3
expression pattern. A shorter construct (19kb) with only two elements on each side of the

Dix3-lacZ cassette directed expression in the limb buds but not in visceral arches. This
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suggests differential regulation of Dix3, and, possibly Dix7, by distinct regulatory
element(s).

Transcriptional enhancers of less than 1kb located upstream of the mouse Dix3
(Park and Morasso, 1999) and its Xenopus ortholog (Xdll2) (Morasso et al., 1994;
Morasso et al., 1995) have been identified and drive expression in the surface ectoderm
(epidermis). A 3.8kb fragment of the mouse DIx2 5’-flanking sequence was shown to
confer expression of a reporter transgene to a subset of epithelial cells in both the
mandibular and maxillary components of the first branchial arch, with patterns identical
to endogenous DIx2 expression (Thomas et al., 2000). In addition, DIx3 can activate
transcription from a 1.7kb fragment of the dix5a 5’flanking region in co-transfection

assays suggesting cross-regulatory interactions between D/x genes (Zerucha et al., 1997).

1.8.2. Upstream regulators of Dix genes '

Signaling molecules and transcription factors that regulate Dlx gene expression are
just beginning to be elucidated. Gain of function experiments revealed that SHH can
induce DIx expression in the forebrain (Gaiano et al., 1999). Moreover, DIx2 expression
is greatly reduced in mice lacking Shh (Ohkubo Y, Yun K, Rubenstein J, unpublished
data). RA was among the first factors that was implicated in the induction of Dix gene
expression although its role is still debated and it is not clear yet whether it is the result of
a direct effect or not. Human DLX5 and DLX6 expression is transiently induced 2.5 days
after treatment of embryonic carcinoma cells (NT2/D1) with RA (Simeone et al., 1994).
In contrast, treatment of zebrafish embryos with RA, prior to or during cranial ncural
crest migration, caused a rapid decrease in transcript levels of several dix genes. This
effect was correlated with craniofacial dysmorphologies (Ellies et al., 1997a). Several
members of the BMP family of signaling molecules were shown to regulate the
expression of Dlx genes in different organs. For instance, BMP4 can induce DIx5
expression in osteoblasts (Miyama et al., 1999) and DIxI/DIx2 expression in dental
mesenchyme (Bei and Maas, 1998), as well as Dix3 expression in embryonic ectoderm

(Feledy et al., 1999a). BMP induction of DI/x3 in the embryonic ectoderm is not direct
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(Feledy et al., 1999a). 1t is negatively regulated by S-catenin in early Xenopus embryos,
either as the result of the downregulation of BMP4 expression or through a more direct
interaction (Beanan and Sargent, 2000). BMP2 can induce DIx2 expression in
chondrocytes (Xu et al., 2001). In the chick, BMP2 and BMP4 play a role, along with
Hensen’s node and the neural plate, in the induction of Dix5 expression in the prospective
non-neural epidermis (Pera et al., 1999). Similarly, FGFs can maintain or induce DIx
expression. FGF8 induces DIx/ and DIx2 expression in murine dental mesenchyme (Bei
and Maas, 1998) and DIx/ expression in mandibular and hyoid branchial arches in
chicken (Shigetani et al., 2002). FGF8 negatively regulated the expression, in the first
branchial arch epithelium, of a reporter construct cafrying a 3.8kb fragment of the mouse
DIx2 5’flanking region (Thomas et al., 2000). In contrast, BMP4 had a positive effect
(Thomas et al., 2000) on the same construct. In addition, FGF2 maintains DIx3
expression in axolotl limb ectoderm (Mullen et al., 1996) and can induce DIx5 cxpression
in the nascent chick limb (Ferrari et al., 1999). DIx5 expression can also be induced by
FGF19 in combination with Wnt8c, in the developing inner ear (Ladher et al., 2000).

A few transcription factors have also been implicated in the regulation of Dix gene
expression. Msx!, is required to maintain DIx2 (but not DIx]) expression in the branchial
arch mesenchyme (Bei and Maas, 1998). Ectopic expression of forebrain specific zinc
finger Fezl in zebrafish can induce DIx expression (Yang et al., 2001). Furthermore,
there is evidence that ectopic expression of Mashl in the cerebral cortex induces ectopic
expression of Dix]/ and GAD67 (Fode et al., 2000; Stuhmer et al., 2002a). This suggests
that the Mashl/DIx/GAD cascade may be implicated in the regulation of GABA

expression.

1.8.3. Downstream targets of Dlx genes

Recent studies showed that DIx genes act as transcription factors, mainly
transcriptional activators. They can regulate the expression of a variety of genes
identified as their targets including the Dix genes themselves. Little is known about the

Dlx targets in the forebrain; however, there is enough evidence that links DIx function to

51



the expression of GABA. Ectopic expression of DIx2 and Dix5 in slice cultures of the
mouse embryonic cerebral cortex in vitro using an electroporation method induced the
expression of glutamic acid decarboxylase (GAD65 and GAD67), the enzymes that
synthesize GABA (Stuhmer et al., 2002a). Furthermore, DIx expression vectors can
induce expression from an enhancer element isolated from GADG6S5 in co-transfection
assays (Condie B, unpublished). These results are particularly interesting because they
suggest that the DIx genes are important regulators, not only of the differentiation and
migration of GABAergic neurons, but also of the expression of GAD genes. In addition,
as discussed above, Dix5 and DIx6 are downstream targets of Dix/ and/or DIx2 in the
forebrain (Anderson et al., 1997b; Stuhmer et al., 2002a; Zerucha et al., 2000).

In other organs, several Dix genes have been implicated it the regulation of one or
more genes, either directly or indirectly [for review; (Panganiban and Rubenstein, 2002)].
The DIx2 protein is able to bind a specific sequence (HBS-1) in an enhancer of the Wht-1
gene (Iler et al., 1995). Human DLX3 activates directly a human chorionic gonadotropin
subunit in the placenta (Roberson et al., 2001) and profilaggrin in differentiating
keratinocytes (Morasso et al., 1996). The binding sites that mediate each activation were
identified and share both a TAAT core with the recognition sites for other DIx (and other
homeodomain) proteins. Human DLX4 (previously DLX7) activates both GATA! and
MYC in hematopoeitic cells (Shimamoto et al.,, 1997). Three isoforms of DLX4 have
been identified and shown to differentially repress f-globin transcription by binding to
identical sequences found in its silencer elements (Chase et al., 2002; Fu et al., 2001).
Several targets of Dix5 have been identified during bone formation including osteocalcin
(Newberry et al., 1998; Ryoo et al., 1997), collagen 1A1 (Dodig et al., 1996) and bone
sialoprotein (Benson et al., 2000). The DIx5-binding sites in the regulatory regions of
these genes have been characterized (Panganiban and Rubenstein, 2002).
| Besides binding to DNA, DIx proteins may regulate transcription indirectly
through other molecular mechanisms. It has been suggested that they are able to form
homodimers as well as heterodimers with other DIx proteins and members of the Msx

family of homeodomain proteins (Zhang et al., 1997). These dimerizations are mediated
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by the homedomains of both these families. Thus, DIx proteins may act as transcriptional
activators to antagonize the repression mediated by Msx. This interaction between DIx
and Msx proteins occurs without a requirement for the complex to bind DNA [for review

on DIx and Msx homeoproteins, see (Bendall and Abate-Shen, 2000)].

1.8.4. Consensus sequence and motifs bound by Dix genes

Some of the DIx binding motifs have been characterized. Feledy et al. 1999b
identified a consensus DNA sequence for the Xenopus DIx3 protein (Xdl12), (A/C/G)
TAATT (G/A) (C/G), that is also recognized by other DIx proteins in vitro (Feledy et al.,
1999b). They used binding site selection from a random oligonucleotide pool.
Interestingly, this consensus sequence was present twice in the DIx forebrain-enhancer,
zI1561 (and ml561), and was bound by DIx proteins both in vitro and in vivo (Zerucha et
al., 2000). Thus, zebrafish dix/, 2, 3, 4 and 6, and mouse Dix/, 2, and 5 were capable of
activating transcription from this intergenic enhancer in at least two different cell lines
and in slice culture (Zerucha et al., 2000; Stuhmer et al., 2002:':1). DNA-binding assays
and mutagenesis further demonstrated that the DIx interaction with zI461 was directly
mediated by the two DIx consensus binding sites (Feledy et al., 1999b; Zerucha ct al.,
2000). In addition, transgene expression directed by the same enhancer in the forebrain
was nearly completely abolished in Dix//Dix2 mutant mice (Zerucha et al., 2000). This
was similar to the marked reduction in Dix5 and DIx6 expression in these mutants
(Anderson et al., 1997b). It suggests that Dlx/ and/or DIx2 regulate DIx5/Dix6 expression
through direct interaction with this intergenic enhancer in vivo. Indeed, using an
optimized Chromatin Immuno-Precipitation procedure (ChIP) and specific polyclonal
antibodies to DLX1 and DLX2, Zhou et al. (2004), demonstrated that mI561 was among
several DLX1 and DLX2 target genomic sequences that were isolated from E13.5
embryonic forebrain (ganglionic eminences) nuclear extracts. Reporter gene assays
demonstrated the functional significance of the binding of the two DLX proteins to this
regulatory element, which was further confirmed in vitro by elect.rophoretic mobility shift

assays, using tissue extracts or recombinant DLX proteins (Zhou et al., 2004). Besides
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the consensus sequence mentioned above, several TAAT/ATTA homeodomain binding
motifs were found in the two Dix-forebrain enhancers (Zerucha et al., 2000; Zhou et al.,
2004). These motifs may also participate in the recruitment of DIx proteins and/or other

homeodomain proteins.

1.9. Genomic regulatory regions and comparative genomics

1.9.1. Genomic regulatory regions

After sequencing of the human and other vertebrate genomes such as mouse, rat,
zebrafish and Fugu rubripes (pufferfish) [(Aparicio et al., 2002; Lander et al., 2001;
Waterston et al., 2002), Sanger Institute, http://www.sanger.ac.uk/Projects/D_rerio/; Rat

Genome Sequencing Project Consortium, 2004)], one of the grand challenges for
genomics research in the near future is the comprehensive discovery and the annotation
of all functional elements that constitute these genomes including the regulatory

elements.

1.9.1.1. Functional elements

The functional elements of the human genome (or any other genome) can be
classified, in general, into coding and non-coding regions. These elements contribute to
various functions necessary for an organism to progress through life and reproduction.
Most mobile elements and pseudogenes do not fit this definition. Although coding
regions constitute 1-2% of the human genome (Lander et al., 2001), the minimal amount
of the human genome estimated to be under evolutionary constraint or selection pressure
is ~5% (Ovcharenko et al., 2004; Waterston et al., 2002). Thus the full complement of
protein-coding sequences still remains to be established. Assuming that the presence of
constraint is generally correlated with the presence of function (Hardison, 2000), one can
conclude that a substantial fraction (~2-3%) of the human genome consists of non-coding
functional elements. Although some of these may be non-coding RNA (Eddy, 2002), a

larger number are likely to be regulatory elements with roles in controlling gene
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expression and chromatin organization, among other functions. Even less is known about
the function of roughly half of the genome that consists of highly repetitive sequences or

of the remaining non-coding, non-repetitive DNA.

1.9.1.2. Regulatory elements

Regulatory elements can be divided into two main classes: 1) those that control
gene expression including promoters, enhancers and silencers; and, 2) those that function
in chromatin organization such as insulator elements and matrix attachment regions
(MARSs) (Armone and Davidson, 1997; Pennacchio and Rubin, 2001).

A promoter is the segment of DNA located immediately proximal to the
transcription start site of a gene that is required for initiating transcription. Promoters in
in mammals contain different combination of elements, such as TATA boxes, CAAT
boxes, GC boxes, an octamer element, that contribute to thewr function, but none is
essential for all promoters. These promoter elements play a role in positioning and/or
recruitment of the transcription machinery (RNA polymerase II and upstream
transcription factors), and/or initation of transcription as well as strength and efficiency
of the promoter (Lewin, 1997). Promoter elements are usually located within ~100bp
upstream of the start point (but sometimes more distant), thus, it is relatively easy to
predict the approximate locations of proximal promoters. Indeed, a prediction of the
promoters for 10,000 human genes was made and nearly 90% of a selected group of
predicted promoters (154 segments) were found to function in several cell types
(Trinklein et al., 2003).

Enhancers are regulatory elements that upregulate gene expression by recruitment
and sequence-specific positioning of transcriptional activators. They can be located
within hundreds (sometimes thousands) of kilobases either upstream or downstream of
their target genes. They generally function independently of position or orientation
(Arnone and Davidson, 1997). Unlike enhancers, silencers repress transcription and are
generally found near the promoter of their target genes (Ogbourne and Antalis, 1998;
Smith et al., 2006).
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Insulator elements are barriers that separate domains within chromatin and confine
the action of regulatory elements to their appropriate targets. Besides blocking the action
of enhancers, they can also prevent the spread of chromatin condensation from nearby
regions [(Burgess-Beusse et al., 2002); for recent review, see (Brasset and Vaury, 2005)].

Matrix attachment regions (MARs) may mediate binding to the nuclear matrix and
may have important roles in the higher-order organization of eukaryotic nuclei (Cremer
and Cremer, 2001). A significant fraction of conserved non-coding DNA (11%) in human
and mouse consists of predicted MARs (Glazko et al., 2003). Note that some regulatory
elements can combine more than one of the above functions.

Unlike promoters, identification and characterization of regulatory elements such
as enhancers, silencers and insulators is more challenging because of their unpredictable

locations in the genome.

1.9.2. Comparative genomics

Comparative genomics is a powerful approach to uncover functional elements in
the human genome. It is based on the assumption that functionally significant parts of
genomic sequences evolve more slowly than their non-functional neighborhood, owing to
selective pressure (Kimura, 1983). Furthermore, mutations in ‘functional elements are
likely to be deleterious and will be selected against (Kimura, 1983), resulting in a reduced
rate of evolution (Hardison, 2000; Sidow, 2002; Sumiyama et al., 2001). Conventional
methods used to identify functional elements such as classical deletion mapping and
functional analyses are time- and money-consuming, and are restricted to short genomic
sequences. In contrast, comparative genomics can be used as a large-scale approach that
is quick and practical for the annotation of functional elements based on comparing two
or more orthologous noncoding sequences.

There are two variants within this approach depending on the set of species
analyzed: ‘phylogenetic footprinting’ (1) and ‘phylogenetic shadowing’ (2). The first
variant (1) is used when comparing non-coding sequences from distantly related species

e.g. human/mouse/chicken or human/mouse/fish whereas the second (2) is for sequence
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comparison among closely related species e.g. primates. ‘Phylogenetic shadowing’ was
used successfully to identify non-coding RNAs in nematodes (Lim et al., 2003) as well as
cis-regulatory elements in yeast (Kellis et al., 2003) and primates (Boffelli et al., 2003).
Similarly, ‘phylogenetic footprinting’ allowed the identification of cis-regulatory
elements‘between human, and, primates (Boffelli et al., 2003); mouse (Lee et al., 2004;
Loots et al., 2000) as well as chicken (Ahituv et al., 2005; Dodou et al., 2003; Lien et al.,
2002; Tumpel et al., 2002) and fish (Bagheri-Farﬁ et al., 2001; Santagati et al., 2003; Shin
et al., 2005).

1.9.2.1. ‘Phylogenetic footprinting’

While intra-primate sequence comparisons have allowed the identification of
primate-specific regulatory elements including common elements with mammals
(Boftelli et al., 2003), human to fish comparisons highlight regulatory elements that are
conserved over long evolutionary periods and therefore, are probably shared by all
vertebrates. Furthermore, genome sequence alignments between human and rodent
species (which diverged ~70 Mya) indicate extensive regions of similarity. Whole
genome comparisons between human and mouse have found that 40% of these genomes
can be aligned with each other, but only 5% of these genomes are under active selection
(Waterston et al., 2002). These data suggest that evolutionary divergence between human
and rodents is insufficient to allow resolution of conserved functional DNA from similar,
yet non-functional sequences. Thus, the amount of divergence affects the power and
resolution of these analyses. As a result, increased sequence divergence can improve the
resolution at which features can be discovered and linked to one common ancestor.
Indeed, cis-regulatory regions were identified after comparing human sequences to more
distant specics like birds (Dodou et al., 2003; Lien et al., 2002; Tumpel et al., 2002),
amphibians (Ahituv et al., 2005) and fish (Bagheri-Fam et al., 2001; Santagati et al.,
2003; Shin et al., 2005). Of note, the most remote vertebrate genomes that have been
compared to date are those of human and Fugu rubripes (pufferfish) (Barton et al., 2001,
Nobrega et al., 2003; Ovcharenko et al., 2004; Spitz et al., 2003; Woolfe et al., 2005). In
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fact, the latter species offer several advantages compared with other distant vertebrate
species: 1) Fugu rubripes has the smallest recorded vertebrate genome size (400Mb)
(Brenner et al., 1993) which is one-eighth the size of the human genome. This compact
size 1s attributed to the paucity of repetitive sequences, and to short introns and intergenic
regions; 2) despite this compactness, the Fugu genome has a similar gene repertoire to
mammals (Elgar et al., 1996) and critically, a very similar synteny; 3) the evolutionary
distance between mammals and Fugu is estimated to 450 Mya (Kumar and Hedges,
1998); 4) transgenic studies in rodents demonstrated that many of the conserved Fugu
non-coding sequences are functional cis-regulatory elements involved in tissue- and
developmental-stage-specific expression [for review on comparative genomics using
Fugu, see (Elgar, 2004; Venkatesh and Yap, 2005)].

In sum, comparative analysis using ‘phylogenetic footprinting’ is a very powerful
technique to identify genomic regions under evolutionary constraint. However, it should
be noted that this method may not be applicable across all evolutionary distances and for
all types of genes. Recent results from vertebrate comparisons indicate that strong
conservation of cis-regulatory regions may occur more frequently in developmental
regulator genes [for review on this topic, see (Dickmeis and Muller, 2005); for recent
review on the study of vertebrate cis-regulatory sequences, see (Gomez-Skarmeta et al.,

2006)].
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Statement of Inquiry

GABAergic interneurons constitute between 10-30% of telencephalic neurons.
They are regulators of principal neuron activity and comprise several subtypes that could
be required for common as well as distinct cortical and subcortical functions. Nearly all
GABAergic cortical interneurons in mouse and about half of those found in human were
shown to derive by tangential migration from distinct ventral 'progenitors born in the
basal ganglia during embryonic development. Yet, little is known about the molecular
pathways including the genes and signaling molecules that control the development of
these interneuron progenitors. The Dix genes are among few identified genes that were
shown to be indispensable for normal differentiation and migration of interneuron
progenitors. Consequently, lack of normal Dlx function in the basal ganglia causes loss of
>80% of cortical, hippocampal and olfactory bulb interneurons in mouse due to
premature block of differentiation and lack of migration of mature interneurons. Dlx
function in the ventral telencephalon is mediated by the expression of two pairs of Dlx
genes: Dix1/Dix2 and DIx5/DIx6. These four genes display highly overlapping expression
patterns that could explain their partial functional redundancy. Yet, they also exhibit

distinct telencephalic function(s) and cross-interactions exist between them.

Our understanding of Dix gene regulation and the relevance of DIx function to the
development of inhibitory interneurons is still limited in many ways: 1) the mechanisms
of regulation including regulatory elements that control DIx/ and DIx2 expression in the
forebrain of vertebrates are still unknown, and therefore, 2) it is not clear whether
Dix1/DIx2 and DIx5/DIx6 bigene clusters possess evolutionary common and/or distinct
mechanisms of regulation that control and refine their nested patterns of expression, 3)
little is known about the biological diversity of Dix-progenitors born in different ventral
structures such as LGE, MGE and CGE, and how these progenitors give rise to the
variety of interneuron subtypes found in the mature cortex, finally, 4) what controls the

molecular properties of the Dix-progenitors born in each subdivision of the basal ganglia.
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I have addressed in the present doctoral project some of the above questions. In
the study done in chapter I, I have specifically tackled the first and second questions.
Thus, 1 have studied and compared, in collaboration with Olga Jarinova, the gene
regulation of Dix1/DIx2 and Dix5/DIx6 bigene clusters in vertebrates. We have performed
a ‘phylogenetic footprinting’ among five vertebrate species in a search for conserved non-
coding cis-regulatory elements (CREs) in the intergenic region of each cluster,
separately. As a result, I have identified a novel DIx enhancer -112b- located in the
intergenic region of DIxI/DIx2 in vertebrates that was active in the forebrain of
transgenic mice. We also found the two previously characterized forebrain enhancers,
1561 and 15611, conserved in the DIx5/Dix6 locus of the vertebrate species studied here. In
the study performed in chapter I, I tackled partially the third and fourth questions with
the purpose of understanding the biological diversity of Dlx-'progenitors born in the
subpallium and the variety of cortical interneurons derived from these progneitors. First, |
have described the identification of an additional forebrain-specific enhancer -URE2-
located in the Dix/ 5° flanking region of four vertebrate species. Second, I have
compared the activities of URE2, and, two of the forebrain-specific enhancers described
above, [12b and 156i, in the subpallial telencephalon of transgenic mice during
midgestation. Consequently, I have suggested the existence of a potential relationship
between the distinct spatio-temporal activities of the three CREs in Dlx-progenitors
during midgestation and the development of various types of cortical interneurons in the
adult mouse brain. Finally, in the last study described in chapter III, I have conducted a
detailed spatial and temporal comparison of the regulatory activities of all four D/x-CREs
in the forebrain of transgenic mice throughout development. The regional and laminar
activities of the enhancers were also compared with the endégenous DlIx expression

during midgestation.
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Abstract

DIx homeobox genes of vertebrates are generally arranged as three bigene clusters
on distinct chromosomes. The DIxI/Dix2, DIx5/Dix6, and DIx3/DIix7 clusters likely
originate from duplications of an ancestral Dix gene pair. Overlaps in expression are
often observed between genes from the different clusters. To determine if the overlaps are
due to the conservation of enhancer sequences between paralogous clusters, we compared
the DIxI/DIx2 and the DIx5/DIx6 intergenic regions from human, mouse, zebrafish and
from two pufferfish, Spheroides nephelus and Takifugu rubripes. Conservation between
all five vertebrates is limited to four sequences, two in DIxI1/DIx2 and two in Dix5/DIx6.
These non-coding sequences are more than 75% identical over a few hundred base pairs,
even in distant vertebrates. However, when compared to each other, the four intergenic
sequences show a much more limited similarity. Each intergenic sequence acts as an
enhancer when tested in transgenic animals. Three of them are active in the forebrain
with overlapping patterns despite their limited sequence similarity. The lack of sequence
similarity between paralogous intergenic regions and the high degree of sequence
conservation of orthologous enhancers suggest a rapid divergence of Dlx intergenic
regions early in chordate/vertebrate evolution followed by fixation of cis-acting

regulatory elements.

2.1. Introduction

Vertebrates possess anatomical features not seen in their closest living invertebrate
relatives, the protochordates such as tunicates or cephalochordates. Genetic changes, such
as the evolution of new regulatory pathways, may have permitted the origin of these
innovations. Gene duplication followed by functional divergence of paralogs constitutes a
major mechanism that permits such changes. An important contribution to the
evolutionary divergence of paralogs may be through changes in mechanisms that control

gene expression via cis-acting regulatory sequences in the non-coding region of genes.
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However, the identification of cis-acting regulatory elements remains challenging, even
after the completion of a few vertebrate genome sequences.

 The vertebrate Dlx genes, which encode a family of homeobox-containing
transcription factors related in sequence to the Drosophila Distal-less (DIl) gene product,
constitute one example of functional diversification of paralogs. All vertebrates
mvestigated thus far have at least six DIx genes that are generally arranged as three
bigene clusters: Dix1/Dix2, Dix5/Dix6, and DIx3/DIx7 (Ellies et al., 1997b; Liu et al.,
1997; McGuinness et al., 1996; Nakamura et al., 1996; Simeone et al., 1994; Stock et al.,
1996). Each bigene cluster is localized on a distinct chromosome that also contains onc of
the Hox clusters, suggesting that the duplication events that generated the multiple Dix
bigene clusters of vertebrates also involved the Hox genes (Amores et al., 1998; Stock et
al., 1996). The two linked DIx genes are in an inverted configuration and separated by a
short intergenic (3.5- 16 kb) region. Since only one DIl-like gene is found in invertebrates
such as Drosophila and C. elegans, the multiple vertebrate Dlx genes are thought to have
arisen as a result of tandem gene duplication events from one “hypothetical” common
ancestor to nematodes, arthropods and vertebrates. The presence, in the tunicate C.
intestinalis, of a pair of DIl-like genes with an organization similar to that of the
vertebrate DIx genes (Caracciolo et al.,, 2000; Di Gregorio et al., 1995) supports the
hypothesis that the initial duplication predated the existence of vertebrates.

Gene families such as the DIx family provide attractive models for studying gene
regulation and functional divergence between paralogs. The bigene cluster arrangement
of Dix genes is conserved amongst distant vertebrates and a direct association is seen
between the genomic organization of the genes and their expression patterns in different
species (Ellies et al., 1997b; Zerucha et al., 2000) suggesting that the mechanisms of
regulation might have been conserved, at least in part. Functional conservation among
different orthologs, as inferred from comparative expression patterns seems to be
applicable to most vertebrate Dix genes (Quint et al., 2000; Zerucha et al., 2000). Partial
functional redundancy between DIx paralogs is suggested by the overlapping gene

expression patterns and phenotypes of mice with targeted D/x mutations (Acampora et
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al., 1999; Anderson et al., 1997b; Depew et al., 1999; Qiu et al., 1997; Qiu ect al., 1995;
Robledo et al., 2002). Sharing of cis-regulatory elements between members of a Dix
bigene cluster may contribute to the overlap in gene expression and to their partial
functional redundancy.

Consistent with a model of enhancer-sharing, two highly conserved enhancer
elements, [561 and [56i11, were identified in the intergenic region of the DIx5/DIx6 genes
of zebrafish, mouse and human and were able to target expression of reporter transgenes
to the forebrain of both mouse and zebrafish in patterns that mimic endogenous gene
expression (Zerucha et al., 2000). Recently, Sumiyama and collaborators conducted a
comparative sequence analysis of the mouse and human DIx3/Dix7 (Dix3/Dix4 was
suggested as revised nomenclature by Panganiban and Rubenstein, 2002) bigene cluster
(Sumiyama et al., 2002). Conserved sequences were identified both in the coding and
non-coding regions of DIx3/Dix7. Comparisons of the two mammalian loci with the
orthologous dix3/dIx7 bigene cluster from zebrafish revealed a much more limited
similarity (Sumiyama et al., 2002).

The two genes from the DIxI/DIix2 cluster are expressed in the developing
forebrain with patterns that overlap partially with those of Dlx5 and DIx6. As the
DIx1/DIx2 and DIx5/DIx6 bigene clusters probably originate from the duplication of an
ancestral cluster, the forebrain expression of DIx/ and DIx2 could be attributable to
enhancer sequences related to I561 and/or 156ii. To address this possibility and to get a
comprehensive understanding of cis-acting regulatory elements in the DIx//DIx2 and
DIx5/DIx6 intergenic regions, we have performed a homology search (‘phylogenetic
footprinting’) between the intergenic regions of the two bigene clusters from five
vertebrate species: human, mouse, zebrafish, Takifugu rubripes (formerly Fugu rubripes)
and Spheroides nephelus. Sequence conservation between all five species is limited to
four distinct sequences of a few hundred base pairs, two in each intergenic region. Each
sequence shows enhancer activity in transgenic mice and/or zebrafish. A novel forebrain
enhancer, 112b, was identified in the DIx//DIx2 intergenic region, but surprisingly, it

shows almost no sequence similarity to the 1561 and 5611 forebrain enhancers, suggesting
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that highly overlapping patterns of expression but with subtle differences can be

conferred by highly different cis-acting regulatory sequences.

2.2. Material and methods

2.2.1. Dix gene nomenclature

In order to help standardize the nomenclature for vertebrate Dix genes, we found it
useful to adopt that recently suggested by Panganiban and Rubenstein (Panganiban and
Rubenstein, 2002). As the DIx genes are found in regions of conserved synteny that
contain the Hox clusters, the new nomenclature is aligned with ihat of the zebrafish /iox
clusters (Amores et al., 1998). Thus, the zebrafish gene we refer to as dlx5a in this study
is the gene previously named dix4 (Akimenko et al., 1994). Similarly, the zebrafish gene
previously named dix5 is renamed dix2b as it is a dix2 duplicate (see Discussion). The
previous dixl, dix2, and dix6 genes are renamed dix/a, dix2a, and dlx6a, respectively.
Finally, the previous dix3, dix7, and dix8 genes of zebrafish would be renamed, dix3b,
dix4b, and dix4a, respectively. We kept the DIx3/DIx7 nomenclature for the mouse genes
throughout the current report for the sake of simplicity but indicated the suggested name

change.

