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The larger the island of knowledge,
the longer the shoreline of wonder.

Old chinese proverb

Nature, it seems, is the popular name
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of particles playing their infinite games
of billiards and bitliards and billiards

Piet Hein, 1966,
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Scope

Scope of the thesis

Early this century the important biological role of vitamin A became recognised as a
result of nutritional studies. Vitamin A (retinol) and its derivatives, collectively referred to as
retinoids, exert a wide variety of effects on vertebrate development, cellular differentiation and
homeostasis (Bollag, 1996). Retinoids, and most notably retinoic acids (RAs) have been of
special interest to developmental biologists because of their teratogenic effects on fetal
development. Either excess or deficiency of retinoids during pregnancy has been shown to lead
to many birth defects (Wilson, 1953; Kochhar, 1967). Thus, normal development seems fo
require a careful balance of retinoids. How such structurally simple molecules as the retinoids
can have such pleiolropic effects has been a long standing question. In recent years it has
become clear that the mechanisms through which RA affects cellular differentiation and
embryonic development involve complex interactions between the products of two distinct gene
families. The first family consists of a number of nuclear receptors for retinoic acid, and belongs
to the superfamily of steroid/thyroid hormone receplors. It comprises two groups of RA
receptors, the RARs (a,B,y), which bind both all-trans RA and 9-cis RA, and the RXRs (a,8.Y),
which have 9-cis RA as their specific ligand. These receptors form heterodimeric complexes
and act as ligand controlled transcription factors. The nuclear receptor heterodimers regulate
gene transcription through binding to specific DNA sequences, termed RA response elements
{(RARE), found in the promoter regions of target genes.

The second family consists of serum and cytoplasmic retinoid binding proteins that
belong to a superfamily of small proteins involved in the binding, transport, and/or metabolism
of low molecular weight hydrophobic molecules. Two members of this family, the cellular
retinoic acid binding proteins type I and I (CRABP-I and I) have been shown to interact
specifically with RA, Both CRABPs are expressed independently, and they bind RA with high,
but different affinities. Both CRABP genes show very specific expression patterns in adult
tissues and during embryonic development. Their exact physiological role remains to be
elucidated, but they are most likely involved in regulating the amount of RA that is available to
the nuclear receptors.

When the project described in this thesis was initiated the cellular retinoic acid binding
protein type I (CRABP-I) was thought to be an essential component of the RA signal
transduction pathway. CRABP-I was first isofated in the mid 1970s by virtue of its high binding
affinity for RA, and was at that time assumed to be the direct mediator of the effects of RA at
the cellular level. However, the observations that in most cells CRABP is iocated only in the
cytoplasm, that it lacks homology with any known transcription factor and is not expressed in
all RA responsive. cell types, led to the conclusion that CRABP was not the direct mediator of
RA action at the transcriptional level, Tn 1987 the first nuclear receptor for RA was isolated
based on homology with the steroid hormone receptors, soon fotlowed by the other members of
the RAR family, and it became clear that these RARs were the factors that relayed the RA
signal to the expression of target genes (Giguere, 1987; Petkovich, 1987). CRABP-I was
believed to be critically involved in the regulation of the availability of retinoic acid for the
nuclear receptors, but it was unclear how exactly it might do se. Thus even though much had
become known about the profein concerning its binding properties and expression patterns at
various stages of development, the function of CRABP-I remained unclear. The mouse
CRABP-I gene had recently been cloned (Vaessen,1990; Stoner, 1990; Perez-Castro, 1990) and
this allowed the detailed study of its expression pattern during embryonic development, as well
as in adult tissues. Its highly spatio-temporally specific expression pattern in the developing
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embryo appeared to indicate that CRABP-I serves a specific function during embryonic
development. As expression of CRABP-T was found specifically in those structures that are
most sensitive to excess of RA during development it was thought that CRABP-I would
function as a cytoplasmic buffer, protecting these sensitive cefls from excess retinoic acid,

The aim of the project described in this thesis was therefore to increase our knowledge
of the regulation and the function of CRABP-I during embryonic development. During the
course of the project a direct test of the function of the protein was undertaken by several
groups, by generating mice in which the genes for CRABP-I alone, or in combination with
CRABP-II, were functionally inactivated via gene targetting. Surprisingly, the absence of a
functional CRABP-I protein in these mice did not give rise to any apparent abnormal
phenotype, at least not under laboratory conditions. Yet, the evolutionary conservation of
CRABP-I is extremely high, and it is expressed in a very specific pattern during embrogenesis,
which suggests that the protein is somehow important for the organism. We then focussed our
attention on the regulatory mechanisms that direct the specific expression pattern of the gene in
the developing embryo. Initial experiments to identify the regulatory elements were conducted
in cell lines expressing the gene at high levels. When these remained inconclusive we switched
to the approach of generating transgenic mice to study the regulation of the gene. This would
enable us to assess the expression of the gene directly in the complex situation of the whole
embryo, To accompany the study of the regulatory mechanisms in transgenic mice we also
performed an interspecies comparison of the promoter regions of the CRABP-I gene from the
mouse, chicken and pufferfish, with the aim of identifying regions of high conservation between
the various species that, presumably, would be involved in the transcriptional regulation of the
gene. We anticipated that a betler knowledge of the factors regulating CRABP-1 expression
would fead to a more complete understanding of the RA signal transduction pathway, and,
furthermore, that it would enable us to study the function of CRABP-1 in the embryo by directly
modulating the level of CRABP-1 in specific embryonic tissues.
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Chapter | Intreduction

General introduction,

During embryonic development of vertebrate organisms a single fertilised egg is
transformed into a complete organism through the complex interplay of developmental
processes such as celi proliferation, migration, differentiation, apoptosis and morphogenesis.
The developmental program responsible for the regulation of these processes is encoded in the
DNA of the organism itself. Tn a multicellular organism all cells, with a few exceptions, contain
a complete and identical copy of the genetic information, including this devetopmental program.
The conversion of the abstract information encoded by the DNA into physiologically active
proteins is called gene expression. Through the use of differential gene expression multicellular
organisms can develop with a great diversity of different cell types, each fulfilling a specific
function. Bach of these cell Lypes expresses a unique subset of the total number of genes. Many
genes are always active in all cells of the organism. These genes are called house-keeping genes
and most of them encode structural proteins and basic metabolic enzymes, important for
survival of the cell. Other genes are expressed in only one, or a few specific cell types, and
sometimes only during a particular stage of development, The regulation of these differentially
expressed genes is tightly controlled by particular intra- and extracellutar signals (Alberts,
1989), some of which may be epigenetic.

Development of multiceltular organisms depends on complex regulatory networks in
which specialised factors relay specific developmental signals to target genes in certain cell
types. The development and morphogenesis of an organism depends on the correct interaction
and integration of all these signals to execute the developmental program, and hence involves a
strict regulation of the expression of all its developmentally important genes. The proteins
involved in developmental gene regulation range from diffusable peptide hormones, their cell
surface receptors, and intraceltular signal transduction molecules to the so catled transcription
factors. These are DNA binding proteins that interact directly with specific DNA elements
located in the regulatory regions of genes and activate their expression. In the past years a large
number of proteins has been identified that are involved in the regulation of embryonic
development at the molecular level. The proteins of the Retinoic Acid (RA) signal transduction
pathway are prominent amongst the factors involved in controlling correct development.

Retinoids exert their influence on a large number of biological processes through their
involvement in the transcriptional regulation of the expression of genes involved in those
processes. Gene expression in general is primarily regulated by transeription factors, which bind
to specific DNA elements {termed enhancers) in the promoter region of target genes and interact
with other proteins to modulate the activity of the basal transcription factors and the RNA
polymerase assembled at the proximal promoter of the gene (Maniatis, 1987; Ptashne 1988). A
family of transcription factors has been identified that are specifically activated by the presence
of retinoic acid (RA) in the nucleus of the cell. These factors are termed retinoic acid receptors
{RARs) and they act as heterodimeric RA inducible transcription factors. They are part of the
farger nuclear hormone receptor gene family, which also includes the steroid hormone, thyroid
hormone and the vitamin D receptors {Evans, 1988; Mangelsdorf, 1995; Chambon, 1996).
Many genes have been identified that are regulated by the activity of members of the retinoid
receptor family in response to RA, Since retinoids are hydrophobic molecules and therefore
poorly soluble in the aqueous environment of the cells and the circulation of the organism, a
number of retinoid binding proteins have evolved, that take care of the proper storage, transport,
and uptake of retinoids by the cells and regulate the avaitability of RA for the retinoid receptors
in the nucleus. The Cellular Retinoic Acid Binding Protein type I (CRABP-1), belongs to the
latter group of proteins, and is thought to be critically involved in regulating the amounts of RA
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Chapter 1 Introduction

that are available for the nuclear receptors in the cells in which it is expressed. This introductory
chapter gives an overview of the dramatic and widespread effects RA has on embryonic
development, and of the current understanding of the molecuiar mechanisms behind these
effects. The chapter starts with an introduction to vitamin A and retinoic acid, and the role of
these molecules in normal embryogenesis and teratogenesis. Inn the middle part of the chapter
the current knowledge on gene regulation by the nuclear retinoid receptors is reviewed. The end
of the chapter gives a detailed introduction of the cellular retinoic acid binding protein type 1
(CRABP-I}, and of the potential role of this protein in the RA signat transduction pathway.