2.2.2. Isolation and characterization of Dix genes from Spheroides nephelus

Clones from a PAC library (Amemiya et al., 2001) were screened using a PCR
approach for a conserved region of Dlx genes (Stock et al., ‘1996). Two degenerate
oligonucleotide primers located in the zebrafish dix2 homeodomain were used to amplify
the  homeodomain including  intron B of dix  positive clones:
5’GGAATTCAA(AG)CC(ACGTHAC)G(ACGT)ACACGT)AT(ACT)TA  3* and 5
CGGGATCC(AG)AACCA(AGTAT(ICDHTT(ACGT)AC(CTHTG  3’.  Amplification
consisted of five cycles at an annealing temperature of 45°C for 45s with a two minute
and 15 seconde ramp to 72°C, followed by 25 step cycles at an annealing temperature of

55°C for 45s. The PCR fragments (300-400bp) were sequenced using the 3100 DNA
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Sequencer from Applied Biosystems and preliminary orthology assignment was
established. Identity of dix/a/dix2a positive clones (3 clones) was confirmed by
amplifying a 190bp highly conserved fragment located in the 112b sequence using the
following oligonucleotide primers (zebrafish): 5> CAGTTGAGCATTCTGGCT 3’ and 5’
GCTCTAGATGTTATGCTAAAA 3°. Amplification consisted of 30 cycles at an
annealing temperature of 45°C for 45s. Identity of dix5a/dlx6a positive clones (5 clones)
was confirmed by amplifying a 129bp highly conserved fragment located in the 1561
sequence using the following oligonucleotide primers (zebrafish):
5’GGGGTACCATTCTCATAAATG 3° and 5° GGGGTACCAAATAAAGAT 3.
Amplification consisted of 30 cycles at an annealing temperature of 55°C for 45s.
Genomic fragments comprising exon 3 of positive dix clones plus the intergenic region
between dlx genes were sequenced later on using primer walking and the shotgun
method. Sequencing was performed using the 3100 DNA Sequencer from Applied

Biosystems.

2.2.3. Sequence analysis

The zebrafish, mouse and Spheroides intergenic sequences were determined from
previously isolated genomic clones (Depew et al., 1999; Ellies et al., 1997b; McGuinness
et al.,, 1996) or from the Spheroides clones described in the above paragraph. The
sequences are deposited in Genbank under accession numbers: AY168007-AY168012.
The sequences from human and Takifugu rubripes were obtained from public databases:
Human DIx1/Dix2, Genbank accession number NT 005332.9; Human DIx5/DIx6,
Genbank accession number NT 033964.1; Takifugu dixI/dIx2, scaffold 21, position
120318 to 125668, Takifugu dix5/dix6, scaffold 3932, position 6627 to 10192. For the
Fugu Genome Consortium / JGI (DOE Joint Genome Institute), see

http://www.jgi.doe.gov/index. html.

Pairwise sequence alignments are performed with PIPMAKER (available at

http://bio.cse.psu.edu/pipmaker/), or with the BestFit, and Mapplot programs of the GCG
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Wisconsin package. Multiple sequence alignments are performed with the Pileup and

Clustal X programs.

2.2.4. Transgenic animals

For transgenic mice, sequences from the DIx intergenic regions were subcloned
into the p1229/p1230 vectors (Yee and Rigby, 1993) that contain a human [S-globin
minimal promoter and the /acZ reporter gene. The constructs that were used to gencrate
the transgenic mice are: 1) Both ends of a 4.8kb -Bg/Il- mouse intergenic fragment
containing 112b were partially filled with nucleotides A and G for 1h at 37°C using
Klenow fragment of DNA polymerase I, the fragment was then subcloned into p1230
using Sall restriction sites that were partially filled with C and T nucleotides for site
compatibility; 2) a 1.9kb -Xbal/EcoRI- mouse intergenic fragment containing I12a was
subcloned into p1229 using the same restriction sites; 3) two EcoRI mouse intergenic
fragments containing 1561 (4.3kb) and [56i1 (3.9kb) were subcloned into PCR2.1,
separately, then cut and inserted into p1230 using Kpnl/HindIII restriction sites. Embryos
from the mating of a transgenic male with wild type CDI females were harvested at
E11.5. Pregnant females were sacrificed by cervical dislocation. E11.5 mouse embryos
were fixed in 4% paraformaldehyde (PFA) for 1h at room temperature (RT), then washed
in 1x PBS for 30 min and stained for f-galactosidase activity overnight at 28°C in a
solution of 1 mg/ml X-gal, 5 mM K3Fe(CN)s, S mM KyFe(CN)g, 2 mM MgCl,, and
0.02% NP-40 in PBS.

For transgenic zebrafish, intergenic enhancer sequences were inserted into a sp72
modified plasmid (sp72-pEGFP-N1) containing the pEGFP-N1 reporter gene (size
~1.1kb inserted in SstI sites) and placed downstream of a 3.5 kb fragment from the
immediate 5°-flanking region of zebrafish dlx6a, including part of the 5°UTR (inserted in
Xbal sites). This fragment by itself does not produce any tissue-specific expression in
transgenic zebrafish (Figure 2.6. F). Besides the previous construct, two additional
constructs were generated and injected into zebrafish fertilized eggs: a 1.4kb zebrafish

intergenic fragment containing both 1561 and 156ii and a 4kb mouse intergenic fragment
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containing 1561 were subcloned separately into sp72-pEGFP-N1 using Kpnl/Clal

restriction sites in a two-step subcloning.

2.3. Results

2.3.1. Genomic organization of DIx1/DiIx2 and DIx5/DIx6 bigene clusters in

two species of pufferfish

The genomic organization of two loci containing Dlx genes was examined in
Spheroides nephelus and Takifugu rubripes and was compared to that of zebrafish, mouse
and human. Initial orthology assignment was based on the sequence of the third exon of
the genes, which contains part of the homeobox. Orthology was further confirmed by
sequence analysis of the intergenic region. As previously described for zebrafish, mouse
and human (McGuinness et al., 1996; Simeone et al., 1994, Ellies et al., 1997b; Zerucha
et al., 2000), the dix1/dIx2 genes and the dix5/dix6 genes of Spheroides and Takifugu are
organized as two pairs of genes, both found in an inverted and convergent configuration
(Figures 2.1. A and 2.2. A).

The size of the DIx1/DIx2 intergenic region in the five species varies between
about 4.5-5.0 kb for the two pufferfish to 10.7 kb for human (Figure 2.1. A). It was
difficult to determine with precision the size of the pufferfish intergenic regions because
no cDNA sequences are available for the DIx/ and DIx2 genes from these species and
unequivocal polyadenylation signals were sometimes hard to find in the genomic
sequence. The distance that separates the two stop codons is 5.3 kb in both species.

The size of the DIx5/DIx6 intergenic region varied betwe'en 10 kb for mouse and
human and about 3.0-3.5 kb for the three teleost fish (Figure 2.2. A). Thus despite the
fact that the genome size for Takifugu rubripes and Spheroides nephelus is about 4 and 8
times smaller than those of the zebrafish and mouse/human, respectively, this is not

reflected in proportionally smaller intergenic regions.
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Figure 2.1. Conserved sequences in the DIx//DIx2 intergenic region

(A) Schematic representation of the DixI/DIx2 intergenic region of five vertebrate
species. The third exons of the DIx genes are indicated. The position of the
polyadenylation sequence in the DIx genes of Spheroides and Takifugu is an estimate. In
addition to the I12a and 112b sequences, ovals labeled ¢ represent a region of sequence
conservation between the three teleost fish species. (B) Percentage identity for I12a and

[12b in pairwise sequence comparisons.
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Figure 2.2. Conserved sequences in the DIx5/DIx6 intergenic region

(A) Schematic representation of the DIx5/DIx6 intergenic region of five vertebrate
species. The third exon of each DIx gene is indicated. The position of the polyadenylation
sequence in the Dix genes of Spheroides and Takifugu is an estimate. In addition to the
I561 and I56ii sequences, ovals labeled iii, iv, and v represent regions of sequence
conservation between a subset of the five species. Sequence alignments can be found in
Supplementary Figures. (B) Percentage identity for 1561 and 156ii in pairwise sequence

comparisons.
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2.3.2. Sequence comparisons and identification of highly conserved non-

coding sequence elements in the Dix intergenic regions

We examined the DIxi/Dix2 and DIx5/DIx6 intergenic regions of the five
vertebrate species for conserved sequences. The mouse and human DIx]/DIx2 intergenic
regions were highly similar with 80% overall sequence identity (Figure 2.3. A). The same
applies for the human DIx5/Dix6 intergenic region (78%,; Figure 2.3. B) and for the
dix1/dIx2 and dix5/dIx6 intergenic regions of Takifugu rubripes and Spheroides nephelus
with 85% and 87% sequence identity, respectively (data not shown). This reflects the
relatively recent divergence from one common ancestor between mouse and human
(approx. 60 million years), on the one hand, and between the two'species of pufferfish, on
the other hand (between 5-35 million years). Despite the high degree of sequence
conservation between orthologous loci, the paralogous intergenic regions, D/x//DIx2 and
DIx5/DIx6, do not show any striking sequence similarity and no large regions of sequence
similarity can be found between the intergenic sequence separating Dix3 and DIx7 of
human, mouse and zebrafish (Sumiyama et al., 2002).

Two highly conserved sequences that were previously identified in the Dix5/DIx6
intergenic region of zebrafish, mouse, and human (Zerucha et al., 2000), 1561 and 15611,
were also found in the dix5/dix6 intergenic regions of Takifugu and Spheroides. They
constitute the only two regions of high sequence similarity between all five species
(Figures 2.2. A and 2.3. B). The sizes of 1561 and 156ii are approximately 440 bp and 310
bp, respectively, and the identity percentages in pairwise comparisons vary between 81
and 99 percent (Figure 2.2. B; 5-species alignment provided as' Supplementary Figures
2.1. and 2.2.). The relative positions and orientation of the 1561 and I56ii sequences with
respect to the flanking genés were identical for all five vertebrates. In both the
mouse/human (Figure 2.3. B) and the Takifugu/Spheroides (data not shown) alignments,
I561 and [56ii reside in a region of overall stronger sequence conservation.

In addition to 1561 and 156ii, we found two sequences of 150-200 bp with higher
than 80% identity between zebrafish, Takifugu, and Spheroides (Figure 2.2. A,
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Figure 2.3. Percentage identity plot (PIP) of the (A) Dix1/2, and (B) DIx5/6 intergenic
regions between mouse, human and zebrafish

The mouse sequence is shown on the horizontal axis and the percentage identity to
the human (top plot) and zebrafish sequences (lower plot) are shown on the vertical axis.
Sequences used for comparison include the intergenic regions and the 3’UTRs of both
flanking genes. In (A), DIxI is to the left and in (B), DIx5 is to the left. Shaded dark and
light gray areas indicate the positions of enhancers. Repetitive sequences arc shown as
follows: black triangles, MIR, mammalian interspersed repeats; vertical rcctangles,
simple sequence repeats; CpG islands: white horizontal rectangle, CpG ratio >0.60; gray
rectangles, CpG ratio >0.75. For further details on PIP analyses see

http://elobin.cse.psu.edu/pipmaker.
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Supplementary Figure 2.1. Multiple sequence alignment of I56i in five vertebrate
species
M: mouse; H: human, T: Takifugu rubripes, S: Spheroides nephelus; and Z:

zebrafish. The consensus sequence represents identity in four out of five species.
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H_Is6_i
M _I56_1
T I56 i
S 156 i
Z_156_1
Consensus

H_I56 1
M I56 1
T_I56 i
S I56 i
zZ_156_1
Consensus

H_I56_i
M _IS56_1
T I56_1
S_Is6_ i
Z_156_1i
Consensus

H_ISG_i
M_I56_i
T_156_i
S_I56_i
Z_156_i
Consensus

H_I56 i
M 156 1
T _I56_1i
S_I56_1i
Z 156 i
Consensus

H~156_i
M_I56_i
T_IS6_i
S_ISG_i
Z_IS6_i
Consensus

H 156 i
M_I56 1
T I56 i
S_I56_1i
2_I56_i
Consensus

GCALLAIAAI
GCGTCGTAAT
GCGTCGTAAT
ACATTGTAAT
GC-T~-TAAT

51
.GCAATTTGT
.GCAATTTGT
GGCAAT
GGCAATTIGT
GGCAATTTGT
-GCAATTTGT

oy

4

101

TCCTGT.
T.CTGTGCTA
T.CTGTGCTA
T, CTTTGCCA
ToCTET- =T

151

GGAAGAAAAT
.G. .GAAAAT
GGTAGAAAAT
GGTAGAAAAT
GGTAGARAAT
GG-AGAAAAT

201

CGGGCTACAT
CGGGCTACAT
CGGGCTACAT
CGGGCTACAT
CGGGCTACAT
CGGGCTACAT

301

AAATTGTCCC
AAATTGTCCC
AAATTGTCCC
AMATTGTCCC
AAATTGTCCC
AAATTGTCCC

TTTGGTTAAT
TTTGGTTAAT
TTCAGATAAT
TTCAGATAAT
TTTAGATAAT
TT--G-TAAT

ACATGAATAA
~-TATGAATAA

CCT.GAATCT
CCT.GAATCT
CCTCAAATCC
CCTCAAATCC
CTTCARATCC
CCT--AATC-

TACAGGTAAT
’TACAGG"I’AAm

TACAGGTAAT
TACAGGTAAT
TACAGGTAAT

GAAAAATTAC
GAAARATTAC T

CAAAAATTAC
CAAAAATTAC
CAAAAATTAC

-AARRATTAC

CAATGTCTGC
CAATGTCTGC
AAATATCTCC
AAATATCTCC
AAATATCTCC
-AAT-TCT-C

TTTCAAT
1

CITCAATTTT
ATCCCG. ...
ATCCCG. ...
ATCCCA. ...

CAGAATAATT
CAGAATAATT
CCGAATAA
CCGAATAAT
CCGAATAATT
C-GAATAATT

AAATADAAGAT
AAATAAAGAT
AAATAAAGAT
AAATAAAGAT
AAATAMAGAT
AAATAMAGAT

TATCTTTGAC

TCTTTGAC
ATCTTTGAC
TATCTTTGAC
TATCTTTGAC
TATCTTTGAC

-CTAATTATG

AAARAAACCTT
AAAAADCCTT
AAAARDAGCTT
ARAAAAGCTT
AAAMDACCCT
AAMARA-CTT

TTCAAATTGG
TTCAAATTGG
TTCATATTGA
TTCATATTGA
TTCATATTGA
TTCA-ATTG-
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AG.G.TC.CT
AG.G.TC.CT
AGCGCTCACT
AGCGCTCACT
AGCGTTCACT

AG-G-TC-CT

TCecereTTTT
TCCCTCT”TT

GGCTTITTAG
GGCTTTTTAG
.GCCTTTTAG

GGTAAAAACG
GGTAAAAACG
GGTAAAAACG
GGTAAAAACG
GGTAAAMAACG
GGTAAAAACG

GCTGCAT”TA

CCTGCATLTA

CCTGCATTTA
TCTGCATTTA
-CTGCATTTA

CT.TGTGGAT
CT.TGTGGAYT
CACT . TGGAT
CACT . TGGAT
CTCT.TGGAT
C--T-TGGAT

ATG. .GCACT
ATG. .GCACT
ACGCCG. .CT
ACGCCG. .CT
ACG.AG.ACT
A-G--G--CT

50
ACGTCTCT. .
ACGTCTCY. .
.C..CTCTCC
~c..crerce
.c.rc.Ccr.C
-C--CTCT -~

100

GTLTCGCCTZ
GTTCCA. ...

T GITCCA. ...

GTTTCG. ...
GTT-

150
TATTAAAAGT
TATTAAAAGT

TATTAAAAG“
’T‘AT'T‘AAAAG"n

200
CTGTAATCAG
CTGTAATCAG
CTGTAATCAG
CTGTAATCAG
CTGTAATCAG

CTGTAATCAG

250
AGAGAAT. ..
AGAGAAT. ..
TGAGAAT.GG
TGAGAATGGG
TGAGAAT.
-GAGAAT---

300

DAAAAA, CCTYT
AAARAACCCAC
AARAACCCAC
.AAARCCCAT
ARARAA-CC—

350
GCAGCTGGAG
GCAGCTGGAG
GCAGCTGGCT
GCAGCTGGCT
GCAGCTGGAT

GCAGCTGG—



351 400
H_I56_1i GCTTTGTT.C AGAATTGATC CTGGGGAGCT ACGAACCCAA AGTTTCA.CA
M I56 1 GCTTTGTYT.C AGAATTGATC CTGGGGAGCT ACGAACCCAA AGTITCA.CA
T I56_i GCTTTGTITCC A.CATCGATC CCGCGGAG.T TTG...GC.. A.TTT.RAC.
S_I56_1 GCTTTGITTCC A.CATCGATC CCGCGGAG.T TTG...GC.. A.TTT.AAC.
Z2_I56_1i GCTTTGTT.C AGGATCGATC CTGTGGCG.A AAG...GC.. A.TTC.AGC.
Consensus GCTTIGTT-C A--AT-GATC C-G-GGAG-T --G----C-- A-TTT-A-C-

401 447
H_ISG_i G...7TAG..G A...AGG.GG GA.AAAAA.G AAAAGAAAAC ATTTTIC
M_ISG_i G...TAG..G A...AGG.GG GA.AAAAA.G AAAAGAAAAC ATTTTTC
T I56_1i GGCCT.GC.. AT.TAGG.AC GA.AGAGACG .GGAGAAAAC A.TTIT~
S _I56 1 GGCCT.GC.. AT.TAGG.AC GA.ANAGACG .GGAGAARAC A.TTTT~
Z_IS6_i GTCTT.GCAG ATCAAGGCA. GAGAGAAAGG .GGA.AAAAC A.TTTT~
Consensus G---T1T-G--- A---AGG--- GA-A-A-A-G ---AGAAAAC A-TITTT-
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alignments provided as Supplementary Figures 2.3. and 2.4.). The first is found in the
3’UTR sequence of zebrafish dix5a (see note concerning the nomenclature of zebrafish
dix genes in the Methods section) and at a corresponding position, with respect to the
predicted stop codons of the Takifugu and Spheroides orthologs (Figure 2.2. A). The
second is found just downstream of the 3’UTR of zebrafish dix6a and at a similar
position in the pufferfish orthologs. Finally, a fragment of about 100 bp with §3%
sequence identity was found between the end of dix5a and 15611 in zebrafish and Takifugu
but was not found in Spheroides (alignment provided as Supplementary Figure 2.5.).
None of the three shorter conserved sequences could be identified in the two mammalian
loci.

We identified two highly conserved sequences in the DIx1/DIx2 intergenic regions
of the five vertebrates. The first, [12a, is approximately 550 bp in length and the
percentages in sequence identity in pairwise comparisons Vary'between 83% and 99%
(Figures 2.1. B and 2.4.). The second, 112b, is about 400 bp in length and shows
percentages of identity that vary between 75% and 97% (Figures 2.1. B and 2.5.). The
relative positions and orientations of 112a and 112b with respect to the Dix/ and Dix2
genes were identical in all five species. As for I56i and 156i1, the 112a and 112b sequenccs
reside in a region of overall stronger sequence conservation in mouse/human (Figure 2.3.
A) and in Takifugu/Spheroides (data not shown) pairwise comparisons.

In addition to I12a and 112b, we identified a sequence of about 320 bp, 112¢, that
was conserved between Takifugu, Spheroides, and zebrafish. This sequencc is located
between the end of dlx2 and 112a (Figure 2.1.A; alignment provided as Supplementary
Figure 2.6.). Finally, a sequence of about 110bp was found in or near the 3’UTR of Dix/
of mouse and human and the in the zebrafish dix//dIx2 locus, between the 3’end of dix/
and I12b (alignment provided as Supplementary Figure 2.7.). This sequence contains a

TTA tri-nucleotide repeat but sequence conservation extends beyond this repeat.
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Supplementary Figure 2.2. Multiple sequence alignment of 561 in five vertcbrate
species
M: mouse; H: human, T: Takifugu rubripes, S: Spheroides nephelus; and Z:

zebrafish. The consensus sequence represents identity in four out of five species.
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H_Is56_ii
M_I56 ii
T_Is56 ii
S_I56_ii
Z_156 ii
Consensus

H I56_ii
M I56_ii
T_I56_ii
S _I56 ii
Z_I56_ii
Consensus

H_ISG_ii
M_156_ii
T_ISG_ii
S _I56 ii
Zz _I56 ii
Consensus

H_I56_ii
M_156 ii
T I56_ii
S_1Is6_ii
z_I56_ii
Consensus

H_Is6_ii
M I56_ii
T_I56 ii
S_Is6 _ii
Z _I56 1ii
Consensus

H_IS6_ii
M_IS6_ii
T_I56_ii
S_IS6_ii
Z_I56_ii
Consensus

H_I56 ii
M_ISG_ii
T I56_ii
S_I56_ii
Z I56_ii
- Consensus

1
AAATAGGGTC
AAATAGGGTC
AARATCGAGTC
AATTCGAGTC
AAACCGCGTA
AAAT-G-GTC

51

. TGTAACACT
IGTAACACT
"AACACT
CIGTAACACT
CTGTAACACT
-TGTAACACT

101
TATCATAA.T
TATCATAA.T
TATCATAA.T
TATCATAATT
TATCATAA
TATCATAA-T

151
AGG. TCTTGA
AGG. TCTTGA
TGETTCTTGA
TGGTTCTTGA
TGGTTCTTGA
-GG-TCTTGA

201

GTACCAC. .G
GTATCAC. .G
CC.CC.CAARG
CC.CC.CAAG
.T.CC.CTIGG
---CC-C--G

251
TGCTGGC.A.
TGCTGGC.A.
TGCAGGCGAT
TGCAGGCAAT
TGCAGGCAAT
TGC-~-GGC-A~-

301

CCTGGATGTG
CCTGGATGTG
CCTGGATTTG
CCTGGATTTG
CCTGGATTTG
CCTGGAT-TG

TAAATAATGG
TAAATAATGG
TAAATAATGA
TAARATAATGA
TAAATAATGA
TAAATAATG-

CTGTAATAAT
CTGT.ATAAT
CCACAATAA.
CCACAATAA.
CAACAATAAT
C---AATAA-

CTGGACGTTT
CTGGACGTTT
CTGGACATTG
CTGGACATTG

CTGGAC-1]

TTACAG.CA.
TTACAG.CA.

TTGCAGAGA.
TTGCAGA.AG
TT-CAG--A-

CTAACCATCA
CTAACCATCA
CTCGCCATCA
CTCGCCATCA
CTCACCATCA
CT--CCATCA

ATATAAGAGG
ATANTAAGAGG
ATATAAGAGC
ATATAAGAGC
ATATAAGAGG
ATATAAGAG-

317
CTCaA..C
CICA. .C
CTTATTC
CTTATTC
CITA..C
CT-A--C

CTGGACATTT

CTGAATTAGC
CTGAATTAGC
C. .AGTTAGC
C..AGTTAGC
C. .AGTTAGC
C--A-TTAGC

TATA.TTGCA
TATA.TTGCA
T.TAVTT.CT
T.TAVTYT.CT
TATACTTCCA
T-TA-TT-C-

ACAATTATCT
ACAATTATCT
ACAATTACCT
ACAA.TACCT

CCTACTGGAC
CCTACTGGAC
TTTACTGGAC
TTTACTGGAC
TTTACTGGAC
- -TACTGGAC

GGCTGGATT.
GGCTGGATT.
.CCAGGATTA
.CCAGGATTA
.CCAGGATT.
--C-GGATT-

GTAATTTGCA

I ATAATTTGCA

- TART

"GCA

S TTTTTTTTTT

A.GTTT
A.GTTTCAGA
T.GCTCCG.A
A.GCTTCA.A
ACCCT.CA.A
A-G-T-CA-A

100
AGGATGCTAT
AGGATGCTAT
AGGCCGCCAT
AGGCCGCCNG
A.G.CTCCAT
AGG--GC-AT

150
AAGATGCGCC
AAGATGCGCC
AAGATGCGCT
AAGATGCGCT
AAGATGCGCC
AAGATGCGC-

200

R

CTAAACAGTG
CTAARCAGTG
CTAAACAGTG
CTAAACAGIG
CTAAACAGTG
CTAAACAGTG

TG...CTGGG
TG. . .CTGGG
T.TACC.AGG
T.TACC.AGG
TGT..C.GGG
T----C~-GG
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B A0 R A Tt A B i ¢

T T
v TTETTC
.. .ATTCCCC

ACAGTAATAA
ACAGTAATAA
ACAGTAATAA
ACAGTAATAA
ACAGTAATAA
ACAGTAATAA

GTGTGCAAAC,

GTGTGCAAAC
GTGTGCAAAC
GTGTGCAAAC
GTGTGCRAAC
GTGTGCAAAC

250
CAGCTAATTYT

CAGCTAATTT
CAGCTAATTT
CAGCTAATTT
CGGCTAATTTY
CAGCTAATTT

300
AATTT.CACA
AATTT.CACA
ACTTTCC.CA
ACTTTTC.CA
ACTTT.CACA
A-TTT-C-CA



Supplementary Figure 2.3. Multiple sequence alignment of I56iii in three fish species
T: Takifugu rubripes; S: Spheroides nephelus; and Z: zebrafish. The consensus

sequence represents identity in three out of three species.
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T 156 _iii
s 156 _iii
Z 156 _iii
Consensus

T _I56_iii
S I56 iii
Z_I56 iii
Consensus

T_ISG_iii
S _I56_iii
z 156 _iii
Consensus

T_Is6_iii
S_I56_iii
Z_I56_iii
Consensus

1
ATGTTGATTT
ATGTTGAT

101

GAACCGTGTA
GAACCGTGTA
GAA.CGTGTA
GAA-CGTGTA

151
GAAGACTATT
GAAGACTATT

. GACTTTTT

CACAGGAATA TGCAATTGTA
CACAGGAATA TGCAATTGTA
TTGAGGAATA TGCAA.TGTA
-~ -AGGAATA TGCAA-TGTA

AANTGTGTAA A.TGTGTGCA
AAATGTGTAA A.TGTGIGCA
TAATGTGTAA ATTGTGIGCA
-BATGTGTAA A-TGTGTGCA

167
AAACGTT
AAACGTT

JAALLTT

83

T.TCTATGGG
T.TCTATGGG
TGTATATTGG
T-T-TAT-GG

T...T.TGAC
oL TUTGGC
TCGATATGGC
----T-TG-C

TCTAATTTAT
TGTAATTTAT
TGTAATTTAT
TGTAATTTAT

50
ACTCG.TG. T
ACTCG.TG.T
ACTGGTTGYT
ACT-G-TG-T

100
AGTCATAGAA
AGTCATAGAA
AGTCCTAGAA
AGTC-TAGAA

150
TGCA. TTTIG
TGCATTTTTG
TGCA. . TTTG
TGCA—-TTTG



Supplementary Figure 2.4, Multiple sequence alignment of I56v in three fish species

T: Takifugu rubripes, S: Spheroides nephelus; and Z: zebrafish. The consensus

sequernce represents identity in three out of three species.
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T I56_v
S_156_v
Z 156 v
Consensus

T_156_v
S_I56_v
Z 156 _v
Consensus

T _I56_v
S_1I56_ v
Z_I56_v
Consensus

T _156_v
S_I56_v
Z_156_v
Consensus

T _1I56_v
S_I56_v
Z_I56_v
Consensus

1
ACGGGAA.AC
ACGGGAA.AC
AARGTAATA.
A--G-AA-A-

GGGCCTGTTA
GGGCCTGTTA
..GCCTG. ..
--GCCTG---

51
CAA...A..A
CAA...A..A
TAATTGATTA
-BA---A--A

A.GGGGGC.
A.GGGGAC. T
ATGGGG. CAT
A-GGGG-C-T

e
B
ey

101
ACGCAACA.G
ACNCAACA.G
ATG.AACACG

A-G-AACA-G

TCAGCATTTG

TCAGCGTCTG

ACA.C.TTTA
-CA-C-P-T

151

CAAAACATAA
CAAAACATAA
CAAAACATAA
CAARACATAA

AAAGTGTATG
AARAGGGTTIG
AAA. .GTTT.
AAA--GT-T-

201

CAGA.CAGAC
CAAA .CAGAC
CA.ATCA.A.
CA-A-CA-A-

A--TTGCTT-

TGCTGCGACG
TGGTGCGACG
TGTTGC.A. .
TG-TGC-A--

GTIC.TTT.C.
-TC-TTT-C-

CTTTG.AGTC
GTTTG.AGTC
C.TTGAAGTC
-~ TPG-AGTC

T.ACAACTAA
T.TC.ACTAA
TAACAACTAA
T--C-ACTARA

229
GC.TTTGCA
GC. TTTGCA
GCTTTTGCA
GC-TTTGCA

85

50
TGTTGGCCCA ATACGGAGCA
TGTTGGCCCA ATATGGAGCA
TAAT...CTA AT....A.CA
T--T---C-A AT----A-CA

100
CTTTGAAATC
CTTTG, AATC
TTTTTAAL . A
—TTT--AA- -

ATTA.TTTCT
i A B A N O

150
.CA.ATCTGA
.CA.ATCTGG

CCATTTATGA
-CA--T-TG-

ACGGTTTACT
ACGGGTTACT
ATGGTTTACT
A~-GG-TTACT

200
CATC.G.CAG
CTTC. ..CAG
AATCGGACA.
--TC---CA-

ATTATATTTA
A.CATATTTA
‘A--ATATTTA



Supplementary Figure 2.5. Multiple sequence alignment of [56iv in two fish species

T: Takifugu rubripes; and Z: zebrafish.
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T I56_iv
Z_Is6_1iv
Consensus

T _I56_iv
Z_I56_1iv
Consensus

1
CCCTACAATT
CCTTACAATT
CC-TACAATT

51

CGCACATCTG
CGCAGATCTG
CGCA-ATCTG

AGCCGCTTITG
AGCAGCTTTG
AGC-GCTTTG

AGACAATCCG
AGGCAGTCCG
AG-CA-TCCG

AATGGCAGAA
AATTGTAGTG
AAT-G-AG--

CATTCCTGTG
CATGCCTGTG
CAT-CCIGTG

87

AAGAGGCGAG
AGGAGGCGA.
A-GAGGCGA-

GGGGTAGACC
GGGGCAAACC
GGGG-A-ACC

50
GGGGGCGGCA
AGGGACGGCG
-GGG-CGGC-

99
GGCTCCAGA
GGCTCCAGC
GGCTCCAG-



2.3.3. The sequences conserved between all five vertebrate specics contain

enhancers

To determine that the conserved Dlx intergenic sequences, 1561, 156ii, 112a and
[12b, constitute cis-acting regulatory sequences, they were tested in reporter constructs
that were injected to produce transgenic mice and zebrafish. As previously reported, 1561
and [561i target expression of lacZ reporter constructs to the forebrain of transgenic mice
and zebrafish starting at E10 and persisting in adult mice (Zerucha et al., 2000). The
mouse [561 sequence can efficiently target expression to the forebrain by itself in 100%
of primary transgenic mice expressing the transgene and in 3 out of 4 transgenic lines
(Figure 2.6. A, Table 2.1.; Zerucha et al., 2000). The zebrafish 1561 sequence also
targeted expression to the forebrain of 12 out of 12 primary transgenic mouse embryos
(Zerucha et al., 2000). In both cases, reporter gene expression precisely mimics that of
the endogenous DIx5 gene and highly overlaps with that of DIx6 (Zerucha et al., 2000).

Three primary transgenic mice and 2 established lines containing a mouse [56ii
reporter construct expressed /acZ in the forebrain (Figure 2.6. B) although the intensity of
the B-galactosidase staining was more variable between the telencephalic and
diencephalic expression domains and staining seemed often weaker than that observed
with 1561 constructs. However, the mouse 156ii (this work) was more efficient at targeting
transgene expression to the forebrain than its zebrafish counterpart (Zerucha et al., 2000).

When tested in transgenic zebrafish, a construct containing both zebrafish 1561 and
[56ii targeted expression of the green fluorescent protein (GFP) reporter transgene to the
domains of dix expression in the telencephalon and diencephalon (Figure 2.6. G and H).
In this transgene construct, GFP is placed immediately downstream of a 3.5 kb fragment
of the dix6a 5’-flanking region including the promoter and part of the S’UTR. This 5’-
flanking fragment does not, by itsclf, target expression of GFP in a specific manner
(Figure 2.6. F; no reproducible pattern in more than 150lembryos injected). However, in
the presence of the zebrafish enhancers, 75-80% of injected embryos (n>400) had
forebrain expression starting at 18 hours post-fertilization (hpf) and lasting until at least

96 hpf. Three transgenic lines could be produced all with comparable expression patterns
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and intensity. An embryo from one line is shown in Figure 2.6. G and H. In contrast, the
same intergenic fragment coupled to the B-globin minimal promoter, which was used for
transgenic mouse constructs, showed forebrain expression in only 8% of injected
embryos and only 0.5% of them had more than 10 GFP-positive cells (Zerucha et al.,
2000). The difference between efficiency of the human 8-globin minimal promoter
fragment between human and zebrafish is, at present, unclear.

Similar transgene constructs containing the mouse 1561 sequence (Figure 2.6. 1) or
a combination of 1561 and [56ii (Figure 2.6. J), inserted in the 5’-dix6a-GFP plasmid,
expressed GFP in the forebrain of transgenic zebrafish although the proportions of
transgenic embryos were smaller than those observed with the corresponding construct
containing zebrafish sequences. Thus, for both constructs, 35-40% embryos showed
forebrain expression (n>150 for each construct) with most of the GFP-positive cells in
the telencephalic domain of dlx expression (Figure 2.6. I and J).

The mouse I12b conserved sequence targeted reporter transgene expression to the
forebrain of transgenic mice, starting at E10 and lasting until E16, the latest time point
examined (Figure 2.6. C and Table 2.1.; 3/3 primary embryos and 5/5 transgenic lines).
This construct also produced expression in the apical ectodermal ridge, another site of
endogenous DIx expression although expression was more variable in intensity (Table
2.1.) compared to that observed in the forebrain.

Preliminary examination of sections of brains from lines of transgenic mice
expressing the I12b-lacZ construct indicates that the constructs faithfully mimic
expression of DIx1/Dlx2 in the telencephalon and diencephalon (data not shown). Thus,
despite the fact that their sequences are highly divergent (see below), the three intergenic
sequences, 1561, 15611, and I12b, act as cis-acting forebrain enhancers with highly
overlapping patterns of activity.

A 1.9 kb Xbal-EcoR1 fragment containing the I112a conserved sequence targeted
lacZ expression to a subset of Dix-expressing cells in the mesenchyme of the mandibular
component of the first branchial arch and in the hyoid arch starting at E9.5 and lasting
until at least E16, when expression gradually diminishes (Figure 2.6. D, E and Table 2.1.;
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Figure 2.4. Multiple sequence alignment of 12a in five vertebrate species
M: mouse; H: human, T: Takifugu rubripes, S: Spheroides nephelus; and Z:

zebrafish. The consensus sequence represents identity in four out of five species.
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H _Il12_a
M_Ii2_a
z_Ii2_a
T_TI12_a
S_I12 a
Consensus

H I12_a
M_Il2_a
Z_I12 a
T I12_a
5_Il12 a
Consensus

H I12_a
M_Il2_a
Z_TIi2_a
T_I12_a
S_I12 a
Consensus

H_I12_a
M _I12_a
Z I12 a
T _I12_a
S_TIi2 a
Consensus

H_I12_a
M_Il2 a
Z I12_a
T I12_a
S_I12_ a
Consensus

H I12_a
M_TI12 a
Z I12 a
T I12 a
S_TI12_a
Consensus

H Tli2 a
M_Il2_a
Z_I12_a
T Il2_a
S I12 a
Consensus

1

CAGAATAGGA
CAGAATAGAA
CCGAGCAGGA
CGGAATATGA
CGGAATATGA
C-GAATA-GA

51

T.GAAARAAA
T.GARARAAA
T.GGAAAAAA
T.GGGGAAAA
TGGGGGGAAA
T-G---AAAA

101
GATGACATTG
GATGACATTG
GATGACATTG
.A.GTTATTG
GATGACATTG
GATGACATTG

151

TAA..TTTT.
TAA. .TTTT.
TAA..TTTT.
TAATTTTTTC
TAATTTTTTC
TAA--TTTT-

201

AATTCAGGCT
AATTCAGGCT
AATTCAGGCT
AATTCAGCCT
AATTCAGCCT
AATTCAG-CT

251

TCAAGATGTT
TCAAGATGTT
TCAAGATGTT
TCAAGATGCT
TCAAGATGCT
TCAAGATG-T

301
CATACAACTT
CATACAACTT
CATACAACTT
CATAGGACTC
CCTAGGACTC
CATA--ACT-

CTGAAATTTT
CTGAAAATTT
ATGAAAAATC
CTGAAAATGT
CTGAAAATCT
CTGAAAAT-T

TTGCAGATTA
TTGCAGATTA
TTGCTGATTA
ATGTAGAATA
ATGTAGACTA
-TG-AGA-TA

TGCACTCGAG
TGCACTCGAG
TGCACTCGAG
TGCACTCGAG
TGCACTCGAG
TGCACTCGAG

.T...AAA

.T...AAA
...T...AAA
c.cTc..TCT
CTCTCTTTTT

AATTCTGCGT
AATTCTGCGT
AATTTTGCGT
AATTCTGCGT
GATTCTGCGT
AATTCTGCGT

ATGCTAARAA
ATGCTAAAAA
ATGCTAAAAA
AGGCTAAAAA
AGGCTAAAAA
A-GCTAARAA

TGACAATGTT
TGACAATGTT
TGACAATGTT
TAACATTGTT
AGACAATGTT
TGACAATGTT

CGGCTATATA
CGGCTATATA
CTGCT.T.TA
CTGCT.T.TA
CTGCT.T.TA
C-GCT-T-TA

TTAGCATAAA
TTAGCATAAA
TTAGCATAAA
TTAGCAT.RAA
TTAGCATAAA
TTAGCATAAA

ATCTTGGTAA
ATCTTGGTAA
ATCTTGGTAA
ATCTTGGTAA
ATCTTGGTAA
ATCTTGGTAA

AATTTTAA. .
AATTTTAA. .
AA.TTT.A..
TTTTTTTATT
TTTTTTTATT
--TTTT-A--

AGGCTCCGAA
AGGCTCCGAA
AGGCTCCAAA
GGGCTCCACA
GGGCTCCACA
-GGCTCC--A

CTATGCATTG
CTATGCATTG
CTATGCATTG
CTATGCATTG
CTATGCATTG
CTATGCATTG

GATGCTTGAA
GATGCTTGAA
GATGCTTGAA
GATGCTTGAA
GATGCTTGAA
GATGCTTGAA

91

GCCTCTGTCT
G.CTCTGTCT
TTTTCCCTCT
TTTCCCCTCT
TTTCCCCTTT
----C--TCT

TGTTTACTCT
TGTTTACTCT
TGTTTACTCC
.G....GT.C
TGTTTACTCC
TGTTTACTC-

TCTTT.GGGA
TCTTT.GGGA
TCTTT.GGGA
TCTTTGGGGG
TCTTTTGGGG
TCTTT-GGG-

AGCAGCAGCA
AGCAGCAGCA
A. .AGCAGCA
TAAAGCAGCA
TAAAGCAGCA
- --AGCAGCA

CGGATATAAT
CGGATATAAT
CGGATATAAT
CGGATATAAT
CGGATATAAT
CGGATATAAT

ATATTCCCAT
ATATTCCCAT
ATATTACCAT
ATATTCCCAT
ATATTCCCAT
ATATTCCCAT

ATAGCAGGAA
ATAGCAGGAA
ATAGCTGGAA
ATAGCGGGAA
ATAGCGGGAA
ATAGC-GGAA

50
TTATAGCTGA
TTATAGCTGA
TTATAGCTGA
TTATAGCTGA
TTATAGCTGA
TTATAGCTGA

100
TCATTACGCT
TCATTACGCT
TCATTACGCT
.C...AGGCT
L,TCATTACGCT
TCATTACGCT

150
AAATTATGAG
AAATTATGAG
AAATTATCAG
ARAATTATGAG
AAATTATGAG
AAATTATGAG

200
GTTACCATGC
GTTACCATGC
GTTACCATGC
GTTGCCATGC
GTTGCCATGC
GTT-CCATGC

250
TATCGAGGAG
TATCGAGGAG
TATCGCGGAG
TATCGTTGAG
"TATCGTTGAG
TATCG- -GAG

300
TTATTATGTA
TTATTATGTA
TTATTATGTA
TTATTATGTA
TTATTATGTA
TTATTATGTA

350
ATTGTCTTGC
ATTGTCTTGC
ATTGTCTTGC
ATTGTCTTGT
ATTGTCTTGT
ATTGTCTTG-



H 112 _a
M Ii2_ a
Z 112 a
T _I12_a
S_I12_ a
Consensus

H I12_a
M I12 a
Z_I12_a
T _I12 a
S_I12 a
Consensus

H I12_a
M TI12_a
Z 112 _a
T I12 a
§_I12_a
Consensus

H I12 a
M TI12 a
Z I12_a
T I12_a
S_I12_a
Consensus

351

G.CAAAAATT
G.CAAAAATT
G.CAAAAATT
GT.AAAAATA
GTAAAAAATA
G--AAAAAT~

401

TAGTAATTGC
TAGTAATTGC
TAGTAATTGC
TAGTAATTGC
TAGTAATTGC
TAGTAATTGC

451

AAATGTGGAT
AAATGTGGAT
AATTGTGGAT
AAATGTGGAT
AAATGTGGAT
AAATGTGGAT

501

CTGGGATTTT
CTGGGATTTT
ATGGCATTTT
ATAGGCTGTG
ATAGGCTATG
-T-GG-T-T-

ACAGTCCATA
ACAGTCCATA
ACAGTCCATA
ACACCCCATA
ACACCCCATA
ACA--CCATA

AGGCTTTCAG
AGGCTTTCAG
AGGCTTTCAG
AGGCTTTCAG
AGGCTTTCAG
AGGCTTTCAG

AAAATTACAG
AAAATTACAG
AAAATTACAG
GGAATTACAG
AAAATTACAG
AAAATTACAG

TCAGGTTGGC
TCAGGTTGGC
TCAAGTTGTC
ACA..TT.TA
GCA..TT.TA
~-CA--TT---~

TTAGGACATC
TTAGGACATC
TTAGGACATC
TTAGGACATC
TTAGGACATC
TTAGGACATC

ATGGGAGAGC
ATGGGAGAGC
ATCGGGGAGC
ATTTGAAAGC
ATTTGAAAGC
AT--GA-AGC

ATCAGAGCAA
ATCAGAGCAA
ATCAGAGTAT
ATGAGGGTAT
ATCAGGGTAT
ATCAG-G-A-

TATAGGATTC
TATAGGATTC
TACAGGATTC
AAT.CCCCTC
AAT.CTTCTC

92

TGAAATTGCG
TGAAATTGCG
TARRATTGCG
TAAAATTGGG
TAAAATTGCG
T-AAATTGCG

CAGAATGCTC
CAGAATGCTC
CAGAATGCTC
CAGAATGCTC
CAGAATGCTT
CAGAATGCTC

AAATTAGGGA
ARAATTAGGGG
AAATTAGGG.
AAATTA.GG.
AAATTA.GG.
AAATTA-GG-

CGGAAGTGTC
CGGAAGTGTC
CGGAAGTGTC
GTCGAATG.C
GACAATTG.C
---AA-TG-C

400
AAGAATTATA
AAGAATTATA
AAGAATTATA
AAGAATTATG
CAGAATTATG
AAGAATTAT -

450
AAACTAGTGC
AAACTAGTGC
.AACTGGAGC
AAACTAGATC
AAACTAGATC
AAACTAG--~C

500
AARAAGGGGGT
AARAGGGGGT
.. .ATGGGGT
AGAGGGG.GT
ATAGGGGAGT
WA-A-GGG-GT

550
TAATGCCACA
TAAAGCCACA
TAAAACCACA
.AAAACAGCA
.AAAACCACA
-AAA-CCACA



Figure 2.5. Multiple sequence alignment of 112b in five vertebrate species

The consensus sequence represents identity in four out of five species. Sequences
similar to the binding site for DIx protein ([A/C/G]JTAATT[G/A][C/G], (Feledy et al,,
1999b) are shown in bold. See also Figure 2.7. Abbreviations as in Figure 2.4.
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T I12 Db
S_TI12 b
H I12 b
M I12 b
Z_112 b
Consensus

T I12 b
S 112 b
H I12 b
M 112 b
zZ 112 b
Consensus

T I12_ Db
S _I12 b
H I12 b
M Il12 b
Z 112 b
Consensus

T I12 b
S I12 b
H I12_b
M I12_ b
Z 112 b
Consensus

T Ii2 b
S TIi2 b
H I12 b
M I12 b
Z I12 b
Consensus

T 112 Db
S I12 b
H_Il12 b
M Il2 b
Z 112 b
Consensus

T Ii2_Db
5 I12_b
H I12_Db
M _I12 b
Z 112 b
Consensus

1

CAGCTGCACA
CAGCTGCACC
CAGCTGCAAA
CAGCTGCAAA
CAGCTGTGGA
CAGCTGCA-A

51

ATTATACAAG
ATTATACAAG
A.T.TACAAG
A.T.TACAAG
A.T.TACGCG
A-T-TACAAG

101

CTTATTTATT
CTTATTTATT
TTTATTTATT
TTTATTTATT
CTTACTTATT
-TTATTTATT

151

. TTTTT.GC
TTTTTTT.GC
.TTTTTTCGC
.TTTTTTCGC
TTTTTTTCGC
~-TTTTTT-GC

201

GAAAG. .AAA
AAGAG. .AAA
GAAAGCCAARA
GAAAGCCAAA
GAAAG.AAAA
GAAAG--AAA

251

GCCTCCCTTT
GCCTCCTTTT
A.AT.AGGTG
A.AT.AGGTG
G.AG.A.GAG
e -T-

301

TCTAAATTGC
GCTAAATTGC
GC.AAATTGC
GC.AAATTGC
GC.AAATTGC
GC-AAATTGC

TCCAAGAGGG
TCCAAGAGGG
CCCAAGAGGG
CCCAAGAGGG
GCAGAGAGGG
-CCAAGAGGG

CTGAGCCCAT
CTGAGCCCAT
CCGGGCCCAT
CCGGGCCCAT
CCGGGCCCAT
C-G-GCCCAT

CTAATGCCGT
CTAATGCCGT
CTAATGCAGT
CTAATGCAGT
CTAATGCAGC
CTAATGC-GT

AAGGAGAATC
AAGGAGAATC
CCAGGGAATC
CCAGGGAATC
ACGTGGAATC
---G-GAATC

TCTGCTGCCG
T.T..T....

TTTGCTGTGC
TTTGCTGCGC
TTTGCTGTGC
T-TGCTG---

AGTCACTG.T
CGTCACTG. T
CG. AGCTGCC
CG . AGCTGCC
CG.ARATAGG
CG---CTG- -

TCGCAGGTGT
TCGCAGGTGT
TTGCAGGTGT
TTGCAGGTGT
TTGCAGGTGT
T-GCAGGTGT

TCAGTGTTAT
TCAGTG.TA.

TCAGCATCAT
TCAGCATCAT
TCAGCGTTAT
TCAG--T-AT

CAAAACCACC
CAARAACCACC
CAAACACAAC
CAAACACAAC
CAAACCAGAC
CAAA--CA-C

TT.CCTATCT
TT.CCTATCT
TTCCCCATCT
TTCCCCATCT
TT.CCCATCT
TT-CC-ATCT

TTTCTGTGTT
TTTCTGTGTT
TTTTTGCATT
TTTTTGCATT
LTTTTG. . TT
TTT-TG--TT

CAAGACAAAA
...G.CLLLA
A TTGAGAA
.A.TTGAGAA
GACGGGGGAA

TCCTTTAGAC
TCCTTTAGAC
ATCTCTGCAA
ATCTCTGCAA
TGCGCAGCGG
--CT-T--A-

AGTCTCCATC
AGTCTGCATC
ATGGAGCAAG
ATGGAGCAAG
ATACCGAGAG
A----GCA--

94

TTCGCTGTAT
TT..C
TTCACTGTAT
TTCACTGTAT
TTCACTCTAT
TTC-CT-TAT

ATAATTACAG
ATAATTACAG
ATAATTACAG
ATAATTACAG
ATAATTACAG
ATAATTACAG

GTGAGGTAAT
CTGAGGTAAT
CTCTGGTAAT
CTCTGGTAAT
ACGGGATAAT
-T~-GGTAAT

GACAAAGGAG
GACAAAGGAG
AACAAAAGAG
AACAMANGAG
AACARAAAGAG
-ACAAA-GAG

AAAGAAGAGA
ATAGAA.A.A
AAGGAAARAA
AAGG. .GARAA
AAAGAAAAGG
AA-GAA-A-A

TTCGCCTGGA
TTAGGCTGGA
TTCTCTGGTA
TTCTCCGGTA
TAGT.TATAA

AC.TGTCACT
AC.TGTCACT
.CTTGTCAAT
.CTTGTCAAT
ATTTGTCAAT
-C-TGTCA-T

50
TCTCCTCTTG
TCT.C.CTTG
TCTCTTCTTG
TCTCTTCTTG
TCTCCTCTTG
TCTC-TCTTG

100
TCATTTCGCC
TCATTTCGCC
TAATTTCAGG
TAATTTCAGG
TCATTCCCTC
T-ATTTC---

' 150
TATGAGC.A.
TATGAAC.AT
TATGAGCAA.
TATGAGCAA.
TATGAGCAAT
TATGAGC-A-

200
ATA..G.TCA
ATA..G.TCT
ATAACGCACT
ATAACGCACT
ATAGCGCGCT
ATA--G--CT

250
AAATAGGTGA
AAATAGGTGA
AAA.AAATCA
AAA ,AAATCA
GGG .AAADAA
AAA-A--T-A

) 300
CTATAAGGCT
CTATGAGGCT
CCG.GAGCCG
CCG. GAGCCC
GTA.AGGCTG
C----AG-C-

350
GCGAAGAGTC
GCGAAGAGCC
GG. .CCAGGC
GG. .CCGGGC
GGAAAGAGGG
G----- AG-C



T _I12 b
S_I12 b
H_I12 b
M_I12 b
Z 112 b
Consensus

351
TTCGAAATTA
TTCAAAATTA
CTCCAAATTA
CTCCAAATTA
ATCAAAATGA
-TC-AAATTA

GCAAA.GCAC
GCARAA .GCAC
GCAAATGCAC
GCAAATGCAC
GCAAAAGCAC
GCAAA-GCAC

AATGTAAGAG
AATATGAGAA
AGCAGCAAAG
AGCAGCGAAG
AATGTCGGAG

95

TGATGACAGA
CGATCGCAGC
TAATGA.AGA
TAATGA.AGA
TGATGA . AGG
T-ATGA-AG-

393
cGe
CRA
CAG
CAG
CAG
CA-



Supplementary Figure 2.6. Multiple sequence alignment of [12¢ in three fish species

T: Takifugu rubripes; S: Spheroides nephelus; and Z: zebrafish. A sequence
located at position 291-642 downstream of zebrafish dix2b (dIx5) polyadenylation signal
shows similarity to 112c. The consensus sequence represents identity in three out of four

species.
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1
S_Il2c CCATGG.ATT
T _TI12¢ CCAT.G.A.T
Z _TI12c CGGTGGAAGT
Z_dlx2b-3'~CGAGG.GCT
Consensus CC-TGG-A-T

51
S _Tl2c CGCTTCC.CT
T _TIl2¢c CGCTCCT.CT
Z_I12c TGAGCCTGGY
Z_dlx2b—3'TATGTATTTT
Consensus -G---CT--7T

101
S_Tl12c AGCTCACNGA
T _Il2c AGCTCCCCGA
Z_I12c AGATCTCIGA
Z_dlx2b-3' AGCGAGCTGA
Consensus AGCTC-CTGA

151
S_TIl2c .CACCCTGCC
T _Il2c .CACCCT.CA
Z_I12c GGGGCGTGTIT
Z_dlx2b-3'GGAACGCCCT
Consensus --A-C-T-C-

201
.GACTTCCCC
T Il2c .GACTCCCCC
Z Il2c¢ ..GCG.TCTC
Z_dix2b-3'AGGCGTTCCC
Consensus -G-C---CCC

S _Il12c

251
S_TIl2¢ ACCCTG.GTT
T I12c ACCCCG.GTT
Z_TIl2c TTAC.GTCTT
Z_dix2b-3'AGACAATTTA
Consensus A--C-G--17T

301
S _TI12c TAA.AACAGT
T_TI1l2c TAA.ARCAGT
Z_TI12c TAATAACAAA
Z_dlx2b-3 ' TARAGATAAA
Consensus TAA-AACA--

351

S_TIl2c¢ GCATCYTTCCT

T Il2c GCATCTTCCT
Z_TIl2c NTCTCTCITC
Z_dlx2b-3'ATATGAACAG
Consensus G-ATCI-C--

GCTGTGGTAN
GCTGT.G.CA
TGTGAGAAAT
TGAGGAGAAT
--TG--G-AT

TTCTCTTGTT
T TCTTGTT
7.7 TGCGT
TTCTCTGGTT
TT-TCT-GTT

CTCCACGGAG
CTCCACGGAG
CTCCAGAGAG
CTCCAGAGAG
CTCCA--GAG

T.C.TGCCCHN
T.C.TTCCCC
TGC. .GCGCT
CGCATGTGCT
T-C-TGC-CT

TCTGCAGAGC
TCCGCTGAGC
TCTGCT.GTC
CCTCAT.ACC
TCTGCT-A-C

CTTTCCGCTA
CTTTCCGC.C
CAAAAATACA
CARAGGGATA

G.CTCCGGGG
G.CTCC.GGG
GTTTCCATGT
GTTTCCAGGG
G--TCC-GGG

AGACTGAGTT
AGACTGAGTT
GCGCTGACTT
GAGTGGCGTT
---CTGAGTT

TCTG.AGTGT
TC. ... ... T
TCTGAAGCCA
TCTGGAGTGG
TCTG-AG---

TCT.CACATG
TCT.CACATG
CATTCCCA.G
TCTGCGCATG
TCT-C-CATG

CTGCGC.CccC
CTGCGC.CCC
G.GA.CTCCT
GAGAGGTACA
--G-GC-CC-

A.AT..GT.C
A.A...GT.C
AGATGCGTGC
AAAAG.GAGT
A-A---GT-C

TT GTTCTAGTAC

ARATAT.,.ATA
--AT-TGCT-

361

T
T
o
A
T

GTTCTAGTAC
ATTTTTGAAC
CTTTATGCAT
ST -G-AC

97

CTGTCTTGGG
CTGTCTT.GG
TGTTTAGCTC
CGGTCTGCTT
C-GICT----

CGTAAAACGT
CATAAAACGT
CATAAAAAGT
CATAAAACGT
CATAAAACGT

G.AG.GCGCT
G.AG.GCGCT
GCCGAACGC.
GAAGAGCCCT
G-AG-GCGCT

CCRAAGGCGT!
CCAAGGCCTG
CC.CGAGGC.
CCAAGACGCG
CCAAG-CG-G

GGGCTTTITG
GGGCCTTTTG
CGAGTTTTTG
GGATAGTACC
GG~---TTTTG

TG..CTG.AC
TG..CIG.AC
TG.TTTGTTC
AGAGTTGTT.
TG---TG--C

TGACGCCTAA
TGACGCCTAA
TCGAG. .TAA
TGTAG. .GAA
TG--G--TAA

50
AACCCAGTTC
AA . CGAGTTC
GAGGCATTTG
GAGGCGGTTT
-A--CAGTT-

100
CTGG . AAAGC
CTGG.AGAGC
CTGG.AGCGC
CTGGAAGAGG
CTGG-AGAGC

150
TGT.ATA.TC
JGT.ATALTC
CTTCATGC.C
CGCCGCACGC
-GT-ATA--C

200
TTTTTGTGTN
TTTTGGCGTC
TCTGTA.G.C
TCCGAATGCC
T-T----G-C

250
CCTGTCCG.A
CCTGCCTG.C
TCTTTCAGTT
TC.TTCACCA
-CT-TC-G--

300
GAA.ACTGTG
GGA.ACTGTG
CCCTGCTTTT
GCATAATCTC

G-A-ACT-T-

350
TAAGNACACT
TAA.ATCACT
AAAGTTAAAC
TTAGAGGAAG
TAAGA--A--



Supplementary Figure 2.7. Multiple sequence alignment of 112

The consensus sequence represents identity in three out of three species. H:

human; M: mouse and Z: zebrafish.

98



M-I12

H-I12

Z-112
Consensus

M-I12

H-I12

Z-T112
Consensus

M-I12

H-T12

Z-I12
Consensus

1

GATCTAATTG
~~TATATTTT
GATCTAATGA
--T-TA-T-~

51

TATTATTGTT
TATTATTATT
TATTGTITGTT
TATT-TT-TT

101
GTTCTGTTG.
GTAGTATCGT
GTTCIGTTG.
GT--T-T-G-

CTGTA.CAT.
TTTAATTATG
CTGTA.CAT.