1.1 Vitamin A and retinoids.
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Vitamin A plays a central role in many essential biological processes. Not only is it important
for embryonic development in vertebrate organisms, but it is also involved postnatally in the
regutation of proliferation, differentiation and apoptosis of many cell types, and in maintenance
of the immune system. The vitamin A derivative retinal is of major importance as the
chromophore required for vision (Wald, 1968). Vitamin A is the common name used to
designate the molecule retinol. Nowadays however, the term vitamin A is also used to designate
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Chapter ! Introduction

any compound possessing the biological activity of retinol, The term Retinoids is used for all
compounds that are structuratly related to retinol. The Retinoids comprise both naturally
occurring and synthetic compounds. Only a few members of this ever increasing group of
compounds are in fact naturally occurring molecules (Figure 1). Most retinoids have been
synthesised in the laboratory as potential candidates for anti-cancer therapies. This was spurred
by the observations that vitamin A has a strong influence on cell proliferation and differentiation
of certain cell types, making it a good candidate as a therapeutic agent for use in cancer therapy.
The large number of side effects that treatment with high doses of vitamin A creates has led to
an intensive search for more specific and powerful refinol analogues (Apfel, 1992; Lehmann,
1992, Armstrong, 1992, Lata, 1996).

Vitamin A has indirectly been known as a factor that can cure a deficiency disease for at
least 3500 years. The ancient Egyptians recognised night blindness, which is caused by vitamin
A deficiency, as a disease, and knew that it could be cured by eating ox liver, which, as we now
know, is a rich source of vitamin A (Wolf, 1996). Vitamin A itself was first identified as an
finportant factor for animal health in 1913. Rats fed on a diet of pure protein, pure milk sugar,
minerals and olive oil failed to grow, but addition of butter fat to the diet restored their health.
The fat-soluble factors of the butter could be extracted into ether, and when the extract was
added to olive oil, the olive 0il was now able to support growth on the original diet. This
essential factor for growth and survival, ultimately shown to be retinol, was then named "fat
soluble factor A", as opposed to other dietary factors called "waler-soluble B" (McCollum,
1913). In 1930 it was shown that the yellow pigment, present in active extracts from plant
sources, butter fat or egg yolk, and named carotene, is in fact a provitamin, which is converted
in the body into the colourless active factor, vitamin A or retinol (Moore, 1930). Retinoic acid is
the acid form of vitamin A, which arises from the oxidation of retinol via retinal. Tt was first
obtained synthetically in 1941 in the form of the all-trans isomer, and its biological activity was
tested in animal studies (Arens, 1941).

Transport and uptake of vitamin A,

A number of factors determine the amount of retinoids present in the celis of the
organism: body intake, uptake, transport, storage, biosynthesis and degradation. Vitamin A is
taken up by the body in the form of retinyl esters from animal sources, or in the form of
carotenoids from plant sources. Beta-carotene is the most potent precursor for retinol, but it is
still six-fold less effective than preformed retinol (Blomhoff, 1991), Retinyl esters and carotenes
contained in the diet are converted into retinol or retinat in the intestine, and subsequently taken
up by the enterocytes. The major conversion pathway of carotenoids in the intestine is by central
cleavage of the carotenoid to produce 2 molecules of retinal, although some excentric cleavage,
resulting in retinoic acid and retinal, may also occur (Wolf, 1996 ). In the enterocytes the retinol
and retinal are bound by cellular retino! hinding protein type Il (CRBP-I). CRBP-II is a major
intestinal protein and is present in high concentrations in the enterocytes. Binding to CRBP-I
protects retinal from oxidation to RA, and allows it to be reduced to retinol by a microsomal
retinal reductase (Kakkad, 1988). The retinol/CRBP-T complex is a substrate for the enzyme
lecithin-retinof acyltransferase (LRAT), which converts retinol back to retinyt esters, These
retinyl esters are then transported to the liver as a component of chylomicrons. Upon
endocytosis of chylomicron remnants by the liver parenchymal cells the retinyl esters are
converted back into retinol. From here the retinol is either transported to the target celis or,
when sufficient retinol is already present in the circulation, stored in the liver stellate (fat
storing) cells. For storage in these cells the retinol is once again converted into retinyl ester by
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Chapter 1 Intreduction