-T--A--AT-

.CTGTAAACA
ATTATAAAGA
.CTGTAAACA
--T-TAAA-A

116
TGTGTG
TGCGTT
TGTG~~
TG-G- -

ATTATTGTTG
ATTATTATTA
ATTA...TTG
ATTA---TT-

TGTTG. .CA.
TGATGATTAT
TGTTG. .CA.
TG-TG---A-

99

TTATTATTAT
TTATTATTAT
TTATTATTAT
TTATTATTAT

CAAGCTTAG.
TATTATTAGT
CAAGCTTAG.
-A---TTAG-

50
TAATTATTAT
T.ATTATTAT
T.ATTGTTAT
T-ATT-TTAT

100
CCTCTTTC.C
GGTATTAGTA
CCTTTTTG.C
--T-TT---~



Figure 2.6. Enhancer activity of conserved Dix intergenic sequences in transgenic mice
(A-E) and zebrafish (F-J)

(A) Mouse 1561, (B) mouse I56ii, and (C) mouse I12b each drive reporter gene
expression to the basal telencephalon (BT) and diencephalon (Di) of transgenic mice, as
shown here in mouse embryos. (D, E) Mouse [12a drives reporter gene expression to a
subset of mesenchymal cells in the mandibular (Md) component of the first branchial
arch and in the second branchial arch (Hy) of an E11.5 embryo. (A-D) are sagittal views
and (E) is a frontal view of the embryo shown in F(D). All embryos are at stage E11-12.
FN, frontonasal prominence. (F) Head of 48 hpf primary transgenic zebrafish embryo,
dorso-lateral view, injected with the control dix6a-GFP reporter plasmid. Injection of this
construct results in very few GFP-positive cells with no tissue specificity (n>150). (G, H)
Lateral and frontal views, respectively, of a 48 hpf zebrafish embryo from a transgenic
line produced with a construct made with the dix6a-GFP reporter plasmid that also
contained a 1.4 kb dix5a/dix6a intergenic fragment containing 156i and I56ii. I and II
indicate the diencephalic and telencephalic domains of transgene expression that also
correspond to endogenous dix expression patterns in the zebrafish forebrain. (I) Frontal
view of a 48 hpf primary transgenic zebrafish embryo injected with a dix6a-GFP that
also contained a 4.0 kb mouse DIx5/DIx6 intergenic fragment that comprises 156i. The
transgene is expressed predominantly in the telencephalic domain II. (J) Lateral view of a
48 hpf primary transgenic zebrafish embryo injected with & dlx6a-GFP that also
contained a 2.8 kb mouse DIx5/DIx6 intergenic fragment that comprises both 1561 and

I5611. GFP-positive cells are seen only in the telencephalic domain, II.
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B.K. Park, S. Sperber, B. Thomas, G. Hatch and M. Ekker, unpublished observations).
Reporter transgene expression was observed in 6 out of 7 transgenic lines (Table 2.1.). A
1.6 kb Xhol fragment containing zebrafish 112a targeted expression in 1 out of 2 lines of
transgenic mice (Table 2.1.).

As the DIxI/DIx2 intergenic regions of mouse and human showed sequence
conservation that extended beyond the above two enhancers (Figure 2.3. A), we produced
transgenic mice with reporter constructs containing mouse intergenic fragments outside
[12a and 112b. Thus, a construct containing a 1.5 kb DNA fragment located between 112a
and 112b, with 80% identity between mouse and human (Figures 2.1. and 2.3. A), did not
show enhancer activity in mouse embryos (0 out of 3 primary transgenic embryos, as
determined by detection of the transgene using PCR). Transgenic analysis of
combinations of fragments from the mouse Dix1/DIx2 intergenic region failed to indicate
any enhancer activity that could be assessed to sequences outside I12a and 112b. Notably,
some of these constructs included 112¢ (0 out of 6 PCR-positive embryos) suggesting that
this sequence has no enhancer activity by itself, although it cannot be ruled out that it

may cooperate with either 112a or [12 b in a quantitative manner.

2.3.4. The three forebrain enhancers show limited sequence similarity

The similar activity of the 112b, 1561, and I561i enhancers in transgenic mice led us
to investigate whether there could be sequence similarities between them. We made
pairwise and dot matrix alignments of the three forebrain enhancers in both orientations.
We also compared the forebrain enhancers with 112a. We did not find long stretches of
sequence similarity among the four enhancers. The best dot matrix alignment was
obtained by comparing 112b with 1561 (Figure 2.7. A). A short fragment that extended
between 60-80 bp, depending on individual pairwise alignments, was. present in all three
forebrain enhancers but not in 112a. The two enhancers from the DIx5/DIx6 locus are in
opposite orientations in this alignment (shown for the zebrafish sequences in Figure 2.7.
B). The overall similarity over the short region is between 50-60%, thus smaller than the

similarity between orthologous enhancer sequences (Figures 2.1. B and 2.2. B).

102



Interestingly, this region of similarity was also found downstream of the zebrafish dix2b
gene, a gene thought to be a duplicate of dix2a, but that is not pa'rt of a bigene cluster (A.
Amores and M. Ekker, unpublished observations).

The sequences shown in Figure 2.7. B include a putative DIx binding site
[(A/C/G/) TAATT (G/A) (C/G); (Feledy et al., 1999B)], near both ends of the similarity
region. The core binding site for many homeodomain proteins, (TAAT/ATTA) was also
found beween the two putative Dix binding sites, in many of the enhancers (Figure 2.7.
B). The spacing between the Dix binding sites was similar in all three enhancers. We
previously showed that mutagenesis of both DIx binding sites in 1561 abolished almost
completely reporter gene expression in the forebrain of transgenic mice, suggesting that
these sites are essential for activation or maintenance of enhancer activity, possibly
through a cross-regulatory or auto-regulatory mechanism (Zerucha et al., 2000). The Dix
binding sites and surrounding nucleotides are less conserved in 156ii than those in 112b
and 1561. The 156ii sequence is not activated by DIx proteins' in transfection assays,
contrary to I56i and [12b (Zerucha et al., 2000 and N. Ghanem and M.Ekker, data not
shown). This may also explain why it is less efficient than the other two enhancers in
targeting a strong and consistent forebrain expression.

We also looked for additional protein binding sites within the four enhancers

(using Genomatix, Matinspector professional software; www.genomatix.de) and could
not find any that were consistently found in all of them or in the three forebrain enhancers
except for the homeodomain protein binding sites TAAT/ATTA. Interestingly, the Dix
binding site is also a low-affinity binding site (Chen and Schwartz, 1995) for members of
the Nkx family, that are known to be expressed in the forebrain. Nkx2.1, for instance,
regulates regionalization in a subset of cells in the basal ganglia (Sussel et al., 1999)
where the DIx genes are also expressed.

In summary, the similarity between enhancers from par'alogous bigene clusters
occurs only in a small region of the total enhancer sequence which, in turn, is highly

conserved and over a much longer distance between orthologous, but not paralogous loci.
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Table 2.1. Expression of reporter constructs in primary transgenic mouse embryos and transgenic mouse lines.

Enhancer | Primary Lines Ventral. Frontpnasal Ec%cia 1 Visceral Ectopi.c
element P) ) Forebrain {Prominence ————_Rl;dgg Arches | Expression
MIl12a N.D. 7 OL 0L 1L 6L 2L
Z112a N.D. 2 OL OL 0L 1L 0L
MI12b 3 5 3P, SL 3P, 4L 3P, 5L 1Pe,0L 2P,1L
Z112b N.D. N.D. N.D. N.D. ND. N.D. N.D.
MI56i * 13 4 13, 3L 2P, 1L 1P, OL 7P, 2L N.D.
71561 * 12 N.D. 12P op op 3p N.D.
MI56ii 3 2 3Pe, 2L 1P, 0L 2P, 1L 0P, OL 1P, OL
Z156i1 % 10 2 1P, OL 1P,1L 1P, OL. 0P, 2L N.D.

All constructs were made by inserting the enhancer fragments into the p1229/1230 plasmids that contain the LacZ reporter gene under
the control of a #-globin minimal promoter. M: mouse; Z: zebrafish.
o Weak expression in the second arch
+ Both founders and lines showed variable expression pattermns in the two domains of the forebrain; thus, 2P showed a weaker
expression pattern in the telencephalon (domain II) compared to the diencephalon (domain [), whercas, 2L showed expression
only in the diencephalon (domain I), and, 1P (shown in Fig. 6B) showed equally strong expression in both domains (1, II).
% From Zerucha et al., 2000
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Figure 2.7. Limited similarity between intergenic forebrain enhancer sequences

(A) Dot matrix comparison of the zebrafish 112b and 156i. The main two regions
of sequence similarity are shown in (B) as multiple sequence alignments between 112b,
1561 and I56ii and a sequence downstream of the zebrafish dlx'2b. A three out of four
consensus is shown. Putative DIx binding sites, (A/C/G/) TAATT (G/A) (C/G), are
indicated in bold, with mismatches highlighted. Additional TAAT/ATTA core

homeodomain protein binding sites are also highlighted.
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Supplementary Figure 2.8. Multiple sequence alignment of 112a and Z_dIx2b-3’in

zebrafish
The latter sequence is located at position 1505-1605 from the polyadenylation

signal of dix2b (dixJ).
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2.4. Discussion

2.4.1. Conserved organization of the intergenic region of orthologous Dix

bigene clusters

We have performed a search for homologies in the intergenic region separating the
two DIx genes of bigene clusters in five different vertebrate species. Our analysis further
illustrates the usefulness of “phylogenetic footprinting” (Muller et al., 2002), to identify
cis-acting regulatory sequences. Examination of the region that separates the two Dlx
genes that constitute the DIix1/DIx2 or the DIx5/DIx6 bigene clusters reveals regions of
high sequence conservation as well as conserved organization of the intergenic region for
orthologous loci of distantly-related vertebrates. Each of the two bigene clusters contains
two regions of high sequence conservation that extends over a few hundred base pairs as
well as a few shorter regions of sequence similarity. For both bigene clusters, the relative
position and orientation of the conserved intergenic sequences are identical in all five
species (Figures 2.1. and 2.2., and deposited sequence data).

The use of compact genomes found in tetraodontid species, such as the two
pufferfish Takifugu rubripes and Spheroides nephelus, was initiated to facilitate the
search for regulatory elements. This is mainly due to the fact that large regions of neutral
DNA were lost in the course of genome reduction in these species, leaving the non-
coding DNA regions enriched for cis-acting regulatory elements. We found that the
presence of highly conserved sequences in Dlx intergenic regions probably contributcs to
maintain its size even in species with a compact genome. Thus, the size of the DIx1/Dix2
and of the DIx5/DIx6 intergenic regions in the two pufferfish, although smaller than their
mammalian counterparts does not follow, proportionally, the smaller size of the genome
of the two species.

Orthology assignment for the vertebrate DIlx genes was sometimes made difficult
by the high degree of sequence similarity in the coding region of Dix genes and by their
highly overlapping patterns of expression. Conserved synteny, particularly with the Hox

clusters was useful in establishing orthology relationships, as the Dilx bigene clusters have
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been found consistently on the same chromosome as one of the Hox clusters (Stock et al.,
1996; Amores et al., 1998). Here, we propose that the sequence of the intergenic region is
also a reliable predictor of orthology as the paralogous intergenic sequences are quite
different while orthologous bigene clusters contain highly conserved sequences.

We examined whether or not the above prediction also applies to a duplicate gene
in zebrafish: dix2b (previously, dix5; see comments about nomeclature in Methods). This
gene shows high sequence similarity with members of the DIx2 and DIx5 orthology
groups. Mapping of dix2b indicates that it is found in a group of genes with conserved
synteny and that are a duplicate of a chromosome region that includes dix2 (Amores et
al., 1998). We examined about 8 kb of DNA downstream of dlx2b and found some
sequence similarity with the non-coding sequence elements located in the DIxI/Dix2
intergenic region. Thus, sequences similar to 112a, 112b, and I12¢ were found (Figure 2.7.
B and Supplementary Figures 2.6. and 2.8.) although similarity was generally lower than
when comparing individual elements between species. No sequence was found that
resembled the conserved elements from the DIx5/DIx6 intergenic region except for the
short sequence shown in Figure 2.7. B. Thus, in addition to synteny analysis,
conservation of non-coding sequence elements can be useful in establishing relationships

between duplicate genes.

2.4.2. Highly conserved cis-acting regulatory sequel'lces in the intergenic

region of Dix bigene clusters

The largest conserved sequences found in the Dix1/DIx2 and DIx5/DIx6 intergenic
regions are also the only ones conserved in all five species that were examined in the
present study. The role of each of these sequences as cis-acting regulatory elements is
demonstrated by their ability, once coupled to a promoter to drive expression of a
reporter transgene in a tissue- and stage-specific manner. Sequence comparisons between
mouse and human, or between Takifugu and Spheroides, reveals an overall high degree of
sequence similarity and are therefore of less predictive value in the identification of

regulatory elements. This may be due to the small evolutionary distance between the two
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mammals (~50-60 MY) as well as the two pufferfish (~5-35 MY), and to the slow rate of
divergence for neutrally evolving regions among vertebrates in general (0.1% to 0.5% per
million years) (Tautz, 2000). Intergenic fragments outside the enhancers with 75-80%
overall conservation between mouse and human failed to act, by themselves, as enhancers
when tested in transgenic mice. Therefore, caution should be exerted when identifying
putative cis-acting sequences based on comparisons between vertebrates of the same
order. Comparisons that include multiple species with some that are distantly related
might be a more efficient approach to identify non-coding sequence elements of
functional importance, while keeping in mind that absence of sequence conservation does
not necessarily indicate absence of functional conservation (Flint et al., 2001).

The relatively high degree of sequence conservation between the mouse and
human DIxI/DIix2 intergenic region (80%) or DIx5/DIx6 irtergenic region (78%)
contrasts with the DIx3/DIx7 intergenic region that is only 69% identical, overall,
between the two species (Sumiyama et al., 2002) despite the presence of sequences with
higher percentage identity that may have a regulatory function (Sumiyama et al., 2002).
However, comparisons of the mammalian DIx3/Dix7 intergenic region with those of
zebrafish (Sumiyama et al., 2002), or Takifugu rubripes (N. Ghanem and M. Ekker,
unpublished observations) did not show conserved sequences comparable in length or
percent identity to the four enhancers that we identified in the DIxI/DIx2 or in the
DIx5/DIx6 bigene clusters. Therefore, the Dix3/Dix7 bigene cluster may differ from its
two paralogous DIx clusters by a relatively low importance of the intergenic region in the
mechanisms that control gene expression or by a higher divergence in regulatory
mechanisms between the different vertebrate lineages. Consistent with this latter
hypothesis is the observation that zebrafish dix3/dix7 have marked differences in their

carly patterns of expression compared to their mammalian orthologs (Quint et al., 2000).

2.4.3. Function of intergenic elements in Dix regulation and evolution
The organization of distal-less-related genes in bigene clusters may have preceded

the evolution of vertebrates as two of the three characterized DIl genes of the ascidian
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Ciona intestinalis, DIl-4, and DII-B are organized similarly with a short intergenic region
(D1 Gregorio et al., 1995). Recently, an enhancer located upstream of DIl-A was
identified and shown to recapitulate most aspects of the endogenous expression pattern
(Harafuji et al.,, 2002). Enhancers have yet to be found in the intergenic region that
separates the Ciona DIl-A and DII-B genes and preliminary sequence comparisons did not
reveal similarities in sequence between this region and the four cis-acting regulatory
sequence found in vertebrate Dix genes (M. Ekker, unpublished observations).

Although the three DIx bigene clusters of vertebrates are likely the result of
duplication of an ancestral bigene cluster, we did not observe a high degree of
conservation between paralogs, regardless of the species. This extends the observation,
previously made by Sumiyama and collaborators who compared the three human bigene
clusters (Sumiyama et al., 2002). This lack of sequence similarity between paralogs is
surprising, considering the similarities in expression patterns of genes found in
paralogous bigene clusters.

Enhancers with overlapping patterns of activity (Figure 2.6.) show only a limited
conservation in sequence (Figure 2.7.) that contrasts sharply with the high degree of
conservation between orthologous sequences. Furthermore, enhancer sequences found in
one DIx bigene cluster are not found in the two paralogous clusters. Although one or
several DIx intergenic enhancers could originate from a sequence found in the ancestral
Dix bigene cluster, they would have diverged following the duplication events that took
place early in vertebrate evolution, and that led to the three Dix bigene clusters of modern
vertebrates. This divergence happened before the separation of the lineages leading to
modern-day teleost and tetrapods. Since then, purifying selection maintained most, if not
all, regulatory mechanisms that involve these intergenic sequences, at least for the
DIix1/Dix2 and DIx5/DIx6 bigene clusters. The region of limited similarity found between
the three forebrain enhancers may suggest that they resulted from a tandem duplication
(I561 and 15611) that also predated the split between the ray-finned fish lineages, and/or

represent what subsists from a sequence present in the ancestral Dlx bigene cluster.
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Although the current study suggests that cis-acting regulatory elements of diverse
sequence may exert similar enhancer function, the converse may also be true. Thus, 1561
from mouse targets expression of a reporter transgene to the forebrain and mesenchymal
cells of the branchial arches (Figure 2.6. A) whereas the orthologous sequence from
zebrafish only directs expression to the forebrain, in either transgenic mice or zebrafish
(Zerucha et al., 2000) despite the fact that the two sequences are more than 80% identical
(Figure 2.2. B). Thus, the small differences in sequence between the enhancers from the
two species may have a profound effect on enhancer function.

Evidence has been previously presented for cross-regulatory interactions between
Dlx genes. Thus, the Dix] and DIx2 genes are expressed earlier in the forebrain and are
involved in either the activation or maintenance of Dix5 and DIx6 expression through the
enhancer(s) found in the DIx5/DIx6 intergenic region (Zerucha et al., 2000). In contrast,
there is, at present, no evidence that Dix5/6 regulate DIx1/2 in the brain. In the branchial
arch mesenchyme, DIx5/6 regulate DIx3, but not Dix1/2 (Depew et al., 2002a). Thus, the
divergence of the intergenic enhancer sequences may have contributed to the specificity
of cross-regulation between Dlx genes, allowing for sequential expression of paralogs.

The present study indicates an important role for the intergenic region in the cis-
regulatory mechanisms that are responsible for many aspects of the expression of genes
from two Dlx bigene clusters. Intergenic regulatory elements are not solely responsible
for Dix regulation. Thus, a fragment of the 5’-flanking region of‘mouse DIx2 was shown
to recapitulate expression in the epithelial cells of the branchial arches (Thomas et al.,
2000). A targeted mutation, that inactivates the function of mouse DIx/ and Dix2,
eliminates the entire intergenic region (Anderson et al., 1997b). Intriguingly,
homozygous mutants expressed truncated DIx] transcripts in the forebrain despite the
absence of the [12b sequence (Zerucha et al., 2000). Although our results indicate that
I12b is sufficient to confer expression of a reporter transgene to the forebrain (Figure 2.6.
C), distinct sequences located upstream of DIx/ also share this property (N. Ghanem and
M. Ekker, unpublished observations), suggesting a cooperative or synergistic effect

between multiple and distinct enhancers in forebrain regulation of DIx/ and/or Dix2.
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Distinct mechanisms may take place at the DIx5/DIx6 locus. The lacZ reporter gene,
introduced in a targeted mutation of DIx5/DIx6 that also removes the intergenic sequence
(including 1561 and I56ii), is only weakly expressed in the forebrain (Robledo et al.,
2002). This suggests that enhancers outside the intergenic region may exist but that the
intergenic enhancers play an essential role in conferring proper levels of gene expression,
in as much as detection of transcripts by in situ hybridization can be considered
quantitative. Taken together, these observations suggest complex mechanisms of Dlx
expression control. These mechanisms involve multiple enhancers with overlapping but
not necessarily redundant activity and a high degree of conservation in distant vertebrates

for at least some of these enhancers.
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Abstract

Distinct subtypes of cortical GABAergic interneurons provide inhibitory signals
that are indispensable for neural network function. The DIx homeobox gencs have a
central role in regulating their development and function. We have characterized the
activity of three cis-regulatory sequences involved in forebrain expression of vertebrate
Dix genes: URE2, 112b, and 156i. The three regulatory elements display regional and
temporal differences in their activities within the MGE and CGE, and label distinct
populations of tangentially migrating neurons at E12.5 and E13.5. We provide evidence
that the dorsal and ventral MGE (dMGE and vMGE) are distinct sources of tangentially
migrating neurons during midgestation. In the adult cortex, URE2 and I[12b are
differentially expressed in parvalbumin-, calretinin-, NPY- and nNOS-positive
interneurons; 112b was specifically active in somatostatin- and VIP-positive interneurons.
These data suggest that interneuron subtypes utilize distinct combinations of Dix1/Dix2

enhancers from the time they are specified through adulthood.

3.1. Introduction

Two mains classes of neocortical neurons constitute the basic functional units
upon which complex neuronal networks are established in the cerebral cortex during
development: 1) glutamatergic neurons, which are largely projection neurons; and, 2)
GABAergic neurons, which are local circuit neurons (DeFelipe and Farinas, 1992; Peters,
1984). GABAergic neurons in the adult brain are inhibitory and comprise 20-30% of all
neocortical neurons (Hendry et al., 1987; Meinecke and Peters, 1987; Parnavelas et al.,
1977). They are subdivided into several subtypes based on molecular, morphological and
electrophysiological features (Markram et al., 2004). For instance, subtypes of
interneurons express one or more of three calcium-binding proteins; parvalbumin (PV),

calretinin (CR) and calbindin (CB), and four neuropetides; somatostatin (SOM),
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neuropeptide Y (NPY), vaso-intestinal peptide (VIP) and cholecystokinin (CCK)
(Markram et al., 2004).

Inhibitory interneurons are indispensable for a normal cortical function through
establishment of the appropriate spatio-temporal balance of the excitation/inhibition and
through the generation of circuit oscillations (Borg-Graham et al., 1998; Hensch, 2005;
Kisvarday and Eysel, 1993; Monier et al., 2003; Murthy and Humphrey, 1999; Sato et al.,
1996; Sillito, 1984; Wehr and Zador, 2003).

In rodents, most interneurons in the neocortex, hippocampus and olfactory bulb
are derived from the embryonic basal ganglia [for review, see (Corbin et al., 2001; Marin
and Rubenstein, 2001b; Parnavelas, 2000; Wonders and Anderson, 2006)]. Immature
Interneurons migrate along several distinct routes towards their destinations where they
differentiate into different subtypes. Moreover, these progenitors derive from several
ventral structures: 1) the dorsal LGE (dLGE) is the site of origin of olfactory bulb
interneurons (Corbin et al., 2000; Dellovade et al., 1998; Stenman et al., 2003; Susscl et
al., 1999; Wichtérle et al., 2001; Yun et al., 2001); 2) the MGE and CGE are major
sources of cortical and hippocampal interneurons (Anderson et al., 2002; Anderson et al.,
2001; Lavdas et al., 1999; Sussel et al., 1999; Wichterle et al., 1999; Wichterle et al.,
2001). Distinct subtypes of interneurons have different spatio-temporal origins (Anderson
et al., 2002; Butt et al., 2005; Valcanis and Tan, 2003; Wichterle et al., 2001; Xu et al.,
2004). For example, the PV- and SOM-expressing interneurons seem to derive primarily
from progenitors located in the MGE between E12.5 and E16.5 (Butt et al., 2005; Xu et
al., 2004). In contrast, interneurons expressing CR derive exclusively from progenitors
found in the CGE between E14.5 and E16.5 (Butt et al., 2005; Xu et al., 2004).

The mechanisms that specify cortical interneuron subtypes produced within the
MGE are unknown. The existence of microenvironments within a given progenitor
domain may explain the diversity of interneuron subtypes derived from this domain.
Regional specification of progenitor cells may be directly associated with the
establishment of such microenvironments. Alternatively, the environment where the

interneurons migrate and settle may also participate in their fate determination and final
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maturation. Thus, progenitor cells may be under the control of different spatio-temporal
cues and/or mechanisms of regulation that are primarily dictated by the expression
profiles of several genes including transcription factors.

Dix genes are among factors that are required for the proper differentiation and
subsequent migration of interneurons in the telencephalon. Mutants lacking Dix1/Dix2
function display a block in the differentiation of progenitors in the basal ganglia and lack
of migrations to the cerebral cortex, olfactory bulb and hippocampus (Anderson et al.,
1997a; Anderson et al., 1997b). This is evidenced by an 80% reduction in neocortical
GABAergic neurons and >95% reduction in hippocampal and olfactory bulb
interneurons.

The Dix family comprises six genes organized into three bigene clusters on
separate chromosomes: Dix1/Dix2, Dix5/Dix6 and DIx3/Dix4. Four of them, DIx], DIx2,
Dix5 and DIx6 are sequentially expressed, albeit in an overlapping fashion, in the
subcortical telencephalon starting around E8.5-E9 (Eisenstat et al., 1999; Liu et al.,
1997). They display highly overlapping expression patterns in the basal ganglia
(subpallium) but with subtle differences [for review, see (Panganiban and Rubenstein,
2002)]. We previously identified cis-regulatory elements (CRE) located in the intergenic
regions of the Dix1/DIx2 and DIx5/DIx6 loci of vertebrates These CREs, 1561, 1561i and
[12b, are highly conserved between vertebrates and were able to target reporter transgene
expression to the subpallial telencephalon (subpallium) and the diencephalon
(prethalamus and hypothalamus) of transgenié animals (Ghanem et al., 2003; Zerucha et
al., 2000).

Here, we describe the characterization of a novel forebrain-specific CRE, URE2
(Upstream Regulatory Element 2) located in the 5’flanking region of DIx/ in several
vertebrate species. By comparing the spectrum of activity of URE2 with those of 112b
and 1561 in the telencephalon of transgenic mice, we show that the three CREs displayed
differential activities in the dorsal and ventral parts of the MGE and CGE, and labeled
distinct populations of tangentially migrating neurons at E12.5 and E13.5. We propose

the existence of microenvironments within dorsal and ventral parts of the MGE and CGE
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that produce different cell-types. Furthermore, we demonstrate that URE2 and 112b are

differentially active in several subtypes of adult cortical interneurons.

3.2. Material and methods

3.2.1. Transgenic mice

To generate transgenic mice, the enhancer sequences of URE2, 112b and 156i were
subcloned into the p1229/p1230 vectors (Yee and Rigby, 1993) that contain a human f-
globin minimal promoter and the lacZ reporter gene. A 1.5kb mouse fragment containing
the URE2 sequence was amplified by PCR using the following oligonucleotide primers:
5’AAAGCTTCCTTTGAATTCATCCCGCTTG '3 and
5’CAAGCTTCATGCAAATTCATACTCTGCC 3’ (HindIIl restriction site added).
Amplification consisted of 30 cycles at an annealing temperature of 62°C for 45s. This
was followed by cloning of the PCR product into PCR 2.1 and, then, into p1229 using the
Hindlll restriction site. For subcloning details and PCR conditions used in the making of
I12b and 1561 transgenic constructs refer to chapter 2 of this thesis. The p1230-112b-
alkaline phosphatase construct was generated by replacing the lacZ reporter gene with the
human placental alkaline phosphatase gene (PLAP) in the p1230-112b-lacZ vector using
BamHI restriction sites. The human PLAP sequence was amplified by PCR from the
pGTO-PFS plasmid using the following oligonucleotides primers to which Bg/Il
restriction sites were added: S>’AGATCTGCTGCTGCTGCTGCTGCTGCTG 3’ and 5’
AGATCTGATGAGTTTGGACAAACCAC 3’. Amplification was done in 30 cycles
using an annealing temperature of 60°C for 45s. Correct subcloning of the PLAP gene

was confirmed by sequencing using M13 reverse universal primer.

3.2.2. Morphological analysis of transgenic mice
Embryos from the mating of a transgenic male with normal CD/ females were
harvested at various embryonic stages. Pregnant females were sacrificed by cervical

dislocation. E11.5 and E12.5 mouse embryos were fixed in 4% PFA for 1h at RT, then
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washed 1n 1x PBS for 30 minutes and stained for -galactosidase activity overnight (O/N)
at 28°C in a solution of 1 mg/ml X-gal, 5 mM K;Fe(CN)s, 5 mM KyFe(CN)g, 2 mM
MgCl,, and 0.02% NP-40 in PBS. Mouse brains were dissected out after staining and
soaked in 20% sucrose solution at 4°C O/N. The follov;/ing day, brains were
cryoprotected and frozen using cold isopentane (kept at -80°C). 30-50um sections were

then cut using a cryostat (Leica CM3050 S).

3.2.3. Sectioning and tissue preparation of adult brains

Postnatal day 35 (P35) adult mice were screened by PCR using genomic DNA
extracted from ear tissue and specific oligonucleotide primers for lacZ (5’
ACGGCAGAGCCATCTATTGC 3° and 5’CGCTCATCCGCCACATATCC3’) and/or
PLAP (5 ACGGCAGAGCCATCTATTGC 3’ and
5’CTTGGACAGAGCCACATATGG 3’). Amplification consisted of 30 cycles at an
annealing temperature of 60°C for 45s. Positive mice were anesthetized with isoflurane
and were subjected to cardiac perfusion in 1x PBS followed by 4% cold PFA. Brains
were dissected out afterwards and post-fixed in 4% PFA for 4}'1 at RT. Sections of 30-
40pum thickness were cut into cold 0.1M phosphate buffer saline (PB) using a vibratome

(Vibratome series 1000, Technical Products International).

3.2.4. Double immunohistochemistry

E12.5 and E13.5 mouse brains were dissected from AP+/lacZ+ embryos and
sectioned as described above. Frozen sections were dried for 1h, then washed for 3 x 5
min each in 0.1M PB, pH=7.4, to eliminate residues from tissue protection medium.
Sections were incubated in blocking solution: 1% bovine serum albumin (BSA); 5% goat
serum and 0.3% triton-X in 0.1M PB, for at least 1h at RT. This was followed by
incubation with the primary antibody at 4°C O/N. 3 x 10 min washes in 0.1M PB were
performed the next day. This was followed by incubation with the secondary antibody for

2h at RT away from light. Sections were washed for 3 x 10 min, processed for a second
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round of immunohistolabeling and, finally, mounted in Immuno Floure mounting media
(Fisher).