the enzyme LRAT. LRAT utilises lecithin as the acyl donor and requires retinol bound to
cellular refinol binding protein type I (CRBP-I) as the substrate. Retinol can also be converted to
retinyl ester by the enzyme AcetylCoA retinol acyltransferase (ARAT). ARAT can use only free
retinol as substrate, and this conversion route is considered to be a very minor pathway (van
Bennekum, 1993). When retinol is not stored in the liver, but transported to the target tissues
immediately, it is loaded onto retinol binding protein (RBP), a 21 kD protein with a single
binding site for retinol (Blaner, 1989). RBP is synthesised in the liver parenchymal cells. The
RBP-retinol complex is secreted into the plasma for transportation, There the complex is bound
by another protein, transthyretin (TTRY), a 55 kD protein with high affinity sites for the thyroid
hormones T3 and T4 (thyroxine). A 1:1 complex is formed between RBP and TTR, which
prevents the excretion of the small RBP-retinol complex through glomerular filtration in the
kidneys, At the target tissue the complex dissociates and retinol is taken up by the cells,
Retinoids other than retinol, e.g. all-trans RA, 9-cis and [3-cis RA, 4-hydroxy-RA, 4-0xo-RA,
have also been detected in plasma at low concentrations, complexed to albumin (Smith, 1973).

The mechanism by which retinoids enter the target cells is not yet clear, The existence of
specific cell surface receptors that recognise the RBP-retinol complex has been suggested
{Blaner, 1989; Blomhoff, 1992), and recently an RBP receptor has been reported in bovine
retinal pigment epithelium (RPE) cells (Bavik, 1991). However, retinoids are small lipophilic
molecules and could therefore also cross membranes spontancously (Noy, 1992).

Upon entry into the cytoplasm of the target cell retinol is bound by cellular retinol
binding protein type 1 (CRBP-I) {Ong, 1984). In view of the apparent importance of retinoic
acid during development of the organism, and also postnatally in the control of the
differentiation state or the entry into apoptosis of numerous eell types, it is reasonable to expect
that the biosynthesis of RA and the rate of its turn-over are carefully regulated, to orchestrate its
spatio-temporal concentrations, Retinol is converted into retinoic acid by two successive
reactions, with retinal as an intermediate. A detailed knowledge of the enzymes involved in
these conversions is only just beginning to emerge, The ability of retinoids to serve as substrates
for many enzymes in vitro has made it difficult to establish which are the enzymes that arc most
likely to be physiologically relevant. In most cells the concentration of binding protein exceeds
that of the retinoid, ensuring maximum binding of the retinoid to its binding protein. As a
consequence, the CRBP-Iretinol complex is the most likely substrate for RA biosynthesis in
vivo, CRBP-I has been shown to be involved in the conversion of retinol and retinal to retinoic
acid (Posch, 1992; Ottonello, 1993). Both retinol and retinal, bound to CRBP-I, are substrates
for specific cytosolic dehydrogenases. An NADP-dependent microsomal retinol dehydrogenase
{RDH) catalyses the first reaction in this pathway, Retinal generated in microsomes from holo-
CRBP by RDH is converted to RA in the cytosol by an NAD-dependent retinal dehydrogenase
(RalDH) (Posch, 1991; Posch, 1992). CRBP may confer specificity on the biosynthesis of RA
by restricting retinol access to specific enzymes. This would prevent opportunistic interaction of
retinol with non-specific enzymes, and also protect retinol from non-enzymatic oxidation.

The conversion of retinol into RA results in a biologically active form of the retinoid,
which exerts its effect by binding to the nuclear retinoic acid receptors (RARs and RXRs). The
cellular retinoic acid binding proteins (CRABP-I and I} are involved in regulating the
availability of RA for these nuclear receptors, but the mechanisin by which they do so remains
to be clarified. A number of possible roles for the CRABPs have been proposed. They may act
{1) as modulators of RA metabolism, regulating intracellular RA concentrations, (2) simply as a
cytoplasmic buffer for RA, (3) as a means to sequester RA in specific cells, or {4) as a nuclear
translocation system (Gustafson, 1996).



Chapter I Introduction

Metabolism of retinoic acid.

The first step in the metabolism of retinoic acid is the oxidation of the beta-ionone ring
to form hydroxy RAs. Depending on the tissue, hydroxylation is initiated at one of two different
beta-ionone ring sites: C4 and C18, to produce 4-hydroxy-RA or 18-hydroxy-RA. 4-hydroxy-
RA undergoes further conversion into 4-oxo-RA {Fiorella and Napoli 1994). It remains to be
established whether these 4-0x0-RA and 4-OH-RA meta-bolites are simply intermediates in the

CRBP ROH -t RBP-ROH
{serum}

LRAT
Retinyl esters CRBP-ROH

—~—~— 7

(storage)
RE-Hase \ROH DHase

CRBP-Retinal

CRBP RAI DHase
RA
_— T
CRABP-RA CRABP
P450

Polar metabolites

Fig. 2! Schematic representation of the metabolic and catabolic pathways of retinoic acid, ROH = retinol, RA =
retinoic acid, CRBP = cellular retinol binding protein, CRABP = cellular retinoic acid binding protein, RBP =
serum retinol binding protein, ROH Dhase = retinol dehydrogenase, Ral Dhase = retinal dehydrogenase, LRAT =
lecithinfretinof acetyliransferase, RE-Hase = retinyl ester hydrelase. (Adapted from a mode! by Napoli, 1993).

RA catabolic pathway, or whether they have specific activities different from all-trans RA and
9-cis RA, 4-0x0-RA binds to RARB with an affinity that is comparable to all-trans RA, but it
binds poorly to RARy (Pijnappel, 1993; Reddy, 1992). 4-oxo RA also binds to the CRARBPs,
with an affinity that is only slightly lower than that of all-trans RA (Duell, 1992; Fiorella, 1993).
It has been shown that all-trans 4-oxo RA is a highly active modulator of positional
specification in early Xenopus embryos (Pijnappel, 1993). Furthermore, in the induction of
proliferation of growth arrested A spermatogonia in vitamin A deficient mice 4-oxo RA is more
potent than RA (Gaemers, 1996).

The catabolism of RA to polar metabolites is believed to be a cytochrome P450

17



Chapter 1 Introduction

dependent process, This idea follows from the observation that the general cytochrome P450
inhibitors ketoconazole and liarozole effectively inhibit the production of polar RA metabolites
(Williams, 1987; Van Wauwe, 1988, 1990, 1992), In a number of tissues and cell [ines RA
metabolism can be induced by pre-treatment of the cells with RA, which suggests that at least
some of the enzymes involved in RA metabolism are induced by RA itself (Roberts, 1979;
Duell, 1992; Wouters, 1992; Takatsuka, 1996,

One of the hypotheses about the fuaction of CRABP-1 is that it is invelved in RA
metabolism. This hypothesis stems from the observation that CRABP-bound RA has a lower
K fapprox. 2 nM) for microsomal RA metabolism than unbound RA (approx. 50 nM)
(Fiorella, 1991). Furthermore, overexpression of CRABP-I in F9 cells resulted in a shorter
elimination half-time of RA, consistent with holo-CRABP being a more efficient substrate for
RA metabolism than free RA (Boylan, 1992). However, the 40 minute elimination half-time of
RA, incubated in the presence of microsomes, was not altered by the addition of apo-CRABP-I
(Fiorella, 1994),

Hydroxy-RAs also bind to CRABP, but are metabolised very slowly in the CRABP-
bound form. In their free forms both 18- and 4-hydroxy-RA are rapidly metabolised, with
elimination half-times of approximately 35-40 minutes (Fiorella, 1991, 1994), Similarly, the
elimination half-time of 4-ox0-RA is 9 minutes, whereas the half-time rises to over 10 hours
when it is bound to CRABP, These observations suggest a role for CRABP in the differential
presentation of selected retinoids for metabolism by the P430 system. Figure 2 shows a
schematic representation of the various metabolic pathways of retinol and retinoic acid.

Retinoic acid and teratogenesis.

Vitamin A plays an important role in the embryonic development of vertebrate animals.
It is critically required for many of the processes that take place in the embryo during its
development. Vitamins, by definition, are molecules that are essential for the organism, but
cannot be synthesised de novo by the animal itself. They are therefore essential components of
the diet. Embryos depend on the availability of vitamin A in their immediate environment. In
mammals retino! is supplied to the embryo by the mother, first via the yolk sac and later via the
placenta. Both deficiency and excess of vitamin A during pregnancy lead to a large number of
congenital malformations. The importance of vitamin A for embryonic development was first
implied by experiments with vitamin A deficient pigs (ITale, 1938). Foctuses of the vitamin A
deficient animals showed a wide spectrum of malformations. The occurrence of these
malformations could be prevented when retinol was administered to the pregnant mother.
Furthermore, all the effects of vitamin A deficiency, with the exception of the effects on vision,
could also be prevented by administration of retinoic acid, which showed that RA is probably
the bio-active metabolite of vitamnin A.

The teratogenic effects of vitamin A were first shown more than 40 years ago in rats
treated with an excess of the vitamin (Cohlan, 1953). Numerous studies since then have shown
that vitamin A excess during pregnancy leads to a wide varfety of malformations, which have
been well characterised. Comparison of the morphological effects of vitamin A deficiency
(Wilson, 1953; Takahashi, 1975) and excess (Shenefelt, 1972; Morriss-Kay, 1991; Kessel,
1991) in rodents shows that the patterns of malformations induced by deficiency or excess are
slightly different, While both deficiency and excess affect many of the same tissues, the
frequency with which particular malformations occur is different. Following vitamin A
deficiency, the most frequently observed abnormalities are in the development of the eye,
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including anophtalmia (absence of the eye), the genito-urinary tract, the diaphragm, the heart
{e.g. interventricular septurn defect) and the lung, Following exogenous vitamin A treatment a
characteristic pattern involving craniofacial, cardiac, thymic and central nervous system
structures is often seen.