Immunohistochemistry on floating sections of adult mouse tissue was performed
as described earlier (Cobos et al., 2005). We used the following antibodies: guinea pig
anti-f-Gal (1:1000, generous gift from Thomas Sargent laboratory), rabbit anti-PLAP
(1:100 Serotec), rabbit anti-parvalbumin (1:1000, Swant Swiss Abs), rat anti-somatostatin
(1:100, Chemicon), rabbit anti-neuronal nitric oxide synthase enzyme (1:150, Zymed-
Invitrogen), rabbit anti-calretinin (1:4000, Swant Swiss Abs), rabbit anti-neuropeptide Y
(1:4000, Immunostar), rabbit anti-tyrosine hydroxylase (1:350, Chemicon), and rabbit
anti-GABA (1:4000, Sigma); rabbit anti-vaso-active intestinal peptide (1:200;
ImmunoStar). Secondary antibodies were purchased from Molecular Probes (Invitrogen):
goat anti-rabbit Alexa fluor 488, goat anti-guinea pig Alexa fluor 594 and goat anti-rat
Aléxa fluor 488.

3.2.5. Organotypic culture

Organotypic slice cultures of embryonic mouse forebrain were prepared as
previously described (Tobet et al., 1994). Shortly, E12.5 and E13.5 mouse embryos were
placed in ice cold Krebs buffer containing 126 mM NaCl, 2.5 mM KCl, 1.2 mM
NaH,PO,, 1.2 mM MgCl,, 2.5 mM CaCl,, 11 mM glucose, and 25 mM NaHO0;. Brains
were then removed and embedded in 5% low-melt agarose (Sigma). 250 um thick
coronal sections were then cut on a vibrotome into cold Krebs buffer, and the sections
were transferred to sterile Krebs buffer (pH 7.4; filtered Krebs with 10 mM HEPES,
penicillin, streptomycin, and gentamicin) on ice. After 15 min, the sections were
transferred to polycarbonate culture membranes (diameter, 13 mm; pore size, 8 um,;
Whatman) in Falcon organ tissue culture dishes containing 1 ml of medium (Gibco MEM
with glutamine, 10% fetal calf serum, and pen/strep antibiotics). They were subsequently
placed in a sterile incubator (5% CO2, 37°C) for 1 hr, after which the medium was
changed to Neurobasal/B-27 (Gibco). Dil crystals (Molecular Probes, about 100 um)

were placed using an insect pin and a dissection microscope. Transplanted tissue was cut
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using fine dissecting scissors and forceps. After incubation for various times, the slices
were fixed in 4% PFA in PBS at 4°C for at least 4 hr, and mounted on glass slides under
Vectashield mounting medium (Vector). Slices were visualized on a Zeiss microscope
using rthodamine or fluorescein fluorescence filters. In each experiment, 6-8 mouse brains
were cut and 4 sections on average per brain were transferred into culture and labeled
with Dil. E12.5 and E13.5 sections were cultured for 48-72h. Four independent Dil

labeling experiments and two transplantation experiments were performed.

3.3. Results

3.3.1. Regulation of DIx gene expression in the forebrain by tissue-specific

enhancers

The previously identified CREs, 156i and 112b, located in the intergenic regions of
DIx5/Dx6 (Zerucha et al., 2000) and DixI/DIx2 (Ghanem et al., 2003), respectively, show
comparable regulatory activities in the subpallial telencephalon and diencephalon when
examined in whole mount transgenic mouse embryos (Ghanem et al., 2003). In a search
for additional regulatory elements controlling DIx/ and DIx2 gene expression in the
forebrain, we examined, by phylogenetic footprinting, the 5’ flanking regions of each
gene for conserved non-coding DNA sequences among mouse, human, Takifugu
rubripes, and zebrafish. We identified two conserved sequences in the 5’flanking region
of Dix!] that we named “Upstream Regulatory Element 1 and 27, URE1 and URE2. The
two sequences were found in all the vertebrate species listed above as well as others. The
percentage of sequence conservation varied between 72-97% for URE2 and 72-92% for
URE1 depending on the species compared. In the mouse, they were located ~17kb
(URET; ~900bp) and ~12kb (URE2; ~600bp) upstream of the DixI ATG start site (Figure
3.1. A and data not shown). The URE]l and URE2 sequences were 92% and 97%

conserved between mouse and human, respectively.
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Supplementary Sequence 3.1. Multiple sequence alignment of URE2 in five vertebrate
species

The consensus sequence represents identity in five out of five species. Sequences similar
to the binding site for Dix protein ([A/C/G]TAATT[G/A][{C/G]) (Feledy et al., 1999b) are
highlighted in grey. TAAT/ATTA putative homeodomain bindin{g motifs are underlined.
M, mouse; H, human; T, Takifugu rubripes; S, Spheroides nephelus; and Z, Zcbrafish.
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We looked for a potential regulatory role played by URE1 and URE2 by
generating transgenic mice using a construct comprised of a lacZ reporter gene under the
control of the human f-globin minimal promoter. Analysis of the -galactosidase activity
in the URE2-lacZ transgenic lines at E11.5 showed that URE2 is active in the forebrain of
these mice as well as the hyoid arch, the somites and the apical ectodermal ridge of the
limbs (Figure 3.1. B). Expression of /acZ in the forebrain is restricted to the subpallial
telencephalon, the prethalamus and the hypothalamus and was consistent among
independently generated transgenic lines (n=4). In whole-mount preparations, URE2-lacZ
reporter activity in the forebrain is reminiscent of the activities of //2b-lacZ and 156i-
lacZ (Ghanem et al., 2003). The other CRE, URE1, showed no activity in the forebrain
but was active in other regions of the embryo, notably in the retina, and will not be
discussed further here. We also examined the 5’flanking region of D/x2 but did not find

sequences that were conserved among the five species.

3.3.2. Dix enhancers identify divisions in the MGE and CGE

We compared the expression of lacZ driven by URE2, 112b and 1561 in coronal
sections of E11.5 and E12.5 telencephalon. Results were confirmed using at least two
independent transgenic lines. The 112b-lacZ and [56i-lacZ transgenic embryos display
nearly indistinguishable reporter expression at E11.5 and E12.5 in the subventricular
zone (SVZ) and mantle zone (MZ) of the subpallium: the LGE, the MGE, the anterior
entopeduncular area (AEP), the preoptic area (POA) and the CGE (Figure 3.2.).
However, URE2-lacZ transgenic lines display distinct reporter gene expression in two
main regions;

1) URE2-lacZ was the only CRE directing expression to the ventricular zone (V2),
where it is expressed in the LGE, dorsal MGE (dMGE) and CGE at E11.5 (Figure 3.2. A
and D). URE2-lacZ expression in the VZ weakens by E12.5 (Figure 3.2. G and J), and, in
the CGE, it becomes restricted to a medial domain or mCGE (Figure 3.2. J). Cells
expressing URE2-lacZ in the VZ are arranged in radial chains suggesting that they may
be clonally related (Figure 3.3. B and Supplementary Figure 3.1. B). This URE2 activity
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in the VZ 1s weak before E11.5 (data not shown) and is maintained at least until E15.5
although with weaker intensity (data not shown). Thus, contrarily to 112b and 1561, URE2
1s active in subpopulation(s) of VZ progenitor cells between E11.5 and E15.5.

2) URE2-lacZ is differentially expressed in subpallial SVZ domains, where it is
largely excluded from the ventral MGE (vVMGE), from the AEP, and somewhat excluded
from the vCGE (Figure 3.2. A, G and J), whereas expression of 1/2b-lacZ and of I56i-
lacZ is stronger in those regions (Figure 3.2. B, C, H, I, K and L). Thus, the distinct
spatio-temporal activities of URE2, compared to I12b and 1561, provide genetic evidence
for two subdivisions of the MGE: dMGE and vMGE, and, three subdivisions of the CGE:
dCGE, mCGE and vCGE.

3.3.3. URE2 and I12b label distinct populations of tangentially migrating

interneurons

To address whether the three CREs, URE2, 112b, and 1561, are active in distinct
and/or overlapping subsets of cells of the developing telencephalon, we generated a
transgenic mouse line in which the human alkaline phosphatase gene, AP, is driven by the
[12b sequence (I12b-AP transgene). We crossed 112b-AP mice with I56i-lacZ and URE2-
lacZ lines, separately, and screened the F1 generations for lacZ+ and AP+ double
hemizygote embryos. Then, we compared the expression patterns of the two reporter
genes, at E12.5 and E13.5, by double immunohistochemistry on brain sections using
antibodies against f-galactosidase and AP.

First, we compared the activities of URE2 and [12b at E12.5. In the dMGE,
URE2-lacZ expression is observed in a subset of cells in the VZ that are arranged in
radial chains (Figure 3.3. B) whereas [/2b-AP expression is not detected except in few
columns of cells at the VZ/SVZ boundary (Figure 3.3. A). Both transgenes are expressed
in larger subsets of cells in the SVZ, many of which are double-labeled but some are

single-labeled (Figure 3.3. C). Similar differences in the profiles of expression of the two
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Figure 3.2. Comparative enhancer activities of URE2, 112b and 1561 in the subpallial
telencephalon of transgenic mice

Coronal hemisections showing lacZ expression under the control of each enhancer
at (A-F) E11.5 and, (G-L) E12.5 at medial and caudal levels. (A, D, G, J) URE2-lacZ, (B,
E, H, K) 112b-lacZ; (C, F, 1, L) I56i-lacZ. Arrowheads in B, C, E and F mark the
beginning of tangential migrations at the level of the dLGE at E11.5. Arrows in H, [, K
and L, show two streams of migratory cells budding from the LGE and merging into one
stream at the level of the cortico-striatal boundary at E12.5: a superficial
stream/prospective intermediate zone (stream 1) and a deep stream/prospective marginal
zone (stream 2). There is no tangential migration of URE2-lacZ-positive cells at these
stages. III: third ventricle; AEP: anterior entopeduncular area; CGE: caudal ganglionic
eminence; CP: cortical plate; dCGE: dorsal caudal ganglionic eminence; dLGE: dorsal
lateral ganglionic eminence; dMGE: dorsal medial ganglionic eminence; DP: dorsal
pallium; Hi: hippocampus; [Z: intermediate zone; LGE: lateral ganglionic eminence; LP:
lateral pallium; LV: lateral ventricle; mCGE: medial caudal ganglionic eminence; mLGE:
medial lateral ganglionic eminence; MGE: medial ganglionic eminence; MZ: mantle
zone; Mz: marginal zone; PCx: piriform cortex; POA: preoptic area; SCB:
suprachiasmatic band; SVZ: subventricular zone; Th: thalamus; vCGE: ventral caudal
ganglionic eminence; VLGE: ventral lateral ganglionic eminence; vMGE: ventral medial

ganglionic eminence; VP: ventral pallium;VZ: ventricular zone.
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transgenes are detected in the dLGE and dCGE (Supplementary Figure 3.1. A-C and data
not shown). '

In the vYMGE and AEP, URE2-lacZ expression is weaker than in the dMGE; it was
absent in the VZ and restricted to some radial columns of cells in the SVZ (Figures 3.2.
G, arrows in 3.3. B and data not shown). By contrast, //2b-lacZ (or 112b-AP) expression,
although not detected in the VZ, appears to be homogenously found in the SVZ of the
vMGE and AEP (Figures 3.2. H, 3.3. A and data not shown).

The URE2- and [l2b-containing transgenes also show differences in CGE
expression (Figure 3.2. J-K and Supplementary Figure 3.1. A-C). URE2-lacZ expression
is present in the VZ of the middle domain of the CGE (mCGE), but not in the dorsal or
ventral domains (dCGE, vCGE) (Figures 3.2. J and Supplementary Figure 3.1. B).
Furthermore, URE2-lacZ expression is weaker in the vCGE (SVZ and MZ) compared
with the dCGE and mCGE (Figures 3.2. J and Supplementary 3.1. B).

The distinct expression of the DIx CREs within the 'MGE prompted us to
investigate whether the enhancers are differentially expressed in interneurons that
tangentially migrate to the cortex. Most cortical GABAergic interneurons in mouse are
derived from the MGE and CGE (Butt et al., 2005; Marin and Rubenstein, 2001b; Marin
and Rubenstein, 2003a; Nery et al., 2002; Xu et al.,, 2004) and express Dix genes
(Anderson et al., 1997a; Cobos I et al., 2006; Cobos et al., 2005; Stuhmer et al., 2002b).

Cells in early tangential migrations from the subpallium express 1/2b-lacZ much
more than they express UREZ2-lacZ. Of the two transgenes, //2b-lacZ is the only one
expressed in migrating cells at E11.5 (Figure 3.2. B, E, arrowheads). By E12.5, there are
two streams of tangentially migrating cells entering the pallium from the dLGE and
dCGE, corresponding two migratory routes known to be DIx+ (Anderson et al., 2001;
Lavdas et al., 1999; Marin and Rubenstein, 2001b; Wichterle et al., 2001). One is a deep
stream that traverses the SVZ of the ventral and lateral pallium '(VP, LP) and enters the
SVZ/intermediate zone of the dorsal pallium (DP) (stream 1 in Figure 3.2. H and K); the
second, is a superficial stream that traverses the mantle of the VP and LP, and continues

in the marginal zone (Mz) of the DP (stream 2 in Figures 3.2. H, K, 3.3. G and H). There

133



are ~3-4 times more //2b-AP than URE2-lacZ cells tangentially migrating from the MGE
and CGE at this age (Figure 3.3. G, H, Table 3.1. A, and data not shown).

By E13.5, a larger number of tangentially migrating neurons express URE2-lacZ
in the cortical intermediate and marginal zones (Figures 3.4. B, H, and Supplementary
Figure 3.2. B and H). Yet, there are still are ~2-2.5-fold fewer URE2-lacZ expressing
cells than [72b-AP- or I56i-lacZ- expressing cells (Table 3.1. A)."

We compared URE2 and 112b activities in tangentially migrating cells using
double-labeling. About half of the tangentially migrating cells expressing URE2-lacZ
also express the /12b-AP transgene at E12.5 or E13.5 (Figure 3.3., Supplementary Figure
3.1., and Table 3.1. A). URE2+/I12b+ cells are primarily found in stream 2 (Mz; Figures
3.3. 1, 3.4. 1, Supplementary Figures 3.1. I and 3.2. I). By contrast, URE2+/112b-
migrating cells are largely found in stream 1 (IZ, Figures 3.3. I, 3.4. I, Supplementary
Figure 3.1. 1, 3.2. I and Table 3.1. B). In summary, differential activity of CREs from the
DIx1/DIx2 locus in tangentially migrating cells suggest the existence of several

populations (or subpopulations) in both the Mz and I1Z.

3.3.4. Highly similar activities of 112b and 156i

We then compared the activities of [12b and 1561 at E12.5. The majority of cells in
the SVZ and MZ are double-labeled in the MGE and AEP (Figure 3.3. D-F and data not
shown) and in the CGE (Supplementary Figure 3.1. D-F) confirming X-gal staining
(Figure 3.2.) that suggests activity of the two enhancers in overlapping population(s).

We next compared the expression of [12b and 1561 in tangentially migrating cells
at E12.5 and E13.5 as we did for URE2/112b comparisons. The //2b-AP and I56i-lacZ
transgenes are co-expressed in tangentially migrating cells (Table 3.1. A and Figures 3.3.
J-L, 3.4. D-F, J-L, Supplementary Figures 3.1. J-L, 3.2. D-F and J-L). We also detect two
populations of single-labeled migrating cells at the levels of the MGE and the CGE. The
I56i+/112b- and the 1561-/112b+ populations accounted for less than 20% and 12.5% of
migrating cells, respectively (Table 3.1. A). All three cell populations (I112b+/I56i+,
[12b+/1561- and 112b-/1561+) are equally distributed between migration streams 1 and 2
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Figure 3.3. Activities of three Dix CREs in the MGE and cortico-striatal boundary
(CSB) at E12.5

(A-F) Double immunohistochemistry showing the expression of (A, D) 112b-AP,
green; (B) URE2-lacZ, red; and (E) [56i-lacZ, red. (C) and (F) are merged pictures of (A,
B) and (D, E), respectively. Compared with the dMGE, only few radial columns of cells
in (B) express URE2-lacZ in the SVZ of vMGE (arrowheads) whereas others do not
(arrows). In (C), arrows and arrowheads show radial columns of double labeled cells
(yellow) and single labeled ones (red or green), respectively. (G-L) Labeling of
tangentially migrating cells towards the CSB of (G, J) 112b-AP mice (green), (H) URE2-
lacZ mice (red) and (K) 156i-lacZ mice (red) at E12.5. (1) and (L) are merged pictures of
(G, H) and (J, K), respectively. As described in Figure 3.2. H, I, K and L, migratory cells
(arrows 1 and 2 in G-L) follow superficial (stream 2) and deep (stream 1) streams of
migrations at E12.5 that will merge into one along the Mz of the CSB. There is little
tangential migration of URE2-lacZ-positive cells at this age (H). (I, L) Single-labeled and
double-labeled cells are indicated with arrows and arrowheads, respectively. Symbols as

in Figure 3.2.
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Supplementary Figure 3.1. Activities of three D/x CREs in the CGE and CSB at E12.5
(A-F) Double immunohistochemistry showing (A, D) the expression of //2b-AP,
green; (B) URE2-lacZ, red; and (E) I56i-lacZ, red. (C, F) are mgrged pictures of (A, B),
and, (D, E), respectively. URE2-lacZ expression is absent from the VZ and weaker in the
SVZ of the vCGE compared with the mCGE. (G-L) Labeling of tangentially migrating
cells at the level of the CSB at E12.5 in (G, J) 1/2b-AP, green, (H) URE2-lacZ, red and
(K) I56i-lacZ, red, mouse embryos. (I, L) are merged pictures of (G, H) and (J, K),
respectively. Similar to the MGE, migratory cells follow two streams of migrations at this
age (arrows 1 and 2 in G-L), and (H) there are few tangentially migrating cells that
express UREZ2-lacZ at this age. Single-labeled and double-labeled cells are indicated with

arrows and arrowheads, respectively. Symbols as in Figure 3.2.
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Table 3.1. Percentage of migrating cells derived from the MGE and

reporter lines

CGE in CRE

E12.5 E12.5 E13.5 E13.5
Table 3.1. A MGE/CSB CGE/CSB MGE/DP CGE/DP
Yo Yo Yo Y%

URE2+/112b- 93+0.6 109+ 1.5 154+0.7 189+0.5

URE2
/ URE2+/112b+ 10.3+0.5 141+ 1.6 13.2 +0.7 13.3+04

I12b
URE2-/T12b+ 81.4+2.0 75.0+2.5 714+ 1.5 67.8+2.5
[561-+/112b- 14.1+0.9 10.7+2 199 +1 13.3+1.7

156i
/ 1561-/112b+ 8.7+2.1 7.5+25 9.8+1 125425

I12b
156i+/112b+ 77.1+3.0 81.7+3.5 702+ 1 742 +4.2

E12.5 E12.5 E13.5 E13.5
Table 3.1. B MGE/CSB CGE/CSB MGE/DP CGE/DP
Y % % Y%
Marginal zone
(stream 2) 18.4+1.6 18.8+7.0 31.6+5.9 29.2+1
URE2+/112b-
Intermediate
zone 80.0+5.0 68.8 +6.2 70.7+3.4 64.8+4.38
(stream 1)

(Table 3.1. A) Percentage of single and double labeled migrating cells at the level of the
CSB and DP at E12.5 and E13.5. (Table 3.1. B) Distribution of the URE2+/112b- cells
along the two main streams of migration in the CSB at the level of the MGE and CGE.
The number of lacZ and/or AP positive cells in the CRE lines were determined from 2-3
sections in the CSB or DP at the level of the MGE or CGE per mouse and averaged
(n=2). Data are presented as mean + SD.
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Figure 3.4. Activities of three Dix CREs in tangentially migratir;g cells derived from the
MGE at E13.5

(A-F) Double immunohistochemistry showing the expression of (A, D) 1/2b-AP,
green; (B) URE2-lacZ, red; and (E) I56i-lacZ, red, in the DP. (C) and (F) are merged
pictures of (A, B) and (D, E), respectively. Tangentially migrating cells follow the Mz
and Iz of the DP at E13.5. (G-L) Higher magnification pictures of the boxes shown in (A-
F), respectively. (I) and (L) are merged pictures of (G, H) and (J, K), respectively. There
are more migrating cells in URF2-lacZ mice at this age (B, H) compared with E12.5
(Figure 3.3. H). Single-labeled and double-labeled cells in I and L are indicated with
arrows and arrowheads, respectively. Most migrating cells in /12b-AP/I56i-lacZ mice are
double labeled (arrowheads in L) whereas a large number of cells in //2b-AP/URE2-lacZ

mice are single labeled (arrows in I). Symbols as in Figure 3.2.
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Supplementary Figure 3.2. Activities of three DIx CREs in tangentially migrating cells
derived from the CGE at E13.5

(A-F) Double immunohistochemistry showing the expression of (A, D) 112b-AP,
green; (B) URE2-lacZ, red; (E) 156i-lacZ, red, in the DP. (C, F) are merged pictures of
(A, B) and (D, E), respectively. (G-L) Tangentially migrating cells fdllow the Mz and Iz
of the DP at E13.5. (G-L) Higher magnification pictures of the boxes shown in (A-F),
respectively. Panels (I, L) are merged pictures of (G and H), and, (J and K), respectively.
As observed in the MGE, there are more migrating cells derived from the CGE that
express URE2-lacZ at this age (B, H) compared with E12.5 (Supplementary Figure 3.1.
H). Most migrating cells in /12b-AP/I156i-lacZ double transgenic mice are double labeled
(arrowheads in L) whereas a large number of cells in //2b-AP/URE2-lacZ mice are
single-labeled (arrows in I). Single-labeled and double-labeled cells in I and L are

indicated with arrows and arrowheads, respectively. Symbols as in Figure 3.2.
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(Mz and 1z) (Figures 3.3. L, 3.4. L, Supplementary Figures 3.1. L and 3.2. L). These
results suggest that the [12b and 1561 CRE are mainly active in the same cells and could

be responding to similar mechanisms.

3.3.5. The dMGE and the vMGE produce cortical interneurons

Since the 112b and URE2 CREs are differentially active in the MGE and AEP, and
may label distinct subpopulations of tangentially migrating neurons derived from these
regions, we sought to investigate whether this could be linked to intrinsic properties of
the progenitor cells found in these regions in terms of regional specification and
migration potential. For this purpose, we performed in vitro Dil labeling experiments on
brain slice culture taken from wild type litters at E12.5 and E13.5. First, we compared the
migration potential of neurons derived from progenitors residing in the MGE versus those
derived from progenitors found in the AEP and POA, separately. We found no evidence
of tangential migration that reached the cortex from either the AEP or POA
(Supplementary Figures 3.3. B-C, F-H, 3.4. B, D, J-L, N, and P) but we observed robust
tangential migration of neurons from the MGE that enter the cortex (Supplementary
Figures 3.3. B, D, 3.4. B-C and E-H, n=15) consistent with previous slice studies
(Anderson et al., 2001; Anderson et al., 1997b).

Next, we compared the migration potential of neurons derived from progenitors
found in the dMGE versus vYMGE at E12.5 and E13.5. We observe robust tangential
migration to the cortex from both regions (Figures 3.5. A-D, Supplementary Figure 3.4.
E-H, N-O and data not shown, n=12). We also performed tissue transplantation assays
coupled to Dil experiments at E12.5; the vVMGE was dissected out and transplanted nto a
rostral or a caudal section to replace either the LGE or CGE, respectively. Then, the
tissue transplanted from the vMGE and the one from the remaining dMGE were labeled
separately with Dil (Figure 3.5. E, I and M). The vMGE transplants show robust
tangential migration to the cortex regardless of their new environment (Figure 3.5. M-P
and data not shown, n=4) indicating that E12.5 vMGE progenitor cells are specified to

produce cells that tangentially migrate to the cortex. In addition, progenitors located in

144



the remaining AMGE retain their ability to migrate to the cortex (Figure 3.5. F-G and J-
K). These experiments demonstrate that both the vMGE and dMGE are sources of cells

that tangentially migrate to the cortex.

3.3.6. URE2 and I12b mark overlapping and distinct subtypes of adult

cortical interneurons |

Expression of URE2 and 112b reporter transgenes persists postnatally in subsets of
forebrain neurons. We focused on their expression in interneurons of the somatosensory
and motor cortex of 5 week old mice using double immunohistochemistry. We co-labeled
either URE2-lacZ+ or 112b-lacZ+ cells with GABA. We find that approximately two-
thirds of GABA+ cells (~66.1 + 2.8%, n=2) were URE2-lacZ+ and nearly all of the
URE2-lacZ+ cells express GABA (~92.9 +2.1%, n=2). By contrast, nearly all of GABA+
cells are 112b-lacZ+ (~93.8 + 2.1%, n=2) and vice-versa (93.5 + 3.4%, n=2) (Table 3.2.
and data not shown).

Next, we determined whether UREZ2-lacZ and [12b-lacZ were differentially
expressed in subtypes of cortical interneurons. Thus, we co-labeled URE2-lacZ+ and
112b-lacZ+ cells with the following subtype markers: calcium-binding proteins, CR and
PV; neuropeptides, SOM, NPY, nNOS, and VIP. We find that U]‘QEZ-lacZ is expressed in
almost all PV+ (99 + 1%), CR+ (99.2 + 0.8%), NPY+ (97.8 + 3.2), and nNOS+ (99.9 +
0.1%) interneurons (n=2). On the other hand, /72b-lacZ is expressed in a subset of these
cells: PV (85.5 + 3.3%), CR (79.4 + 5.1%), NPY (75.7 + 5.0%) and nNOS (23.7 + 7.1%)
(n=2) (Figures 3.6. I-X, 3.7. A-P and Table 3.2.). Importantly, URE2-lacZ is expressed in
only a very small number of SOM- (6.4 + 1.2%) or VIP- (11.8 + 5.4%) interneurons
(n=2) (Figures 3.6. E-H, 3.7. Q-T and Table 3.2.). By contrast, //2b-lacZ is expressed in
most of these two interneuron subtypes (SOM- 87.5 + 4.7%; VIP- 96.1 + 2.6%) (n=2)
(Figures 3.6. A-D, 3.7. U-X and Table 3.2.). Thus, we conclude that URE2 and 112b
mark overalpping as well as distinct population(s) or subpopulation(s) of cortical

interneurons in the adult mouse brain.
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Figure 3.5. The dMGE and vMGE are two distinct sources of tangentially migrating cells
to the DP at E12.5

(A) Dil labeling (arrows) of the vMGE and dMGE. Inset in A is a picture taken
after 72h in culture. (B-D) Robust migrations towards the cortex are derived from both
subdivisions. In panels (E) and (I), the left vMGE was dissected and transplanted into a
rostral level to replace the LGE (* in E, I and M), respectively. The left IMGE and right
vMGE in (E, I) as well as the transplanted vMGEs in (M) were labeled with Dil. Insets
in (E, I, M) are pictures taken after 48h in culture. (F, J, N) Fluorescent pictures of (E, I,
M), respectively. (G, K, O) and (H, L, P) are higher magnifications of the left and right
hemispheres in (E, I, M), respectively. Robust tangential migration to the DP is observed
from progenitors located in the dMGE (G, K), control vMGE (H, L) as well as
transplanted vMGE (O, P). Symbols as in Figure 3.2.
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Supplementary Figure 3.3. Cell migration from ventral structures to the DP at E12.5

(A, E) Dil labeling on coronal sections at medial levels. The location of the Dil
crystal is indicated with an arrow. Labeled structures are indicated at the bottom of each
section. Insets in A and E are pictures taken after 72h in culture. (B, F) Fluorescent
pictures of (A, E) taken after 72h in culture, respectively. Higher magnifications of the
left and right hemispheres in panels (B) and (F) are shown in (C, G) and (D, H),
respectively. Little or no tangential migration towards the cortex is observed from
progenitors in (C, H) the AEP; and (G) POA. (D) Strong tangential migrations take place
from the MGE. Symbols as in Figure 3.2.
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Supplementary Figure 3.4. Cell migration from ventral structures to the DP at E13.5

(A, E, I, M) Dil labeling on coronal sections at medial levels. The location of the
Dil crystal is indicated with an arrow. Labeled structures are indicated at the bottom of
each section. Insets in (A, E, [, M) are pictures taken after 48h in culture. (B, F, J, N)
Fluorescent pictures of (A, E, I, M) taken after 48h in culture, respectively. Higher
magnifications of the left and right hemispheres in panels (B, F, J, N) are shown in (C, G,
K, O) and (D, H, L, P), respectively. Robust tangential migration of cells to the DP are
observed in sections where (O) the IMGE and (C, G, H) the vMGE are labeled. Little or
no tangential migration is derived from progenitors in (D, K, P) the AEP and (L) POA.
Symbols as in Figure 3.2.
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Figure 3.6. Co-labeling of URE2- and I12b-expressing interneurons with subtype
markers in the mouse adult somatosensory cortex at P35

(A, I, Q) Cells labeled with 112b-lacZ or (E, M, U) URE2-lacZ are shown in red.
Interneurons-expressing (B, F) somatostatin; (J, N) parvalbumin; or (R, V) calretinin, are
shown in green. (D, H, L, P, T, X) Higher magnifications of boxes shown in (C, G, K, O,
S, W), respectively. (O, P) Almost all PV+, (W, X) CR+ neurons express URE2-lacZ. In
contrast, SOM-expressing interneurons (G, H) do not express URE2-lacZ. The 112b-lacZ
transgene is expressed in a large number of (K, L) PV+; (S, T),‘ CR+, as well as (C, D)
SOM+ interneurons. Double and single-labeled interneurons are indicated with arrows

and arrowheads.