All-trans Retinoic acid is a much more potent teratogen (20-40 times greater) than
retinol in many species. The spectrum of malformations found after RA treatment is similar to
that observed after vitamin A treatment. Several observations argue that RA, is the primary bio-
active molecule responsible for the vitamin A induced teratogenesis: (a) Retinyl esters and
retinol are readily oxidised to all-trans RA in the body; (b) all-trans RA is the most potent
natural teratogenic retinoid; (c) all-trans RA has been demonstrated to be a ligand for the
retinoic acid receptors.

A number of factors influence the nature and severity of anomalies found after treatment
with exogenous vitamin A compounds. Firstly, the anomalies observed are dependent on the
developmental stage at the time of retinoid administration. The period of organogenesis is the
most sensitive period for exposure to teratogenic levels of retinoids {Soprane, 1986). Treatment
of pregnant mice before implantation of the embryo (i.e. 4.5 days p.c.) or after embryonic day
14 (14 days p.c.) results in few, if any, adverse effects. However, treatment of pregnant mice
between 7 and 10 days p.c. resulis in anomalies of the central nervous system, sensory organs
and the cardiovascular system, in addition o a large number of resorbed embryos. Treatment
between 10 days and 13 days p.c. results in malformations of the limb, the craniofacial area and
the genito-urinary tract. Secondly, the severity of the effects depends on which particutar
retinoid the embryo has been exposed to. As mentioned above some retinoids are more potent
teratogens than others. In addition, there appears (o be a certain degree of species specificity in
the potency of some retinoids. However, for all retinoids the teratogenic response is dependent
on the dose. Both the frequency and the severily of the embryonic effects increase with an
increase of the dose of the retinoid.

Retinoids as morphogens in norimal development

During early embryogenesis axes are established within the embryo. The
anteriot/posterior (A/P) axis and the dorsal/ventral (D/V} axis are first set up in the central body
of the embryo, distinguishing head from tail and back from front. Later in development the limb
buds start to grow, and there a proximo/distal (P/D) axis must be formed in addition to the A/P
and D/V axes. Exogenously added retinoids cause malformation of structures that arise along
the A/P axis of the central body, as well as abnormal development of the limb bud. Numerous
studies implicate retinoids as morphogens, involved in establishing positional information along
the A/P axis in the developing central nervous system (CNS) and the vertebral column. At a
later stage in development retinoids have been implicated in A/P axis specification of the limb
bud, where a specific pattern of digits along this axis is formed (see separate paragraph). The
influence of retinoids on pattern formation in the CNS has been primarily investigated in the
mouse and in the African clawed frog, Xenopus laevis. Axial patterning in vertebrates is set up
during gastrulation. The site of initial invagination during gastrulation in Xenopus is called the
organiser, and this site becomes the posterior end of the embryo. The corresponding structure
serves the same function in mammals, where it is called the node, and in birds, where it is called
Hensen's node. These structures have alt been shown to be sources of endogenous active
retinoids (Rossant, 1991; Hogan, 1992; Chen, 1992a/b; Balkan, 1992). Exogenous retinoids not
only interfere with gastrulation but also influence subsequent processes in A/P determination.
Ectopic addition of RA to Xenopus embryos at neurela stages causes posteriorisation of anterior
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structures (Durston, 1989; Sive, 1990; Ruiz-i-Altaba, 1991; Papalopulu, 199!; Blumberg,
1997}, The RA metabolite 4-oxo RA has been shown to be equally potent in causing these A/P
defects (Pijnappel, 1993). Interestingly, overexpression of its only known CRABP, xCRABP, in
Xenopus causes anterior/posterior defects similar to those observed after RA treatment (Dekker,
1994).

In mammals the most obvious effects of RA on A/P axis formation are seen in
formation of the hindbrain meurcepithelium and its associated neural crest, Neural crest cells
derived from the hindbrain region migrate to many structures in the face, throat area and heart,
and contribute to correct formation of these structures, The hindbrain is divided into eight
morphologically distinct regions called the rhombomeres. These rhombomeres each have their
own unique identity, which is reflected in the expression of specific marker genes, e.g. Hox
genes, Krox20, CRABP-I. At high doses RA abolishes this rhombomere segmentation. At lower
doses of RA the rhombomere identity is altered in such a way that anterior rhombomeres
acquire the identity of morc posterior rhombomeres (Papalopulu, [991; Marshall, 1992;
Morriss-Kay, 1991). It is obvious that a highly controlled level of retinoids is involved in the
regulation of the development of the hindbrain. The influence of retinoids on the development
of this region may be mediated through their involvement in the regulation of expression of a
specific group of homeotic genes, called the Hox genes.