152



Il

/1

A

\%
\i

il

v
V

|
[HA1

\Y
\

I
1

v

V
\4




Figure 3.7. Co-labeling of URE2- and I12b-expressing interneurons with subtype
markers in the mouse adult somatosensory cortex at P35

(A, I, Q) Cells expressing URE2-lacZ or (E, M, U) I12b-lacZ are shown in red.
Interneurons-expressing (B, F) neuropeptide Y; (J, N) neuronal pitric oxide synthase; or
(R, V) vaso-active intestinal peptide are shown in green. (D, H, L, P, T, X) Higher
magnifications of boxes shown in (C, G, K, O, S, W), respectively. (C, D) Almost all
NPY+; (K, L) nNOS+ intereneurons express URE2-lacZ but (S, T) VIP+ interneurons do
not express this transgene. (G, H) A large number of NPY+; or (W, X) VIP+, but (O, P)
few nNOS+ interneurons express //2b-lacZ. Double and single-labeled interneurons are

indicated with arrows and arrowheads.
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Table 3.2. Percentage of cortical interneurons subtypes labeled with URE2 and [12b in
the somatosensory and motor cortices at P35

URE2 I12b

GABA
% 66.1 +2.8 93.8+2.1

Parvalbumin
(PV) 99+1.0 85.5+3.3
%

Calretinin
(CR) 992 +0.8 79.4+5.1
%

Somatostatin
(SOM) 64+1.2 87.5+4.7
%

Neuropeptide Y
(NPY) 97.8+3.2 75.7+5.0
%

Neuronal Nitric Oxide
Synthase (nNOS) 99.9 + 0.1 273+7.1
%

Vaso-active Intestinal
Peptide (VIP) 11.8+5.4 96.1 +2.6
%

Calbindin
(CB) 6.7+ 1.1 N.D.
%

*

N.D". Not Determined

The numbers of positive cells were determined from 8-10 coronal sections of the
somatosensory and motor cortices per mouse and averaged (n = 2). Sections were
selected at different levels with respect to the rostro-caudal axis. In each section, a
rectangular area of neocortex from the white matter to the pial surface was analyzed.
Data are presented as mean + SD.
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3.4. Discussion

Herein, we provide evidence that the overall patterns of DIx expression in the
developing and mature brain represent the sum of patterns generated by distinct enhancer
elements that may be regulated by distinct mechanisms. This conclusion is based on the
detailed examination of cis-regulatory elements (CREs) that control Dlx gene expression
in the developing telencephalon. We report the identification of URE2, a novel Dix
forebrain-specific CRE that is highly conserved in vertebrates (Figure 3.1. and
Supplementary Figure 3.1.). URE2 and two previously characterized Dix CREs active in
the forebrain, [56i and I12b, display partially overlapping activities in the basal ganglia
(Figures 3.2., 3.3. A-F and data not shown). Importantly, their activities are distinct in
two subdivisions of the MGE; dAMGE and vMGE (Figures 3.2. A-C, G-I and 3.3. A-C), as
well as three subdivisions in the CGE; dCGE, mCGE and vCGE (Figure 3.2. J-L and
Supplementary Figure 3.1. A-C). Furthermore, 112b/I561 and URE2 are active in
overlapping, but distinct population(s) of tangentially migrating neurons to the cortex
derived from the MGE and CGE (Figures 3.3., 3.4., Supplementary Figures 3.1. and 3.2.).
In the adult mouse cortex, URE2-lacZ and I12b-lacZ are expressed in common as well as
distinct subtypes of cortical interneurons (Figures 3.6. and 3.7.). The differential
expression of URE2-lacZ and 112b-lacZ suggests that: 1) the vVMGE and dMGE may be
distinct sources of cortical interneurons. The same conclusion may also be true for the
dCGE, mCGE and vCGE; 2) Dix-progenitors born in these subpallial subdivisions have
different molecular properties and may subsequently give rise to distinct subtypes of

adult cortical interneurons, yet, direct evidence of such a relationship is still lacking.

3.4.1. Multiple enhancers regulate Dix1/2 and DIx5/6 expression in the MGE

and CGE

We have identified thus far four CREs that are involved in expression of four Dix
genes in the forebrain of vertebrates. URE2 and 112b are located in the Dix1/Dix2 locus,
and, [561 and I56i1 are located in the DIx5/DIx6 locus (Ghanem et al., 2003; Zerucha et
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al., 2000). Preliminary analysis of [56ii activity shows that this CRE is active in a distinct
distribution at E11.5-E13.5 when compared to URE2, 112b, and 156i (Ghanem N. and
Ekker M., unpublished data).

URE?2 is the only CRE that is strongly active in subset(s) of radially arranged cells
in the VZ of the LGE, dMGE and mCGE at E11.5 and E12.5 (Figures 3.2. A, D, G, J,
3.3. B, Supplementary Figure 3.1. B and data not shown). Likewise, Dix2 is expressed in
discrete radial clusters of mitotically active VZ cells (Eisenstat et al., 1999; Porteus et al.,
1994). DixI is expressed in a smaller subset of VZ cells (Eisenstat et al., 1999). Hence,
URE2 activity is similar to the endogenous expression of Dix/ and Dix2 in this region.
Ongoing studies are aimed at establishing whether URE?2 is regulating the expression of
one Dix gene or both.

Three different types of cells are defined by differential expression of URE2 and
I12b in the SVZ and MZ of the dMGE, dCGE and mCGE at E11.5-E13.5: URE2-
lacZ+/112b-AP+, URE2-lacZ+/112b-AP- and URE2-lacZ-/112b-AP+. Some of the URE2-
lacZ+/112b-AP- cells are radially arranged in the VZ (Figure 3.3. C, Supplementary
Figure 3.1. C and data not shown). The above cell types are also found in the vMGE/AEP
and vCGE (Figure 3.3. C, Supplementary Figure 3.1. C and data not shown) although the
activity of URE2 is weaker in these regions and the majority of labeled cells are URE2-
lacZ-1112b-AP+. These results suggest that there are microenvironments within MGE and
CGE where distinct groups of progenitor cells express URE2-lacZ and/or 112b-lacZ.

1561 and 112b are both active in the MGE and CGE in most SVZ cells, and a
substantial number MZ cells, (Figures 3.2., 3.3. D-F and Supplementary Figure 3.1. D-F).
Thus, these two CREs are likely to be active in common cell populations at E11.5 -
E13.5.

The CREs’ overlapping activities recapitulate similarities in the endogenous
expression of DIx genes suggesting that they may be involved in common regulatory
mechanisms such as cross-interactions between DIx genes. In fact, Dix2, Dix1, and DIx5
share strong and uniform expression patterns in the SVZ and, intermediate ones in the

MZ, where most cells express more than one Dlx gene (Eisenstat et al., 1999; Liu et al.,
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1997). Previous work provided evidence that cross-regulatory interactions between Dlx
genes explain some of the spatio-temporal similarities in DIx patterns of expression. Dix/
and/or DIx2 are upstream regulators of Dix5 and DIx6. In Dix1/2 null mice, Dix5 and
Dix6 expression is lost in the most of the telencephalon except in cells derived from the
septal region (Anderson et al., 1997b; Zerucha et al., 2000). Furthermore, Zerucha et al.,
2000 demonstrated that cross-interaction between these four Dix genes is mediated, at
least in part, by the 1561 enhancer. This enhancer is regulated by Dix/ and/or DIx2 both in
vitro and in vivo (Stuhmer et al., 2002a; Zerucha et al., 2000; Zhou et al., 2004).

3.4.2. Distinct cell populations tangentially migrate to the cortex between

E11.5 and E13.5

Differential spatio-temporal activities of URE2, I12b and 156i are detected in
tangentially migrating cells that are derived from the MGE and CGE between E11.5 and
E13.5. Based on activity of DIx CREs, there are at least three major cell populations that
tangentially migrate to the cortex at these ages: URE2-lacZ+/112b-AP+ (I56i-lacZ+),
URE2-lacZ+/112b-AP- (I56i-lacZ-), URE2-lacZ-/112b-AP+ (I56i-lacZ+). URE2-lacZ
expression in tangentially migrating cells begins at least one day later than most
112b/156i-lacZ+ cells.

There are important spatio-temporal differences in the nature of URE2-lacZ-
negative and URE2-lacZ-positive cells that migrate to the cortex: 1) URE2-lacZ-positive
cells appear to be primarily derived from the dMGE whereas UREZ2-lacZ-negative cells
can derive from the dIMGE and/or vMGE. The vMGE may be the major source of E11.5
migrations since URE2 is weakly active in this region and no tangential migration is
detected in URE2-lacZ embryos at this age. Later, production of interneurons (between
E12.5 and E15.5) may derive from both the dMGE and vMGE (Figures 3.2., 3.3., 3.4.
and data not shown). The same conclusion may apply to the dCGE and/or mCGE versus
vCGE (Supplementary Figures 3.1., 3.2. and data not shown). Alternatively, the increase
in migrating cells expressing URE2-lacZ at later ages could also be due to increased

URE2 enhancer activity in pre-existing cells that did not express the transgene
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previously. 2) Expression of the URE2-lacZ transgene is detectéd in a larger number of
migrating interneurons at later stages (E13.5 and E14.5) (Figure 3.4., Supplementary
Figure 3.2 and data not shown). 3) The majority of cells expressing UREZ2-lacZ but not
112b-AP (URE2-lacZ+/112b-AP-) follow the 1Z as their major route of migration between
E12.5 and E13.5 (Figures 3.3. 1, 3.4. I and Table 3.1. B). In contrast, URE2-lacZ- cells
migrate following both the Mz and 1Z at these ages (Figures 3.3. I and 3.4. I).

Taken together, our data suggest that migrating cells expressing various
combinations of URE2-lacZ+, 112b-AP+ and 156i-lacZ+ may correspond to distinct types
of immature cortical interneurons derived from distinct microenvironments in the MGE
and CGE. However, direct evidence for the existence of such lineage(s) is still lacking at

this point.

3.4.3. Characterization of distinct sources of migrating ‘cells within the MGE

Most mouse cortical GABAergic neurons are derived from the MGE and CGE
(Anderson et al., 2002; Anderson et al., 2001; Gorski et al., 2002; Lavdas et al., 1999,
Sussel et al., 1999; Wichterle et al., 1999; Wichterle et al.,, 2001). Using tissue
transplantation coupled to Dil labeling in slice cultures, we provide evidence that the
dMGE and vMGE are distinct sources of tangentially migrating cells, consistent with the
regional expression of URE2-lacZ in the MGE. The Dil experiments seem to reveal more
tangentially migrating cells from the vVMGE versus dMGE between E12.5 and E13.5,
consistent with the smaller size of tangential migration marked by URE2-lacZ compared
with 112b-lacZ or I56i-lacZ (Figures 3.2. G-I, 3.3. G-L, 3.4., and Table 3.1. A).
Alternatively, some of the AMGE migrating cells could derive from vMGE and are thus

labeled at different positions along their migratory routes.

3.4.4. DIx CREs are active in the majority of cortical interneurons in the adult
cortex
Dix genes are expressed in most mouse neocortical GABAergic interneurons

(Stuhmer et al., 2001; Cobos et al., 2005, 2006). URE2 and I12b appear to be major
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regulators of DIx] and DIx2 in adult cortical GABAeric neurons, as they are expressed in
66% and 93% of these cells, respectively (Table 3.2. and data not shown). Most URE2-
lacZ+ (~92%) and [12b-lacZt (~93%) cells in the cortex contain GABA (data not
shown).

PV-, SOM-, and CR-positive interneurons constitute, molecularly and
physiologically, distinct subtypes of cortical GABAergic neurons (Markram et al., 2004).
112b-lacZ but not URE2-lacZ labels the majority of interneurons expressing SOM (87%
vs 7%) and VIP (96% vs 12%) (Figures 3.6. A-H, 3.7. Q-X and Table 3.2.). Moreover,
URE2-lacZ marks only a few CB-positive interneurons (6.7%) (data not shown and Table
3.2.). In contrast, URE2-lacZ is expressed in nearly all PV-, CR-, NPY- and nNOS-
expressing interneurons (>97% of each subtype) (Figures 3.6., 3.7. and Table 3.2.). [12b-
lacZ is expressed in large numbers of interneurons belonging to these subtypes but not all
(75-87% except for nNOS ~27%) (Figures 3.6., 3.7. and Table 3.2.).

We did not analyze co-expression of [56i-lacZ with markers of interneuron
subtypes but we anticipate that it will label the same subtypes as [/2b-lacZ. This
conclusion is based on the fact that both enhancers were co-active in 70-80% of
tangentially migrating cells between E12.5 and E13.5. Furthermore, Stuhmer et al,,
2002b showed that zI461, which is the zebrafish ortholog of 1561, marked >90% of adult
cortical interneurons and showed no evidence for subtype specificity (Stuhmer et al.,

2002b).

3.4.5. Distinct subtypes of cortical interneurons may derive from Dix-

progenitors born in subdivisions of the MGE and CGE

Previous studies showed that PV- and SOM-expressing interneurons derive
primarily from progenitors located in the MGE between E12.5 and E16.5 (Butt et al.,
2005; Xu et al., 2004). Our data are in agreement with these results but further propose
that these subtypes may derive from distinct Dlx-progenitors born in subdivisions within
the MGE such as dMGE and/or vMGE. Since nearly all PV- neurons express URE2-lacZ,
it is likely that this subtype may derive from progenitors in W‘hich the URE2 CRE is
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active and which are found in the dMGE rather than in the vMGE (Figure 3.8. A).
Furthermore, this could correspond to the UREZ2-lacZ+ cells that undergo robust
tangential migrations to the cortex between at E13.5 and E14.5. In contrast, SOM-
interneurons that exclusively express [/2b-lacZ may derive from progenitors born
primarily in the vVMGE and, possibly, in the dMGE. In fact, as discussed earlier, /12b-
AP+/URE?2-lacZ- cells are mainly located in the vMGE but a substantial number of them
arc also found in the dMGE (Figure 3.3. C). Furthermore, SOM progenitor cells are
observed in both subdivisions at E13.5 (Cobos I and Rubenstien J., unpublished),
suggesting that both regions could contribute to this subtype (Figure 3.8. A). Interneurons
expressing NPY and nNOS represent subpopulations of the SOM population (Freund and
Buzsaki, 1996; Gonchar and Burkhalter, 1997; Kubota et al., 1994). Thus, they could
derive from subgroups of progenitors found in the MGE and give rise to the SOM-
expressing interneurons (Figure 3.8. A).

CR-expressing cortical interneurons express URE2-lacZ (~99%) and I12b-lacZ
(~80%) suggesting that they may derive from URE2-lacZ+/112b-AP+ cells found in the
dCGE and/or mCGE between E13.5 and E14.5 (Figure 3.8. B). Although direct evidence
for the existence of such lineage(s) is still lacking, two arguments support this conclusion
and favor the dCGE/mCGE over vCGE include: 1) both enhancers are strongly active in
the dCGE and mCGE. However, URE?2 is less active in the vCGE and is only active in
the VZ of the mCGE (Figure 3.2. J and Supplementary Figure 3.1. A-C). 2) Previous
studies have shown that interneurons expressing CR are derlved exclusively from
progenitors found in the dCGE between E13.5 and E15.5. (Butt et al., 2005; Xu et al.,
2004).

Unlike CR+ interneurons, VIP+ interneurons mainly express //2b-lacZ (96%) and
can derive from I12b-lacZ+ progenitors located in any of the three subdivisions of the
CGE. Arguments supporting a dCGE/mCGE origin (Figure 3.8. B) include: 1) In utero
transplantation studies performed by Butt et al., 2005 showed that most VIP-progenitors
are located in the dCGE. 2) CR and VIP populations are largely overlapping populations

of interneurons in the rat frontal cortex (Kubota et al., 1994). Thus, one would expect a
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Figure 3.8. Proposed model for the origin of adult cortical interneurons subtypes in the
embryonic mouse brain

(A, B) Schematic representation of E12.5 coronal hemisections/sections at the
level of (A) the MGE and (B) the CGE. Enhancer activities of 112b (red) and URE2
(blue) in the MGE and CGE are depicted in the left hemispheres in (A, B). We propose
the existence of microenvironments within dorsal and ventral parts of the MGE and CGE .
that produce different DIx-positive progenitor cells. Although a direct lineage relationship
is still lacking, these Dix-progenitors may give rise later on to various subtypes of adult
cortical GABAergic interneurons as shown in colored arrows in the right hemispheres in
(A, B). (See discussion for altenative explanations). Dilx-progenitors that express URE2-
lacZ and 112b-AP are represented by blue and red arrows, respectively. Progenitors that

express both transgenes are shown in orange. Symbols as in Figure 3.2.
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red : 112b actvity
light blue: weak URE2 activity
dark blue: strong URE2 activity
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common origin for these neurons namely, the dCGE and/or mCGE. However, URE2-lacZ
1s expressed in only 11% of VIP-expressing cells in the somatosensory cortex and motor
cortices. This 1s unexpected since all CR-expressing interneurons are labeled by this
enhancer. One possible explanation for this discrepancy is that the distribution of CR+
interneurons is not identical between species. Alternatively, we could have
underestimated the number of VIP+ cells that are marked by URE2.

In sum, these studies demonstrate that distinct DIx//2 enhancer elements define
molecularly distinct subdivisions of the MGE and CGE, and distinguish some adult
cortical interneuron subtypes. It is noteworthy that, due to the limitation of the techniques
used in this study, the existence of a direct lineage relationship between tangentially
migrating cells expressing one or more transgenes/enhancers' and the generation of
specific subtype(s) of adult cortical interneurons discussed above is still lacking.
Alternatively, DIx enhancer activity in distinct progenitors and interneuron population(s)
may not be reflective of a lineage relationship but rather be a sign of enhancer activity
unrelated to specific lineage(s) that changes in time and space (switched on and off).
Ongoing studies are aimed at using loss of function methods to establish the in vivo
functions of these enhancers and lineage analyses to investigate whether their differential
expression in the basal ganglia anlagae leads to the differential production of cortical

interneuron subtypes or not.
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Abstract

Regulation of region-specific differentiation and migration in the embryonic
forebrain is a complex mechanism that involves a variety of transcription factors such as
the Dix genes. Four forebrain-specific enhancers -CREs- (cis-acting regulatory elements)
contribute to the DIx transcriptional regulation in the subcortical telencephalon and the
rostral diencephalon. Despite high sequence conservation among distant vertebrates, the
DIx1/DIx2 forebrain enhancers, URE2 and 112b, showed little sequence similarities with
two previously characterized Dlx forebrain enhancers, 156i and 156ii, from the Dix5/Dix6
locus. We carried out a detailed spatial and temporal analysis of the reporter transgene
expression driven by each of the four enhancers. Despite significant overlaps, each
enhancer targets expression to distinct groups of cells at all ages examined. 156ii is
exclusively active in group(s) of cells in the mantle zone (MZ) of the basal ganglia
between E12.5 and E13.5. Interestingly, the order of lacZ expression among the CRE
lines differs with respect to the distance from the lateral ventricle to the MZ and changes
during development from URE2-lacZ | 112b-lacZ | 156i-lacZ | 156ii-lacZ at E11.5-E12.5,
to URE2-lacZ | I56i-lacZ | I12b-lacZ | I56ii-lacZ at E13.5-PO. This sequence of enhancer
activity generally correlates with endogenous Dix expression which largely follows this
temporal pattern: DIx2/DIx1/DIx5/DIx6. Several regional differences between the
activities of the four CREs were also highlighted in the primordia of the septum, the
striatum and the pallidum throughout development. lacZ staining in all CRE lines except
115611 lines 1s found in Dlx-positive domains of the adult mouse brain including the
neocortex one month after birth. This data reflect a complex and dynamic regulation of
Dlx expression during embryonic development implicating several CREs with potentially

1dentical and distinct role(s).

4.1. Introduction

Over the past fifteen years, genetics studies have focused on elucidating the

mechanisms underlying the development of the telencephalon, one of the most complex
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and diverse regions of the CNS. Several models of telencephalic organization and
development have emerged implicating a diverse array of signaling molecules and
transcription factors that control cell fate specification and regional identity as well as
proliferation and differentiation [for reviews; (Marin, 2002; Puclles and Rubenstein,
2003; Schuurmans and Guillemot, 2002; Zaki et al.,, 2003)]. These studies have
established that the embryonic telencephalon is subdivided into distinct progenitor
domains within two major regions: the pallium (primordium of neocortex, hippocampus,
piriform cortex and amygdala) and the subpallium (primordium of basal ganglia).
Programs of regional identity defined by the transcription factors expressed in the
progenitor cells, control most aspects of histogenesis within these domains; however, in
some cases, particular cell types are generated in one region and then tangentially migrate
to another domain, where that cell type apparently is not made, at least in large numbers.
For instance, there is tangential migration of GABAergic interneurons from the
subpallium to the cortex (Anderson et al., 1997a; de Carlos et al., 1996; Tamamaki et al.,
1997). These neurons express Dix genes (Porteus et al. 1994) and contribute the majority
of interneurons to the mouse and chicken pallium (Anderson et al., 1997a; Anderson et
al., 2001; Cobos et al., 2001; Gorski et al., 2002; He et al., 2001; Lavdas et al., 1999;
Nery et al., 2002; Wichterle et al., 2001). Newly differentiating cells arising in the
proliferative zones of the subpallium migrate tangentially through the MGE, LGE and
CGE into the cerebral cortex, and rostro-dorsally from the dLGE along the rostral
migratory stream into the olfactory bulb to give rise to several types of GABAergic
interneurons and oligodendrocytes [reviewed in (Marin and Rubenstein, 2003a)]. Using
several methods such as Dil labeling, retroviral transduction, transgene expression and
transplantation, previous studies investigated the properties of subpallial interneurons in
terms of timing of birth, origins, routes of migration, final destination and phenotype
(Anderson et al., 2001; Marin and Rubenstein, 2001b; Nery et al., 2003; Stuhmer et al.,
2002b; Wichterle et al., 2001).

Analyses of Arx, DIx1/DIx2 and Mashl mutant mice have.begun to define some of

the genetic cascades underlying differentiation of forebrain GABAergic neurons
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(Anderson et al., 1997b; Casarosa et al., 1999; Kitamura et al., 2002). There is evidence
that Mashl is acting upstream of the Dlx genes (Fode et al.,, 2000; Yun et al., 2002)
whereas Arx, Dix5/Dix6 and GADG67 are acting downstream of DIx//DIx2 [(Anderson et
al., 1997a; Anderson et al., 1997b; Cobos et al., 2005; Stuhmer et al., 2002b; Zerucha et
al., 2000); Cobos and Rubenstein, unpublished data)]. However, direct evidence for the
mechanisms interconnecting the expression of the Mashl, Dix1/2/5/6, Arx and GADG67
genes is just beginning to be established, and will require identifying the cis-acting

regulatory elements of these genes.

Towards elucidating the biochemical mechanisms that control development of
telencephalic GABAergic neurons, we have investigated the regulatory elements of the
DlIx genes. The vertebrate Dix gene family is mainly comprised of three bigene clusters
located on separate chromosomes; DixI/DIx2, DIx5/DIx6, and DIx3/Dix4 (additional
genes exist in certain species, such as zebrafish). A short intergenic region (3.5kb-16kb)
separates the two DIx genes of each cluster (Ellies et al., 1997b; Ghanem et al., 2003; Liu
et al., 1997; McGuinness et al., 1996; Nakamura et al., 1996; Simeone et al., 1994; Stock
et al., 1996). During forebrain development, four Dlx genes -DIx1/2/5/6- are expressed in
the telencephalon and diencephalon, in overlapping cell populations, suggesting potential
redundant functions especially between the two linked paralogs. Hence in the subpallial
telencephalon, DIx/ and Dix2 expression is first induced in subpopulations of
undifferentiated neural progenitors undergoing proliferation in, VZ and SVZ. Shortly
after, DIx5 and DIx6 expression is triggered in differentiating cells in the SVZ and MZ
(Bulfone et al., 1993b; Eisenstat et al., 1999; Liu et al., 1997). Upon terminal
differentiation, most Dlx-positive cells migrate towards their final destinations that
include the striatum, the olfactory bulb, the hippocampus and the cerebral cortex, where
they differentiate into GABAergic neurons, as well as others types of neurons
(dopaminergic and cholinergic). While DIx/, 2 and 5 single null mutants exhibit subtle
defects in olfactory bulb and cortical interneuron development (Acampora et al., 1999;

Cobos et al., 2005; Long et al., 2003; Qiu et al., 1995), Dix1/DIx2 double mutants have a
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severe block in the differentiation of neurons derived from the LGE and MGE at around
E12.5, with no detectable expression of DIx5 or DIx6 in these regions. A four-fold
decrease in the number of cortical GABAergic interneurons was also observed (Anderson
et al., 1997b; Bulfone et al., 1998; Marin et al., 2000; Yun et al., 2002).

We previously hypothesized that shared regulatory mechanisms may underlie the
functional redundancy among DIx paralogs. Furthermore, similarities in Dlx expression
patterns led us to suggest that control mechanisms might have been conserved during
evolution, persisting through the several rounds of duplication events that gave rise to
multiple Dix clusters. We and others have shown that the genomic organization of the
Dix genes is conserved among distant vertebrates and the intergenic regions are sites
enriched for highly conserved cis-acting regulatory elements (CREs) (Zerucha et al,,
2000; Sumiyama et al., 2002; Ghanem et al., 2003). Hence, we have earlier identified
several CREs acting as forebrain specific enhancers for the Dix éenes in vertebrates; 1561
and 156ii in the DIx5/DIx6 intergenic region (Zerucha et al., 2000) and, URE2 and I12b in
the Dix1/Dix2 locus (Ghanem et al., 2003; Ghanem N and Ekker M, unpublished).
Unexpectedly, despite high sequence conservation among distant vertebrates, the four
enhancers displayed little sequence conservation when compared to each other,
suggesting a rapid divergence of Dix regulatory elements early in chordate/vertebrate
evolution (Ghanem et al., 2003). To investigate potentially distinct role(s) among these
enhancers, we carried out a detailed spatial and temporal analysis of reporter transgene
expression driven by each enhancer between E10.5 and P25. We report a high degree of
overlap in activity patterns among URE2, [12b and 1561 in the telencephalon. However,
each CRE also targets to distinct group(s) of cells at all ages examined. We also show
that, unlike the previous enhancers, I56ii is active in a separate group(s) of cells in the
deep mantle of the basal ganglia between E12.5 and E13.5 and is not active in
tangentially migrating cells. The regional and laminar activities of the four CREs were
also compared with the endogenous expression of the four Dix genes expressed in the

subpallial telencephalon. Our data reflect a complex and dynamic regulation of Dix
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expression during embryonic development implicating several regulatory elements with

overlapping and distinct role(s).

4.2. Material and methods

4.2.1. Transgenic animals

For transgenic mice, sequences containing the four mouse enhancers (URE2, [12b,
[56i and 156ii) were subcloned separately into the p1229/p1230 vectors (Yee and Rigby,
1993) that contain a human f-globin minimal promoter and the /acZ reporter gene.
Subclonings were done using a PCR-based approach or using convenient restriction sites
and followed by sequencing to verify the integrity of each insert (see ‘Material and
Methods’ in chapters 2 and 3 of this thesis for PCR conditions, primers used and
subcloning details). Transgenic animals were produced and analyzed as previously
described (Zerucha et al., 2000). At least two independent transgenic lines that show lacZ
staining were generated with each construct. Staining results on whole mount embryos

and on coronal sections of the forebrain were replicated from independent lines.

4.2.2. Histology

E9.5 to E12.5 mouse embryos were fixed for 45min-1h in 4% cold PFA in PBS at
RT, then, washed and stained with a /acZ substrate solution as described in ‘Material and
Methods’ in chapter 2 of this thesis. The stained brains were dissected and equilibrated in
20% sucrose solution O/N at 4°C prior to sectioning. Brains were embedded in Tissue-
Tek media the following day, cryoprotected and processed for frozen sectioning at 30-
50pum using a cryostat (Leica CM3050 S). Sections were mounted with Aquatex (EM
Science, VWR). E13.5-PO mouse brains were fixed for 1-4h in 4% cold PFA in PBS at
4°C, dissected and sectioned prior to staining. /acZ staining was performed as described
in ‘Material and Methods’ of chapter 2 of this thesis. One month old animals were
anaesthetized and perfused with cold 4% PFA in PBS. Subsequently, the brains were
removed and post-fixed for 2-4 hours, then equilibrated in 20% sucrose at 4°C O/N. The
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next day, the brains were cryoprotected and sectioned as described above. Sections were
post-fixed for 20min at RT in 10% formalin (3.7% formaldehyde/PBS), washed and
stained with the /acZ substrate solution O/N as described earlier (chapter 2; ‘Material and

Methods’). After washing, slides were mounted with Aquatex the next day.