Homeotic genes encode a class of transcriptional regulators that were first identified in
the fruitfly, Drosophila melanogaster, as genes that specified the identities of the different
regions or compartments of the body (Lewis, 1978, Lewis, 1992), Mutations in these homeotic
genes have the effect of transforming one body part into the likeness of another. Homeobox
genes encode transcription factors that have a special DNA binding domain, called the
homeobox. In Drosophila a particular set of these homeobox genes are organised in two
genomic clusters, the Antennapedia cluster (ANT-C) and the Bithorax cluster (BX-C), together
referred to as the homeotic complex (HOM-C). Veriebrates have conserved these genes
throughout evolution, Four sets of linked homeobox genes, called the Hox genes, are organised
into four different chromosomal complexes, containing genes related to the homeobox genes of
both the ANT-C and BX-C clusters (Figure 3). Their structural and organisational similarities
suggest that the Hox gene complexes evolved by duplication and divergence from a common
ancestral gene cluster (Kappen, 1989; Ruddle, 1994). As with the Drosophila HOM-C cluster
genes the vertebrate Hox complexes tend to be expressed in a colinear fashion, with the genes
located at the 3" end of the cluster being expressed in more anterior compartments of the
embryo, and the more 5' located genes limited to more posterior compartments (Krumlauf,
1694; Machonochie, 1996). In vertebrates an additional type of colinearity exists based on the
time of appearance of expression during embryogenesis, More 3' located genes start to be
expressed earlier than those that are located more 5' in the complex. Thus the physical order of
the genes in the complex is reflected both in their anterior boundary of expression and in the
sequence of their temporal activation (Figure 3). The partiaily overlapping expression domains
of the Hox genes provide a mechanism for the specification of positional information in the
embryo, which is usually referred to as the "Hox code” {Lewis, 1978). Retinoids appear to be
endogenous signalling molecules that are involved in the sequential anterior/posterior activation
of Hox genes in the neural tube. Three lines of evidence support this notion. Retinoic acid
response elements (RARES) have been identified in several of the Hox genes (Langston, 1992;
Popperl, 1993; Moroni, [993; Marshail, 1994; Langston, 1997), The presence of these RAREs
has been shown to be required for correct expression of the genes in the case of the HoxBI1 and
HoxAl genes (Marshall, 1994; Ogura, 1995a/b; Frasch, 1995; Dupé, 1997). The HoxA{ RARE
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Fig. 3: The Hox gene clusters in mice and Drosophila. Hox genes are expressed collinearly along the
anterior/posterior body axis. (A) The murine Hox gene clusters {HoxA-D) are indicated beneath their homologous
Drosophila counterparts. For the murine clusters each column represents a paralog group (e.g. HoxA3, HoxB3 and
HoxD3 forim a paralog group), The positions of known RA response elements (RARE) in the clusters is indicated.
(B) The mouse central nervous system and somites are diagrammed., The arrows indicate the anterior boundaries of
Hox paralogeus genes in the hindbrain and in the somites. Note that (he arrows indicate only the antertor boundaries
and that expression domains extend much further posteriorly. (Adapted from Means, 1995),

is necessary for the response to RA both in cell culture and in mice (Langston, 1992; Frasch
1995), and detetion of this RARE by gene targeting in mice affects both HoxAl and A2
expression, resulting in hindbrain malformations (Dupé, 1997), The HoxB1 gene contains
multiple RA response elements, which regulate different aspects of its specific pattern of
expression in the developing hindbrain (Marshall, 1994; Ogura, 1995a/b; Marshall, 1996). To
date RAREs have been identified in the reguiatory regions of the HoxAl, HoxB1 and HoxD4
genes, and these are all evolutionarily well conserved,

RA treatment of embryos alters Hox gene expression boundaries concomitant with
homeotic fransformations of the axial skeleton (Kessel, 1990/1991/1992; Morriss-Kay, 1991;
Conlon, 1992; Marshall, 1992; Sundin, [992; Kolm, 1995). RA treatment of embryos can
induce a homectic transformation in the hindbrain neurcanatomy and respecify rhombomeres 2
and 3 into a rhombomere 4 and 3 identity (Marshatl, 1992). Furthermore, there is a correlation
between the responsiveness to RA and the location of a given Hox gene in the complex. The
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more 3' located genes in a Hox cluster are mmore sensitive to RA than the more 5' located genes
(Simeone, 1990; Stornaiolu, 1990; Cho, 1990; Papalopulu, 1991; Dekker, 1993). Thus, in
addition to the positional and temporal colinearity in the Hox clusters, a third type of collinearity
exists with respect to the RA responsiveness of the genes.