4.2.3. Double immunohistochemistry

E12.5 and E13.5 coronal sections of the mouse telencephalon were generated as
described above. Frozen sections were dried for 1h, then, washed for 3 x 5min each in
0.1M PB to eliminate residues from tissue protection medium. Sections were incubated in
blocking solution: 5% goat serum, 1% bovine serum albumin (BSA) and 0.2% gelatin in
0.5% PBST (1x PBS with 0.5% Tween-20), for at least 1h at RT. This was followed by
incubation with the primary antibody at 4°C O/N. 3 x 10 min washes in 0.1M PB was
performed the next day before incubating in the secondary antibody for 2h at RT away
from light. Sections were washed for 3 x 10 min in 0.1M PB, processed for a second
round of immunohistolabeling and, finally, mounted in Immuno Floure mounting media
(Fisher).

We used the following antibodies: guinea pig anti-B-gal (1:1000, generous gift
from Thomas Sargent lab), rabbit anti-PLAP (1:100 Serotec). Secondary antibodies were
purchased from molecular probes —Invitrogen-; goat anti-rabbit Alexa fluor 488 and goat

anti-guinea pig Alexa fluor 594.

4.2.4. In situ hybridization

In situ hybridization on mouse coronal sections was performed as follows:
embryos were fixed for 2h at RT in 4% PFA in PBS (or O/N at 4°C), and then washed for
2 x 5min in PBS. Subsequently, embryos were dehydrated for 2 x 5 min in 100%
methanol (MeOH) at RT and stored in the same solution at -20°C for at least 60 min (up
to 6 months). Embryos were rehydrated progressively in three steps of 1 x 5 min each:
75% MeOH/25% PBS, 50% MeOH/50% PBS, 25% MeOH/75 % PBS, and then washed

for 3 x 5 min in 0.1% PBST. After rehydration, brains were dissected, equilibrated in
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20% sucrose solution at 4°C O/N and sectioned as described above. Sections were either
processed for hybridization or stored at -20°C until required (up to one year). Prior to
hybridization, the RNA anti-sense DIG-labeled probe is diluted (1:200-1:1000) in
hybridization buffer [S0% formamide, 1x salt, 10% dextran sulfate, Img/ml yeast tRNA,
1x Denhardt’s, 1x double distilled H,O (d.d.H,O)]. To prepare 1 liter of 10x salt used in
hybridization buffer we add the following: 114g of NaCl, 14.04g of Tris HCl, 1.34g of
Tris base, 7.8g of NaH,P04.H,0, 7.1g of Na,HPO,, 100ml of 0.5M EDTA, in d.d.H,0
(pH=7.5). The probe mix is denatured for 5-10 min at 70°C, and then 200ul of the mix
are added to each slide and covered with a coverslip. Hybridization is performed O/N at
65°C in a humidified chamber (1x salt/50% formamide). After hybridization, slides are
transferred to a coplin jar and washed as follows: 3 x 30 min at 65°C in solution A (1x
SSC, 50% formamide, 0.1% triton-X or tween 20 in d.d. H,O) and 2 x 30 min at RT in 1x
TBST (1.4M NaCl, 27mM KCl, 0.25M Tris HCI pH=7.5, 1% Tween 20 in d.d. H,0).
After washing, slides are blocked in blocking solution (10% heat-inactivated sheep serum
in 1x TBST) for at least 1h at RT. Antibody staining consists of adding 100ul of 1:2000-
5000 anti-digoxigenin (anti-DIG) Fab IgG fragment (Roche) in blocking solution and
incubating O/N in a humidified chamber at 4°C (the slides are covered with coverslips).
The next day, washes are performed at RT as follows: 4-5 x 20 min washes in 1x TBST,
2 x 10 min in fresh 1x NTMT [(100mM NaCl, 100mM Tris HCI pH 9.5, 50 mM MgCl,,
0.1% Tween 20 in d.d.H,0), the solution is filtered)]. Slides are stained for 10 min-2h in
the dark at RT with staining solution [4ml of 1x NTMT, 14ul of BCIP (50mg/ml; Sigma)
and 27ul of NBT (50mg/ml; Sigma)]. Stop the reaction with 3-5 x 10 min washes in
d.d.H,0 followed by 2 x 10 min in TBST + 10mM EDTA. Fix slides in 4% PFA in PBS
for 20 min and mount in aquamount (EMD science, VWR).

The digoxigenin-labeled Dix probes were generated using the following cDNAs:
Dix1, 240bp fragment linearized with BamHI / T7 polymerase (Bulfone et al., 1997b);
Dix2, 560bp fragment linearized with EcoRI / T3 polymerase (Porteus et al., 1991;
Bulfone et al., 1997b); DIx5, 1.6kb fragment linearized with Smal / T3 polymerase) (Liu
et al., 1997) and DIx6, 1.3kb fragment linearized with Notl / T3 polymerase (Liu et al.,
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1997). DIx radioactive probes were generated as described in Zerucha et al. 2000. Briefly,
10pg of each ¢cDNA is linearized in 50ul of DEPC-treated water (add 0.1% DEPC to 1
liter of water in the fume hood O/N and autoclave). After digestion, the mix is extracted
with 1 volume of phenol:chloroform (1:1) by vortexing for 30s and spinning for 3 min.
An additional extraction with 1 volume of chloroform/AIA (24:1) is performed. After the
second extraction, the linearized cDNA is precipitated with 2x ethanol and 1/10 of 3M
sodium acetate (pH=5.2) at -20°C O/N or at -80°C for 30 min. This is followed by a 15
min. spin at 4°C. The cDNA is then washed with ice cold 70% ethanol, dried and
resuspended in 10ul DEPC-water. Probe synthesis is performed at 37°C for 2h using: 1l
(1pg) of linearized cDNA, 2ul of NTP-labeling mix (Roche), 2pl of 10x transcription
buffer (Roche), 1ul of RNAsin (20units/ul; Fermentas), 2ul of RNA polymerase (Roche)
in d.d.H,O (final volume is 20 ul). Following probe synthesis, the RNA/cDNA mix is
precipitated with 2.5ul of 4M LiCl and 75 pl of 100% cold ethanol for 30 min at -80°C.
The mix is spun for 30min in a Biofuge pico centrifuge (Kendro Laboratory Products)
and washed twice with 70% ethanol and resuspended in RNase-free water. The size and

amount of each probe were checked on a RNA gel in RNase-free conditions.

4.3. Results

4.3.1. Spatio-temporal analyses of the reporter gene expression -lacZ- during

the development of the telencephalon

Divergence in the sequences of the four Dix forebrain CREs namely, URE2, [12b,
1561 and 156ii, suggests that each of them is involved in distinct aspects of DIx regulation
either spatially, temporally, or both. To test this possibility, we conducted a detailed
spatial and temporal analysis, in the telencephalon, of lacZ reporter gene expression
driven by each of the four CREs. At least, two independent transgenic lines were
generated for URE2-lacZ, 112b-lacZ, 156i-lacZ, and 156ii-lacZ. We then compared, on
coronal sections, the reporter gene expression conferred by all four enhancers in the

telencephalon at E10.5, E11.5, E12.5, E13.5, E14.5, E15.5, PO and P25. The activities of
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the four enhancers were also compared with the endogenous expression of Dix genes

between E12.5 and E15.5.

4.3.2. E10-10.5

We determined the onset of lacZ expression conferred by all four enhancers is
around E10 in a small cluster of cells located in the region of the primordia of the
prethalamus (previously known as the ventral thalamus) (Figure 4.1. A-D; arrowheads).
This is close to the onset of endogenous expression of Dix/ and Dix2 in the prethalamus
at £9.0 and E9.5, respectively, as determined by in situ RNA hybridization (Bulfone et
al., 1993a; Price et al., 1991) and by RNA blot analysis (Northern blot) (McGuinness et
al., 1996). The onset of Dix5 and Dix6 expression occurs around E9.5 (Simeone et al.,
1994).

Shortly after their onset, expression of all four transgenes becomes visible in the
two domains where endogenous DIx genes are expressed. Domain I or the diencephalon
includes expression in the prethalamus and a DIx’ longitudinal domain in the
hypothalamus. Domain II is the subpallial telencephalon (Figure 4.1. E-H) (Bulfone et
al., 1993a; Bulfone et al., 1993b; Eisenstat et al., 1999; Ghanem et al., 2003; Liu et al.,
1997; Porteus et al., 1994). Ectopic expression is seen in the dorsal diencephalon
(mesencephalon) in the I56i-lacZ line shown here (Figure 4.1. C and G) but is not
consistent among lines. In URE2-lacZ, I112b-lacZ, and [56i-lacZ transgenics, [-
galactosidase-positive cells are largely absent from the VZ at E10.5 except for scattered
cells in the URE2 and 156i lines (Figure 4.1. I and K; arrowheads), and are concentrated
as a thick subpial layer (Figure 4.1. I-K). The subpial tissue consists of the emerging SVZ
and MZ (Yun et al., 2002). Unlike expression from the other three enhancers, I56ii-lacZ
transgenics produced only a few lacZ" cells that are present in the subpial region of the
LGE (Figure 4.1. L; arrows).

In all four transgenic lines, the f-galactosidase-positive cells almost certainly are
Dix-positive since the patterns of enhancer activity at this age overlap with the

endogenous patterns of Dlx expression. However, the transgene expression in all lines
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Figure 4.1. Reporter gene expression in DIx-CRE transgenic mice

(A-H) lacZ expression in whole mount transgenic embryos carrying lacZ reporter
under the control of URE2 (A, E), I12b (B, F), [561 (C, G) and 156ii (D, H) DIx enhancers
at E10 (A-D) and E10.5 (E-H). Arrowheads in A-D indicate the onset of lacZ expression
in the prethalamus. At E10.5, all four CREs target lacZ expression to the subpallial
telencephalon and two domains in the diencephalon: prethalamus (PT) and hypothalamus
(Hy). lacZ staining is also detected in other DIx-positive domains such as the limbs
(URE2-lacZ lines), the branchial archs (URE2- and I56i-lacZ lines) and the olfactory
placodes (/12b-lacZ lines). (I-L) Comparison of lacZ expression on coronal sections in
the neuroepithelium of transgenic mice at E10.5. (I-K) A uniform and thick layer of lacZ
staining is seen in the subpial region of the LGE in (I) URE2-lacZ, (J) I12b-lacZ and (K)
I56i-lacZ transgenic lines. Only a few stained cells were found in the previous region in
I56ii-lacZ lines (L; arrows). The arrow in (I) indicates the boundary between MGE and
LGE. Arrowheads in (I) and (K) mark stained cells found in the VZ and/or SVZ of LGE
in I56i-lacZ and URE2-lacZ lines. Abbreviations: H, Hyoid arch; Hy, Hypothalamus; L,
limbs; LGE, lateral ganglionic eminence; LV, lateral ventricle; Md, mandibular
component of the first branchial arch; MZ, mantle zone; OP, olfactory placodes; PT,
prethalamus; St, somites; ST, subpallial telencephalon; SVZ, subventricular zone; VZ,

ventricular zone.
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examined lack one feature of telencephalic DIx expression at E10.5; previous studies
showed that the dorsal LGE (dLGE) has a high concentration of DLX2" cells in the VZ
(Eisenstat et al., 1999; Yun et al., 2002). As none of the transgenic lines studied here
show this property, it suggests that this expression is conferred by an unknown enhancer

element.

4.3.3.E11.5

Transgenic animals produced with all four reporter constructs show stronger lacZ
expression in the subpallial telencephalon at E11.5 compared to E10.5. Transgene
expression in the forebrain is restricted to regions where endogenous Dlx genes are
expressed. Expression patterns of the four transgenes overlap extensively although
discrete and reproducible differences in enhancer activity were observed. UREZ2-lacZ
expression is characterized by its nearly homogeneous expression in the VZ, SVZ and
MZ in most areas of the subpallium [rostroventral pole (part of the olfactory bulb anlage)
dLGE, vLGE, dMGE, CGE] (Figure 4.2. A, E, I and data not shown), except in the
VMGE, AEP and POA, where it is excluded from the VZ (Figure 4.2. E).

Unlike the URE2 transgenics, generally no staining was detected in the
telencephalic VZ in transgenics produced with the other three enhancers. //2b-lacZ and
I56i-lacZ lines show nearly identical expression in the subpallial SVZ and MZ (Figure
42. B, C, F, G, J and K), except in the rostral pole, where //2b-lacZ may be in the VZ
(data not shown). As at E10.5, expression from the I56ii-lacZ construct is in a subset of
MZ cells, that are largely limited to the vLGE, dMGE, part of the vMGE, CGE and POA
(Figure 4.2. D, H and L). Expression of lacZ from all four lines is sparse in the septum at
this age (Figure 4.2. A-D and Table 4.1. A), as is the case for endogenous D/x expression.

Thus, within the entire subpallium at E11.5, enhancer activity followed this
sequence with respect to the radial dimension of the neuroepithlium (VZ-SVZ-MZ):
URE2-lacZ > [12b-lacZ > I56i-lacZ > I56ii-lacZ.
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Figure 4.2. Comparison of the activities of four DIx CREs in the subpallial telencephalon
of transgenic mice at E11.5

(A-L) Coronal hemisections showing lacZ expression when under the control of
URE2 (A, E, I), I12b (B, F, J), I561 (C, G, K) and 5611 (D, H, L) enhancers at rostral (A-
D), medial (E-H) and caudal (I-L) levels. Arrows in (B, C, F, G, J and K) mark the onset
of tangential migration to the dorsal pallium in /72b-lacZ and I56i-lacZ lines. Note that
no migrating lacZ-positive cells are detected with the other two enhancer lines.
Abbreviations: III, third ventricle; AEP, anterior entopendular area; CGE, caudal
ganglionic eminence; dLGE, dorsal lateral ganglionic eminence; dMGE, dorsal medial
ganglionic eminence; DP, dorsal pallium; Hi, hippocampus; Hy, Hypothalamus; LGE,
lateral ganglionic eminence; LV, lateral ventricle, MGE, medial ganglionic eminence;
MZ, mantle zone; POA, preoptic area; Sp, septum; SVZ, subventricular zone; Th,
thalamus; vLGE, ventral lateral ganglionic eminence; vMGE, ventral medial ganglionic

eminence; VZ, ventricular zone.
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4.3.4.E12.5

Regional differences in the expression of the four transgenes, and their relative
activities with respect to the radial dimension of the neuroepithlium, persist at E12.5.
Salient modifications in the expression patterns compared to E11.5 are as follows: 1)
there is definitive expression in the septum at this age, which persists until P25 in all
CRE lines except /56ii-lacZ lines (Figures 4.3., 4.4., 4.6. and 4.7.; panels A-D; and Table
4.1. A); 2) tangentially migrating cells are seen entering the cortex in the 112b and 1561
lines (Figure 4.3. F, G, J and K; arrowheads), note that, a few tangentially migrating cells
are also seen at E11.5 in the I12b and 156i lines (Figure 4.2. B, C, F, G, J and K; arrows);
3) the intensity of URE2-lacZ expression in the neuroepithelium of all eminences and
POA varied as follows: SVZ > MZ > VZ (Figure 4.3. A, E and I); 4) the intensity of [12b
and 1561 expression is MZ > SVZ (Figure 4.3. B, C, F, G, J and K).

We compared transgene expression with the distribution of endogenous Dix
transcripts. Firstly, Dix2, Dix] and URE2-lacZ are expressed in the VZ of the ganglionic
eminences (except VMGE in URE2-lacZ lines), and, thus, distinguish themselves from
the other DIx genes and enhancers, respectively (Figure 4.3. E; M and N). Secondly, the
DIx genes (except DIx6), and, the transgenes (except [56ii-lacZ), when compared, are
expressed with apparently equal intensity in the SVZ (Figure 4.3. E-G and M-O).
Thirdly, in the MZ, the intensity of DIx expression is as follows: Dix5 > Dix] > Dix2
(Figure 4.4. M-O) (Eisenstat et al. 1999) whereas the intensity of /acZ expression in the
same zone in the CRE lines follows this order: I56i-lacZ = 112b-lacZ > URE2-lacZ
(Figure 4.4. E-G). Taken together, we conclude that URE2 activity is similar to D/x2
expression whereas 112b and I56i activities resemble mainly DIx5 expression. Finally,
some similarities exist between the expression of DIx6 and the activity of [56ii-lacZ
transgenics; both are considered the weakest in the SVZ and are basically restricted to the
deep MZ where cells have reached an advanced stage of differentiation (Figure 4.3. H

and P) (Simeone et al., 1994; Liu et al., 1997).
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In sum, lacZ expression, with respect to the lateral ventricle as reported here with
the four CREs -URE2/112b/1651/1561i- was comparable to the endogenous order of
expression of the four Dix genes Dix2/Dix1/DIx5/Dlix6- at E12.5.

4.3.5. Tangential migration towards the dorsal pallium’

Two major paths of tangential migration from the subpallium have been described:
a ‘dorsal’ migration to the pallium and a “rostral” migration to the olfactory bulb. We
have described earlier the migration to the cortex, between E12.5 and E13.5, from three
CREs lines: URE2, 112b and I561 (Chapter 3 of this thesis). In addition, we show here
that: 1) there is no tangential migration in I56ii-lacZ lines between E11.5 and E15.5
(Figures 4.2.,4.3., 4.4. and 4.6.; panels D, H and L), 2) starting at E14.5, the URE2-lacZ,
112b-lacZ and I56i-lacZ transgenes are expressed in a third migratory pathway that runs
through the cortical SVZ, deep to the Mz and IZ (Figure 4.6. A-C, E-G, I-K and data not
shown), consistent with previous reports showing that later born Dilx-positive cells
derived from both the MGE and LGE migrate largely within the cortical proliferative
zones between E14.5 and E16.5 (Figure 4.6. M-P) (Anderson et al., 2001; Stuhmer et al.,
2002b); 3) S-galactosidase-positive neurons are still found in the mouse neocortex at birth
(Figure 4.7.) as well as at one month after birth (data not shown) in all CRE lines except

[5611 lines.

4.3.6. I56ii marks distinct group(s) of cells at E12.5 and E13.5

We noticed that a major regional modification in the activities of the four CREs
occurs between E12.5 and E13.5 in part of the MZ of the MGE and CGE. Whereas at
E12.5, URE2-lacZ, 112b-lacZ and I56i-lacZ lines show strong and homogenous
expression throughout the MZ of the MGE and CGE (Figure 4.3. E-G and I-K, Table 4.1.
C), by E13.5, mantle expression is greatly reduced in the MGE and CGE in all three lines
(Figure 4.4. E-G and I-K; arrows, Table 4.1. C). In parallel, I56ii-lacZ expression seems
to be largely specific to a group of cells located in the MZ of the MGE and CGE (Figure
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Figure 4.3. Comparison of the activities of four D/x CREs in the subpallial telencephalon
of transgenic mice at E12.5

(A-L) Coronal hemisections showing lacZ expression when under the control of
URE2 (A, E, I), [12b (B, F, J), 156i (C, G, K) and I56ii (D, H, L) enhancers at rostral (A-
D), medial (E-H) and caudal (I-L) levels. Arrowheads in (F, G, J and K) show two
streams of tangentially migratory cells that are budding from the LGE (F, G) and CGE (J,
K) and merging into one stream at the level of the cortico-striatal boundary. Double
arrowheads in (E-H) show the distance of lacZ expression with respect to the lateral
ventricle in the CRE lines. The order of activity of the four CREs at E12.5 is as follows:
URE2/112b/1561/1561i. (M-P) In situ hybridization on E12.5 coronal hemisections
showing the expression of Dix2 (M), Dixl (N), Dix5 (O) and DIx6 (P) at medial levels.
Abbreviations: III, third ventricle; AEP, anterior entopendular area; CGE, caudal
ganglionic eminence; dLGE, dorsal lateral ganglionic eminence; dMGE, dorsal medial
ganglionic eminence; DP, dorsal pallium; Hi, hippocampus; Hy, Hypothalamus; LGE,
lateral ganglionic eminence; LP, lateral pallium; LV, lateral ventricle; MGE, medial
ganglionic eminence; MZ, mantle zone; POA, preoptic area; Sp, septum; SVZ,
subventricular zone; Th, thalamus; vL.GE, ventral lateral ganglionic eminence; vVMGE,

ventral medial ganglionic eminence; VP, ventral pallium; VZ, ventricular zone.

184



185



Table 4.1. Summary of /acZ expression in various telencephalic domains of the D/x-CRE
lines between E10.5 and P25

A
Septum | 10.5 11.5 12.5 13.5 15.5 PO P25
URE2 - + +++ +++ 4+ ++ ++
112b - + +++ 4+ ++ + +
1561 - + ++ +4++ 4+ _++ ++
15611 - - + ++ - - -
B
Striatum | 10.5 11.5 12.5 13.5 15.5 PO P25
URE2 +++ +++ +++ 4+ t++ b+ ++
112b ++ +++ A+ ++ + + +
1561 ++ ++H+ +++ +++ +++ ++ ++
15611 + ++ + + - - -
C
Pallidum | 10.5 11.5 12.5 13.5 15.5 PO P25
URE?2 4+ +++ +++ + - - -
I12b ++ +++ +++ + ++ ++ ++
1561 ++ +4++ +++ - +++ + +
15611 + + + ++ - - -
D
PO P25
Olfactory
Bulb SvzZ |GCL| ML | EPL | GL | GCL | ML | EPL | GL
URE2 | ++ - + ++ + - ++
I12b + ++ ++ - ++ | ++ + - ++
1561 ++ ++ + - | At | 4 - ++
156ii - - - - - - - -

(-), no expression; (+), weak; (++), intermediate and (+++), strong.

186



43.H,L;4.4 H, L and Table 4.1. C). In order to investigate whether 156ii labels distinct
group(s) of cells, we generated an alkaline phosphatase (AP) reporter line under the
control of 112b (4P-112b) and mated it with the I56ii-lacZ line. We 'performed double
immunohistochemistry on brain coronal sections from double hemizygote embryos
(AP+/lacZ+) at E12.5 and E13.5 using antibodies against B-gal and AP. We found that
156ii, but not I12b, is active in a transverse column of cells lining the MZ of the vLGE
and MGE at E12.5 and E13.5 (Figure 4.5. A-F; arrowheads in F and data not shown). We
did not check whether this is also true at E10 and E11.5. Nevertheless, our data suggests
that 156ii is likely active in distinct subset(s) of cells precisely between E10.5 and E13.5
in comparison with 112b, and its activity is not detectable after E14.5 except in some

hypothalamic cells (Figure 4.6. H, Tables 4.1. B and C, and data not shown).

4.3.7. Enhancer activity in the telencephalon from E13.5 to P25

Subpallial expression of the four CREs at E13.5 shows several interesting regional
and laminar differences compared to earlier stages. We will first address changes in the
laminar pattern.

URE2 activity in the VZ is reduced at E13.5 compared to younger ages (Figures
4.4 A, E, I and 4.5. K). Next, while at earlier ages I12b activity precedes [561, by E13.5,
I561 activity is closer to the ventricle than I12b activity; [56i-lacZ is still strongly
expressed in the SVZ (Figures 4.4. C, G, K and 4.5. H) whereas //2b-lacZ becomes
weaker in this region in most of the subpallium, except in a stripe of cells located at the
dorsal tip of the dLGE (Figures 4.4. B, F, J and 4.5. G, J; arrows). Thus, at E13.5, the
order of expression with respect to the lateral ventricle is as follows: URE2 / 1561 /112b/
[56i1 (Figures 4.4. E-H and 4.5. G, H, J, K; double arrows). This order stays the same
until P25 (Figures 4.6., 4.7., Table 4.1. and data not shown). In contrast, the order of
expression of the DIx genes at this age is identical to E12.5; Dix2 > DiIxI > Dix5 > Dix6
(Figure 4.4. M-P). Also, at E13.5, lacZ expression in the SVZ of the LGE in URE2, 112b
and 1561 lines is continuous with a radial stream of cells that are aligned along the

pallial/subpallial limit in medial and caudal regions (Figures 4.4. E-G, I-K and 4.5. G, H,
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J, K). This is particularly clear for 112b in the CGE, where its expression forms a
boundary around the subpallium (Figure 4.4. J).

At E15.5, URE2-lacZ and I56i-lacZ expression remain very strong in the
proliferative zones of the LGE, MGE and CGE whereas I'12b expression greatly
decreases (Figure 4.6. and Table 4.1.). At PO, URE2 and I56i activities remain robust in
the striatum whereas 112b activity is barely detectable in this region (Figure 4.7. A-C; E-
G and Table 4.1. B). At P25, URE2 and I56i activities persist in small periventricular
domains adjacent to the striatum that are continuous with the rostral migratory stream
(Table 4.1. B and data not shown). Robust expression from the URE2, 1561 and 112b
transgenes is observed in all layers of the olfactory bulb (OB) containing GABAergic
neurons at PO and P25 but with different intensities: the SVZ of the OB, the granular cell
layer (GCL), the mitral layer (ML) and the glomerular layer (GL) (Figure 4.8. A-C, E-G;
Table 4.1. D and data not shown). /56ii-lacZ is not expressed in the OB (Figure 4.8. D, H
and Table 4.1. D).

While some aspects of the regional pattern of subpallial /acZ expression are stable,
other aspects are highly dynamic. URE2 is actived in the striatum but not in the pallidum
at E15.5-P0 (Figures 4.6. E; 4.7. E, arrow, Tables 4.1. B, C and data not shown), and, by
P25, there is only trace expression in this region (Table 4.1. C and data not shown).

[12b activity strikingly decreases in the striatum between E13.5 and E15.5
(Figures 4.4. B, F and 4.6. B, F). Striatal expression remains very low at PO (Figure 4.7.
B, F; Table 4.1. C and data not shown). At P25, striatal expression persists in scattered
cells, particularly in the caudal striatum (Table 4.1. C and data not shown). While I12b
expression was not detected in the pallidum at E13.5, expression is moderate in caudal
parts of this region at E15.5 and PO and weak at P25 (Figures 4.4. F, 4.6. F, 4.7. F and

data not shown).

188



Figure 4.4. Comparison of the activities of four Dix CREs in the subpallial telencephalon
of transgenic mice at E13.5

(A-L) Coronal hemisections showing lacZ expression when under the control of
URE2 (A, E, I), [12b (B, F, J), 1561 (C, G, K) and 15611 (D, H, L) enhancers at rostral (A-
D), medial (E-H) and caudal (I-L) levels. Arrowheads in A-C, E-G and I-K indicate the
two major routes, [Z and Mz, followed by tangentially migrating 'cells to the DP at E13.5.
The same migratory routes are followed by Dix-expressing cells (M-P; arrowheads).
Double arrowheads in (E-H) show the distance of lacZ expression with respect to the
lateral ventricle in each CRE line. The order of enhancer activity at E13.5 is
URE2/156i/112b/156ii. Arrows in H and L indicate a restricted domain of expression of
I56i-lacZ in the MZ of the vLGE and MGE (H) as well as the CGE (L). Of note, no lacZ
staining is detected in the I56ii-lacZ+ domain with the other three CRE lines (E-G, I-K;
arrows). (M-P) In situ hybridization on E13.5 coronal hemisections showing the
expression of Dix2 (M), DiIxI (N), Dix5 (O) and Dix6 (P) at medial levels. Abbreviations:
II1, third ventricle; AEP, anterior entopendular area; CGE, caudal ganglionic eminence;
Cp, caudate putamen; CP, cortical plate; dLGE, dorsal lateral ganglionic eminence;
dMGE, dorsal medial ganglionic eminence; DP, dorsal pallium; Hi, hippocampus; Hy,
Hypothalamus; 1Z, intermediate zone; LGE, lateral ganglionic' eminence; LV, lateral
ventricle; MGE, medial ganglionic eminence; Mz, marginal zone; MZ, mantle zone; PD,
pallidum; POA, preoptic area; Sp, septum; ST, subpallial telencephalon; SVZ,
subventricular zone; Th, thalamus; vLGE, ventral lateral ganglionic eminence; vMGE,

ventral medial ganglionic eminence; VZ, ventricular zone.
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Figure 4.5. 15611 labels distinct group(s) of cells in the subpallial telencephalon at E13.5
(A-F) Double immunohistochemistry showing the activity of I12b in green (A, D)
and I56ii in red (B, E) in the MZ of the LGE and MGE. (C, F) Merged pictures of (A, B)
and (D, E), respectively. (D, E, F) Higher magnification pictures of the domains shown in
insets in (A, B, C), respectively. 156ii-positive cells are not co-labeled with 112b (F;
arrowheads). (G-L) Double immunohistochemistry showing the activity of [12b (G, J) in
green, and, 1561 (H) and URE2 (K) in red, in the LGE. (I, L) Merged pictures of (G, H)
and (J, K), respectively. Note that the activity of I12b in the SVZ of the LGE is weaker
compared with the activities of 1561 and URE2, and is particularly strong in a group of
cells located at the dorsal tip of the LGE (G, J; arrows). The distance of lacZ or AP
expression with respect to the lateral ventricle in the CRE lines is indicated with double

arrowheads in G, H, J and K. Legend as in Figure 4.4.
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Figure 4.6. Comparison of the activities of four DIx CREs in the subpallial telencephalon
of transgenic mice at E15.5

(A-L) Coronal hemisections showing /acZ expression when under the control of
URE2 (A, E, I), [12b (B, F, J), 1561 (C, G, K) and 15611 (D, H, L) enhancers at rostral (A-
D), medial (E-H) and caudal (I-L) levels. Arrowheads in A-C, E-G and I-K indicate the
three routes followed by tangentially migrating cells to the DP at E15.5: SVZ, CP and
Mz. The same migratory routes are followed by Dix-expressing cells (M-P; arrowheads).
Arrows in E-G mark the pallidum (PD) where 112b (F) and 1561 (G) but not URE2 (E) are
active. At this age, I12b-lacZ expression regresses considerably in the LGE and MGE (F)
whereas expression from URE2-lacZ (E) and I56i-lacZ (G) lines remains strong. No lacZ
staining is detected with I56ii-lacZ lines except in the hypothalamus (L; arrow). (M-P) In
situ hybridization on E15.5 coronal hemisections showing the expression of Dix2 (M),

Dix1 (N), DIx5 (O) and DIx6 (P) at medial levels. Legend as in Figure 4.4.
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Figure 4.7. Comparison of the activities of four D/x CREs in the subpallial telencephalon
of transgenic mice at birth (P0)

(A-L) Coronal hemisections showing /acZ expression when under the control of
URE2 (A, E, ), 112b (B, F, 1), 156i (C, G, K) and I56ii (D, H, L) enhancers at rostral (A-
D), medial (E-H) and caudal (I-L) levels. At this age, [1/2b-lacZ expression is very weak
in the septum (Sp) and caudate putamen (CP) (B, F, J), however, URE2-lacZ (A, E, 1) and
I56i-lacZ (C, G, K) lines maintain strong /acZ expression in these domains. In contrast,
lacZ staining is stronger in the DP (neocortex) of 1/2b-lacZ lines (B, F, J) compared with
URE2-lacZ (A, E, I) and I56i-lacZ lines (C, G, K). Only a small group of hypothalamic
cells is lacZ-positive in the I56ii-lacZ lines at this age (L; arrow). Legend as in Figure

4.4,
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Figure 4.8. Comparison of the activities of four Dix CREs in the olfactory bulb of
transgenic mice at P35

(A-H) Coronal sections showing lacZ expression when under the control of URE2
(A, E), 112b (B, F), I56i (C, G) and 156ii (D, H) enhancers at PO (A-D) and P25 (E-H).
Robust expression from the URE2-lacZ (A, E), I56i-lacZ (C, G) and I12b-lacZ (B, F)
transgenes is observed in all the layers of the olfactory bulb containing GABAergic
neurons. In contrast, there is no lacZ expression in the olfactory bulb in I56ii-lacZ lines
(D, H). Abbreviations: EPL, external plexiform layer; GCL, granule cell layer; GL,
glomerular layer; IPL, internal plexiform layer; ML, mitral layer; OV, olfactory ventricle;

SVZ, subventricular zone.
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[561 activity remains strong in the striatum from E13.5-P0 (Figures 4.4., 4.6., 4.7 ;
panels C and G, Table 4.1. B and data not shown), and persists at P25 as a complex high
rostroventral-low caudodorsal patchy pattern (Table 4.1. B and data not shown). Like
I12b, 1561 expression appears in the pallidum at E15.5 (compare Figures 4.4. G and 4.0.
(), and persists at PO and P25, albeit at lower levels at the later ages (Figure 4.7. G;
Table 4.1. C and data not shown).

[5611 activity in the extended pallidum rapidly declines by E15.5 and was not
detectable in the telencephalon at later ages (Figures 4.6., 4.7.; panesl D, H and L, Table
4.1. and data not shown). Diencephalic expression remains strong in a few areas (Figures
4.6.L, 4.7. L; arrows, and data not shown).

No major regional differences between the endogenous expression patterns of Dix

genes were detected at E13.5 and E15.5 compared with earlier ages.

4.4, Discussion

We have performed here a detailed spatio-temporal analysis of lacZ expression
under the control of four Dix CREs, URE2, [12b, 156i and 156ii, in the telencephalon of
transgenic mice. Comparison of the activities of these enhancers revealed highly
overlapping patterns as well as several regional and laminar differences in lacZ
expression throughout development, thus, reflecting: 1) similarities between the activities
of the enhancers and the endogenous Dix gene expression; 2) both similar and distinct
role(s) for each enhancer; 3) dynamic and complex D/x gene regulation during embryonic

development.

4.4.1. Different activities of the Dix CREs between E10.5 and E12.5 suggest
distinct roles for DIx paralogs
We demonstrated that E10 marks the onset of /acZ expression in all four CRE

lines, which is restricted to a diagonal cluster of cells in the primordia of the ventral
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thalamus (Figure 4.1. A-D; arrowheads). This matches the onset of endogenous Dix
expression in space but occurs slightly later than E9, when the mRNA of Dix/, which is
the first DIx gene to be expressed, is detectable (Price et al., 1991). Although the S-
galactosidase protein may be translated at that time, this difference could be due to the
fact that lacZ staining is only detected after the accumulation of the protein.
Alternatively, the CREs described here could be active slightly later in development and
other unidentified CRE(s) is/are active earlier. As of E10.5, all lines revealed highly
overlapping lacZ staining in the subpial layer of the neuroepithelium along the primordia
of the LGE and MGE but with spatial differences (Figure 4.1. I:K). First, a few positive
cells are scattered in the subpial region of the LGE but not the MGE in I56ii-lacZ lines,
suggesting that this enhancer may be selectively expressed in a subset of cells at this time
point (Figure 4.1. L; arrows). Second, 1561 lines display a unique lacZ pattern of
expression in the VZ of the neuroepithelium where many f-galactosidase-positive cells
are arranged in radial columns suggesting a clonal identity (Figure 4.1. K; arrowheads).
While such arrangement is rarely observed with the URE2 or 112b lines at this age
(Figure 4.1. I-J; arrowheads), we speculate that a Dix5/DIx6 lineage may derive directly
from progenitor cell(s) in the VZ and produce the early born striosomal neurons in a
DIx1/DIx2 independent manner, as suggested by Anderson et al., 1997a. In contrast, later
on, at E12.5, when late-born neuronal progenitors begin to proliferate and differentiate
(second wave of neurogenesis), the expression of DIx5 and DI/x6 becomes highly
dependent on the expression of DIx/ and DIx2. Hence, a radial cell arrangement is
described in the VZ at this age but with cells expressing DLX1 and DLX2 proteins. At
this time, the DLX5-positive cells are a subset of the DLX1-positive cells, which, in turn,
are a subset of the DLX2 positive cells (Bulfone et al., 1993b; Porteus et al., 1994;
Eisenstat et al., 1999). Our data supports these observations considering that the number
of lacZ-positive cells in the VZ of both eminences increases greatly at E11.5 and E12.5 in
the URE2 lines compared with E10.5 (compare Figure 4.1. I, and, 4.2. E and 4.3. E),
while expression from the DIx5/Dix6 enhancer lines is restricted to the SVZ and MZ of
the basal ganglia (Figures 4.2. and 4.3.; G and H). Previous studies demonstrated that
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expression of DIx5 and DIx6 is highly dependent on Dix/ and DIx2 expression at E12.5.
Thus, in the DIx//DIx2 double mutants, the expression of Dix5 and DIx6 is completely
lost in the SVZ and partially lost in the MZ (Anderson et al., 1997b; Zerucha et al.,
2000). We, and others, have shown that this regulation is mediated, at least in part, via
the interaction of DLX1 and/or DLX2, either directly or indirectly, with 1561 (Zerucha et
al., 2000; Zhou et al., 2004).

Taken together, the above results suggest that, depending on the spatio-temporal
context, the same regulatory element(s) (e.g. [561) could be required for the regulation of
Dlx expression in a differential manner during neurogenesis. Dlx paralogs may thus be
involved in different function(s) at various developmental stages. Still, it remains
unknown how this specific control is established at the molecular level and whether

different trans-acting factors are implicated.

4.4.2. Similarities between the laminar activities of the Dix CREs and the

endogenous expression of Dix genes at E12.5

We describe that, starting at E11.5, the transgene expression patterns conferred by
all four CRE lines, although similar with respect to the A/P and D/V boundaries, differed
along the axis of the lateral ventricle. Indeed, the order of expression of lacZ with respect
to the distance from the lateral ventricle at E11.5 and E12.5 is as follows: URE2-lacZ /
112b-lacZ | I56i-lacZ | I56ii-lacZ (Figures 4.2. and 4.3. A-L). Interestingly, the four Dlx
genes expressed in the telencephalon also follow an endogenous order of expression with
respect to the ventriculo-pial axis. This order is derived from a hypothesized genetic and
biochemical pathway that proposes the sequential role of Dix2, DixI, Dix5 and Dix6 at
different stages of neuronal differentiation in the basal ganglia and the developing cortex
(Figure 4.3. M-P) (reviewed in Panganiban and Rubenstein, "2000). However, direct
mechanistic evidence is still lacking at this point in order to specifically link the
regulation conferred by one enhancer to one or more DIx genes. Nevertheless, we
speculate that, starting at E11.5, late-born Dix-positive cells may use different

combination(s) of enhancer(s) depending on their stage of development. Hence, URE2 is
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the first enhancer to be active in cells that express DIx gene(s) as suggested by its activity
in a subset(s) of proliferating cells (progenitor cells) lining the VZ of the LGE, MGE and
CGE (Figures 4.2. and 4.3.; A, E and I). [12b becomes active in Dilx-positive cells at a
slightly later time point, that is, when these cells reach the second proliferative zone or
SVZ of the ganglionic eminences (Figures 4.2. and 4.3.; B, F and J). Indeed, we have
shown elsewhere that URE2 and I12b mark identical as well as distinct Dix-
subpopulations of cells between E12.5 and E13.5 in the LGE, MGE and CGE (Figures
4.5. L and chapter 3 of this thesis). Yet, it is not clear whether each enhancer regulates
Dix1 and/or DiIx2 expression in the spatio-temporal context described above. There is
indirect evidence that URE2 may specifically regulate Dix/ expression at E12.5. In fact,
in the DIxI/Dix2 double mutants where the homeodomain of both genes and the
intergenic region were removed (including 112b), DIx2 but not Dix/ expression was
abolished (Anderson et al., 1997b; Zerucha et al., 2000). Therefore, URE2 is not
sufficient by itself to maintain D/x2 expression at this age but may do so in combination
with other enhancer(s) such as [12b. The regulation of Dix2 expression may also require
the presence of the normal form of DIx2 and/or DixI protein(s) in case auto-regulation is
needed. Furthermore, we have shown that 1561 and I12b mark primarily identical
subpopulation(s) of Dix-expressing cells in the SVZ and the MZ of the basal ganglia
(Figure 4.5. I and chapter 3 of this thesis). Most of these 112b+/156i+ cells have probably
initiated their differentiation program. However, 112b may act before 1561 in the
regulation cascade controlling DIx expression between E11.5 and E13.5. This is
evidenced by the presence of cross-regulation among Dlx orthologs. In fact, Dix/ and
DIx2 are thought to control directly the expression of Dix5 and DIx6 both in vitro and in
vivo, through binding to 1561, thus, acting as upstream regulators (Liu et al., 1997; Zhang
et al., 1997; Zerucha et al., 2000; Zhou et al., 2004). Moreover, the Dix1/Dix2 double
mutant lack D/x5 and DIx6 expression in the SVZ of telencephalon except in a narrow
stripe of early born cells in the deep mantle of the rostral telencepahlon (Anderson et al.,

1997b; Zerucha et al., 2000).
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4.4.3. I56ii labels distinct group(s) of cells in the MZ at E12.5 and E13.5

Unlike the other CREs that are uniformaly expressed in the mantle of the
neuroepithelium between E10 and E11.5, I56ii-lacZ expression is restricted to a subset of
cells located in the mantle of the vVLGE and dMGE at these ages (Figures 4.1. L and 4.2.
H). In addition, 156ii labels a group(s) of cells located in the MZ of the vLGE and MGE
at E12.5 and E13.5 that do not express [/2b-AP (Figure 4.5. A-F). We have shown
elsewhere that 112b and I56i are active in primarily overlapping sets of cells in the
ganglionic eminences at E12.5 and E13.5 (Figure 4.5. G-I and chapter 3 of this thesis).
Therefore, it is likely that 1561 and 15611 may also mark distinct group(s) of cells and
regulate separate functions of DIx5/DIx6 genes. In fact, all DLX proteins are able to bind
561 but not I156ii and activate transcription in reporter assays performed in vitro (Zerucha
et al., 2000). Furthermore, DLX1 and DLX2 were shown to bind 1561 but not 156ii in vivo
using chromatin immunoprecipitation and nuclear extracts derived from the ganglionic
eminences at E13.5 (Zhou et al., 2004). In addition, the two DIx putative binding sites
found in I561 and 112b were only partially conserved in 15611 (Ghanem et al., 2003). Like
I12b and I56i, URE2 activity is weak and absent in the mantle region where 156ii is
active between E12.5 and E13.5, and thus, may not co-label the 156ii+ group(s) of cells
(Figures 4.3., 4.4.; E and H). We consider that the MZ of the MGE roughly corresponds
to the pallidum, which includes a rostro-caudally extended series of nuclei; the nucleus
accumbens (part of it), bed nucleus stria terminalis and globus pallidus. These pallidal
nuclei, and components of nuclei, have in common that they autonomously require
Nkx2.1 function (Sussel et al., 1999; Marin et al., 2000). As a result, 156ii may be
exclusively required for the differentiation of subset(s) of cells that are born in the
primordia of the pallidum and belonging to one or more of the above nuclei. Moreover,
the regulation conferred by I56i1 is time-dependent since this enhancer is not active in the
telencephalon after E14.5 and is only active in a group of hypothalamic cells (Figure 4.6.,
4.7.; H and L, Table 4.1. C and data not shown). The role played by 15611+ cells is under
investigation (Garel S, Ghanem N and Ekker M, unpublished observations).
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4.4.4. Dynamic regulation of DIx expression in space and time between E13.5

and P25

The laminar differences in lacZ activity detected between E13.5 and P25 among
the CRE lines in the subpallium are underlined by a change in the order of enhancer
activity with respect to the lateral ventricle from URE2-lacZ / 112b-lacZ | 156i-lacZ /
156ii-lacZ at E12.5 to URE2-lacZ | I56i-lacZ | 112b-lacZ | I56ii-lacZ starting at E13.5.
This is due to the fact that I112b but not 1561 activity regresses considerably in the
proliferative zones of the ganglionic eminences after E13.5 (Figures 4.4. F, G; 4.5. G, H;
4.6. F, G, ] and K, Table 4.1. and data not shown). Morevoer, while tangential migrations
are well underway, lacZ expression from the I[12b and I561 transgenes is widely
distributed in the MGE at E12.5 (Figure 4.3. F and G), whereas from E13.5 until E15.5,
MGE expression, especially from the 772b-lacZ is reduced, being largely restricted to the
SVZ (Figures 4.4. F, G and 4.6. F, G and data not shown). The reduction in MGE
expression in I/ 2b-lacZ lines suggests that many of the transgene-expressing neurons that
migrate tangentially have already been produced and migrated away from this region.

Several regional differences were also highlighted between the activities of the
CREs after E15.5 such as the absence of URE2 but not 1561 nor [12b activity in the
pallidum (Figures 4.6. E-G, arrows; 4.7. E-G and Table 4.1. C) and the weak (residual)
activity of [12b but not of 1561 in the striatum (Figures 4.6. F, G; 4.7. F, G and Table 4.1.
B).

Since no change in the laminar or regional distributions of endogenous Dlx
expression is observed between E13.5 and E15.5 compared to earlier time points (Figures
4.3, 4.4. and 4.6.; M-P), our results suggest that: 1) Dix regulation, as controlled by the
four Dix CREs undergoes dynamic spatio-temporal changes during development, yet, it is
still unclear if each CRE regulates specifically the expression of one or more Dlx genes;
2) the changes in enhancer activity are likely to affect distinct subpopulation(s) of Dix-
positive cells that may express one or more DIx gene and/or Dlx enhancer; 3) the Dix
CREs may possess distinct(s) regulatory roles at different time points. For instance, our

data suggest that 1561 plays a differential role in DIx5/Dix6 regulation at E10.5 and E12.5
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as discussed earlier. It will therefore be interesting to determine whether the shift in the
activities of I[12b and 1561 observed after E13.5 is correlated with functional
modification(s) associated with the DLX proteins such as a possible regulation of

DIx1/DIx2 by DIx5/DIx6 in the basal ganglia.

4.4.5. Is/Are there additional/unknown DIx enhancer(s) active in the

forebrain?

We have identified and characterized four DIx forebrain-specific CREs regulating
the expression of four Dix genes. However, in the DIx5/DIlx6 null mutant mice where
lacZ was inserted in the DIx6 locus, and, the homeodomains of both genes plus the
intergenic region were deleted, there is residual S-galactosidase staining in the forebrain
(Dye C and Rubenstein J, unpublished observations). This suggests that additional Dlx
forebrain-specific CRE(s) may exist elsewhere in the DIx5/DIx6 locus. In fact,
preliminary results showed that at least one such element may be located in the 5’
flanking region of DI/x6 (Jarinova O, Ekker M, unpublished observations). This finding is
interesting considering that URE2 is located in the 5’ flanking region of Dix/ and that
both genes belong to the same Dlx clade: DIx1/Dix4/Dix6 (Stock et al., 1996). It is
probable that this region in both genes may have derived from the duplication event that
took place before the divergence of modern vertebrates and which gave rise to the Dix
bigene clusters. Thus, it is interesting to determine if any regulatory element(s) was/were

also duplicated and whether they have diverged in sequence and/or function.
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5. Conclusions

The DIx genes are homeobox transcription factors required for normal embryonic
development during mid to late gestation. In the forebrain, D/x expression and function
are primarily associated with the development of virtually all neurons that use GABA as
their neurotransmitter. Inhibitory GABAergic interneurons are indispensable for proper
neocortical function since they are the regulators of principal neuron activity (excitatory
pyramidal cells). In the present research project, I have studied the regulatory elements
that govern expression of the four Dix genes, DIxI, DiIx2, DIx5 and DIx6, in the subpallial
telencephalon of vertebrates. As a result, I have contributed to our understanding of the
role played by four Dix regulatory elements in the forebrain, URE2, I12b, 156i and I56ii,
two of which are identified and characterized for the first time: URE2 and I12b. Thus, I
have shown that DIx expression is under the control of a complex and dynamic regulation
that changes in a spatial and temporal manner during embryogenesis. More importantly, [
have demonstrated that this regulation is tightly linked to DIx function in regional
specification of distinct progenitors born in the ventral cortex. These progenitors will
subsequently give rise to most neurons of GABAergic phenotype including nearly all

interneurons in the telencephalon.

Although some aspects of DIx regulation and function were addressed in this
study, several other aspects remain to be uncovered. In the light of the results shown here,
[ will highlight some of the interesting questions that remain unanswered and may be the

goal of future studies.

Additional conserved elements in the DIx bigene clusters

As mentioned above, I and others have identified thus far four DIx-forebrain-
specific enhancers in the DixI1/Dix2 and DIx5/DIx6 loci of vertebrates. However, these
enhancers may not be the only elements to control Dix expression in the forebrain. There

is evidence that additional conserved element(s), at least in the case of DIx5/Dix6, may
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exist (personal communication for C. Dye and J. Rubenstein). One such element is found
in the 5 flanking region of DIx6 (Jarinova O, Ekker M. unpublished observations).
Furthermore, element(s) with less conserved motifs and/or shorter sequence (<100bp)
could have escaped the resolution of our phylogenetic screening. In fact, we have
performed in the first study a pairwise sequence alignment using relatively simple
programs such as PIPMAKER or Best fit and Mapplot programs. Recent advances in
bioinformatics led to the development of more sophisticated algorithms and sequence
comparison tools. Hence, more powerful programs are now available that provide a better
resolution to evaluate the sensitivity and specificity of the constraint based-alignment
such as phastCons and multi-species conserved sequences -MCSs- scores and the pattern-
matching regulatory potential (RP) score (Elnitski et al., 2003; Margulies et al., 2003;
Siepel et al., 2005). The increased capacity of these programs to detect cis-regulatory
modules was compared and evaluated in a recent study conducted by King et al. 2005
(King et al., 2005). In addition, in order to improve the search resolution, other groups
have successfully combined ‘phylogenetic footprinting’ with other detection methods
such as cis-regulatory module (CRM) detection (Krivan and Wasserman, 2001) and de
novo motif discovery (Blanchette and Tompa, 2002), resulting in a significant increase in
the specificity of predictions. Therefore, using these tools, it will be easier to refine the
search for Dlx regulatory element(s) in the future and, check whether these elements have

diverged in sequence and/or function.

Conserved function(s) of the DIx CREs in the forebrain of vertebrates

I have shown, in collaboration with Olga Jarinova, that zI561 and zI56ii (zebrafish
orthologs), exhibit conserved function(s) and consequently, are active in the forebrain of
zebrafish including the telencephalon. This finding is intriguing since mammals and fish
species have diverged over 450 millions years ago. However, we did not check if
conserved activity of the enhancers is also true for 112b and URE2. Besides that, it will
be interesting to study further the role played by these enhancers in zebrafish. It is not

known if they are needed to achieve similar and/or other telencephalic functions in fish or
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other vertebrate species such as the development of cortical interneurons. The high
degree of sequence conservation of these enhancers between fish and mammals suggest
that they may do so. However, one caveat is that brain organization and neuronal
migration still need to be studied in zebrafish. Alternatively, the D/x enhancers may serve
also different functions. It has been shown that equivalent regulatory regions from the
same gene in different species may have evolved different components to potentiate their
activity in combination with a selection of core components. Indéed, conservation as well
as diversity in sequence and/or function between distantly related species was described
in cis-regulatory networks of the Hoxa2 gene (Tumpel et al., 2002) and the HoxD cluster
(Spitz et al., 2003). This may explain also how the DIx paralogous and/or orthologous
enhancers could have diverged in sequences and functions, yet, retained highly
overlapping activities. From an evolutionary perspective, studying the role of these
enhancers in distantly related species such as zebrafish will hopefully reveal how Dix

function in the telencephalon has evolved since the divergence of modern vertebrates.

Correlation between the activity of the Dix CREs and DIx expression

I have shown that the four Dlx enhancers follow generally a defined order of
activity in the proliferative zones of the subpallium with respect to the lateral ventricle
during development: URE2/ 112b or 156i/ [56ii. Thus, URE2 is attive in scattered cells in
the VZ (undifferentiated cells), a substantial number of cells in the SVZ and in scattered
cells in the MZ (differentiated cells). 112b and 1561 are primarily active in differentiated
cells in the SVZ and MZ whereas [56ii activity is restricted to a subset of cells in the deep
MZ. Interestingly, DIx genes follow also a specific order of expression in vivo with
respect to the lateral ventricle as shown here and elsewhere: Dix2/ Dix1/ DIx5/ Dix6. Like
URE2, Dlx2 is mainly expressed in undifferentiated cells; its expression is found in
scattered cells in the VZ, in most cells in the SVZ and few cells in the MZ. Like I12b and
1561, DIxI and DIx5 are mainly expressed in the SVZ whereas DIx6 is primarily
expressed in differentiated cells in the MZ. However, it is not clear whether a correlation

exists between the combination of Dlx enhancer(s) that is/are active in one cell type and
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Dix genes expressed by these cells. It is likely that these enhancers are cis-acting
regulatory elements, and, for instance, URE2 or 112b could be active in group(s) of cells
where both DIx/ and Dix2 are expressed. The same applies to [56i and [56ii with respect
to Dix5 and DIx6. Still, this remains to be proven at the molecular level. Alternatively, it
is important to check whether each enhancer could regulate the expression of one
flanking DIx paralog but not of the other, depending on the context. There is evidence
that, for instance, URE2 and DIx/ label differentially two out of three major subtypes of
adult cortical interneurons. Cobos et al. 2005 showed that, in one month old mice, Dlx/
labels the majority of CR- and SOM- but not PV-expressing interneurons. In contrast, I
found that URE2 labels CR- and PV- but not SOM-expressing interneurons whereas 112b
labels all three subtypes. Thus, URE2/DIx] and 112b/Dix] may define the identity of
distinct subtype(s) of cortical interneurons. It remains to be determined if this is true also
with Dix2, 112b and URE2 as well as the Dix enhancers and genes from the Dix5/Dix6
cluster. Future experiments such as co-labeling of the various combinations of Dlx genes
and enhancers in various Dlx lineages, in both the embryonic and adult brains, will be

required to understand the development of these lineages.

Spatio-temporal regulation of Dix expression and regionalization in the

subpallium

I have highlighted major regional and laminar differences in the activity of the
four Dix CREs at all ages examined (E10.5-P25). In fact, labeling of distinct groups or
subgroups of DIx-progenitor cells by each enhancer in the ventral cortex was the most
striking difference. Differential enhancer activity was also detected in tangentially
migrating cells that are derived from these progenitors. Moreover, I showed that this
differential control occurs in a time- and space-dependent manner, and led to the
identification of new subdivisions within the MGE and CGE (dMGE, vMGE, dCGE,
mCGE and vCGE) where distinct Dlx-progenitors seem to be born. My data suggests that
DlIx expression marks several subpopulations of progenitors that may give rise to distinct

adult cortical interneurons. One or more DI/x enhancer(s) and gene(s) can be active in
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each subpopulation. Identification of regional markers such as transcription factors that
are specifically expressed in each subdivision of the MGE and CGE will enforce directly
the model proposed in this study. Altenatively, the enhancer activity could be unrelated to
the generation of distinct lineage(s) of adult interneurons and merely changes in a spatio-
temporal manner depending on the context. Thus, the existence of several Dix-
progenitors and the involvement of each enhancer in distinct aspect(s) of Dix regulation
can be directly demonstrated by the deletion of one and/or more enhancer(s) in mice
(‘Knock-out” experiments). Such experiments are ongoing in the laboratory and may
uncover the consequence(s) of loss of one enhancer or combination of enhancers on Dix
expression and function as well as the development of various groups of GABAergic

ncurons.

Uncovering of the Dix regulatory mechanisms

Despite high overlapping activities between three out of four enhancers, these
elements displayed little sequence similarities. These are restricted to two putative Dix
binding sites (A/C/G)TAATT(G/A)(C/G) and several potential homeodomain binding
motifs (TAAT/ATTA) in each sequence. We have hypothesized that regulatory elements
may have been included in the duplication events that gave rise to multiple Dlx bigene
cluster. None of the enhancers described in this study seem to be found in invertebrates
such as Drosophila and C. elegans suggesting that, either they were not duplicated from
ancestral element(s), or, more likely, they were duplicated but have rapidly diverged in
sequence early in chordate/vertebrate evolution. Furthermore, this divergence was
probably followed by fixation of cis-acting regulatory elements as suggested by high
degree of sequence conservation between orthologous enhancers (77-99%,). Still, it is not
clear whether the same and/or distinct regulatory mechanisms mediate the role of
paralogous as well as orthologous enhancers. Furthermore, the trans-acting factors that
are the key players in these mechanisms are still unknown. Ongoing studies in the
laboratory are aimed at identifying the binding motifs in each enhancer and thereafter, the

upstream regulators of Dix paralogs. DNA-footprinting experiments coupled to
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electrophoretic mobility shift assays (EMSA) followed by mutagenesis experiments in
mice proved to be successful in achieving some of the above goals (L. Poitras, N.
Shipley, M.Ekker, unpublished observations). As a result, several potential binding sites
were identified in the sequence of I12b including a binding motif for the pro-neural
determinant Mash-1 [(Poitras, 2006), submitted]. This is considered the first molecular
evidence that this gene is regulating directly the expression of Dix//DIx2 through binding
to I12b, and lends support to the existence of a Mash-1/ Dix/ GAD cascade. As progress
is made in such experiments, our understanding of the molecular mechanisms and

upstream targets of Dlx genes will increase.

Finally, it will be interesting to apply the findings made in this study as
well as future studies to learn more about DIx function with regard to the development of
GABAergic neurons in primates and, ultimately, humans. In fact, it was shown a few
years ago that about half of cortical interneurons in the embryonic human brain are
derived from progenitors located in the subpallial telencephalon (Letinic et al., 2002).
Therefore, it would be useful to investigate whether DLX proteins achieve similar
function(s) in the human brain considering that all four enhancers studied here are highly
conserved in our species. A better understanding of the development of GABAergic
neurons will advance future research that is aimed at finding th?rapeutic cures for brain
dysfunction associated with absence/reduction of inhibition such as in cases of epilepsy,

schizophrenia and, maybe, autism.
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