Analogous to the situation in hindbrain and neural crest patterning, the influence of RA
on A/P patterning of the vertebrate centrat body is also clearly seen in the patterning of the
paraxial mesoderm, which is involved in the formation of the vertebrae. Vertebrae arise from
pairs of somites, blocks of segmented paraxial mesoderm on either side of the neurat tube. The
occipital bones at the base of the skull are derived from the first four somites. The rest of the
somites form the cervical, thoracie, lumbar, sacral and caudal vertebrae, Exogenous retinoids, at
low doses, cause homeotic ftransformations of vertebral identity, reminiscent of the
transformations seen in the hindbrain after RA treatment (Kessel, 1991). These transformations
resemble those scen as a result of certain Hox gene mutations, suggesting that RA alters
segment identity in the formation of the vertebrae altering Hox gene expression (Lufkin, 1992;
Kessel, 1990; McLain, 1992; Pollock, 1992; Jegalian, 1992). In the somites, as in the neural
tube, the Hox genes are expressed in a collinear fashion with the most 3' genes expressed
earliest and most anteriorly, and the 5' genes being activated later and more posteriorly. The
anterior expression boundaries of the Hox genes are however found more posterior in the
somites than in the neural tube. After gastrular involution of the paraxial mesoderm is complete
the Hox genes are downregulated (Kessel, 1991). RA exposure early in somite determination
leads to posteriorising transformations, probably due to shifting Hox gene expression anteriorly
early in gastrulation, RA exposure later in development, when Hox genes are being
downregulated, causes anteriorising transformations in posterior regions, probably by extending
the time of Hox gene expression (Kessel, 1991).

Retinoic acid in limb bud development.

The claim that RA could be a morphogen initially arose from the spectacular effects
retinoic acid appeared to have on pattern formation of the chicken limb bud (Slack, 1979).
Chicken limb buds are an easily accessible system to study pattern formation during
development. They arise from smali buds that protrude from the embryonic flank at the correct
axial levels and consist of locally proliferating Iateral plate mesoderm cells (Newman, 1988).
Interactions with the overlying ectoderm induce the formation of a specialised structure called
the apical ectodermal ridge (AER). Once the AER has formed, it is responsible for maintaining
the continued outgrowth of the limb bud (Saunders, 1972}, and for elaborating the pattern along
the proximofdistal axis (Summerbell, 1973). Within the developing limb bud, a specialised
region at the posterior margin of the bud, called the zone of polarising activity (ZPA), is
believed to be responsible for the specification of pattern along the anterior/posterior axis.
Transplantation of the ZPA to an anterior position in a host limb bud results in mirror image
duplication of the limb along the A/P axis, reflected in the pattern of digits (Saunders, 1968}, A
model was proposed in which a morphogen released by the ZPA sets up a gradient across the
limb bud, resulting in a high concentration near the ZPA and progressively lower concentration
at greater distances from the ZPA (Tickle, 1975}, A high concentration would specify posterior
digits, and a lower concentrations would specify more anterior digits,

For many years RA was believed to be this putative morphogen, for a number of
reasons; Retinoids were found to mimic the polarising effects of the ZPA. Beads soaked in RA
(or 34-didehydro-RA) also caused mirror image digit duplications when they were grafted to
the anterior margin of the limb bud. Furthermore, endogenous retinoids have been identified in
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the limb buds of chicken and mouse embryos (Scott, 1994; Thaller, 1987}, When a large
number of anterior versus posterior halves of limb buds were compared, a two-fold higher level
of RA was found in the posterior halves, suggestive of an RA gradient (Thaller, 1987). CRABP-
I was reported to be present in the chicken limb bud in an opposing gradient, with the highest
concentration of CRABP-1 anteriorly (Maden, 1988; Maden, 1994; Perez-Castro, 1989).
CRABP-I would thus help to steepen the gradient of free RA across the A/P axis of the limb
bud. However, in several other studies in mouse limb buds the putative gradient along the A/P
axis could not be detected (Dolle, 1989; Miyagawa-Tomita, [992; Ruberte, 1992), in agreement
with our own observations (This thesis). The discrepancy may reflect a difference between
species, since the gradient of CRABP expression was found in chicken limbs, whereas no A/P
gradient was found in the mouse,

More recent studies on RA in limb buds indicated that rather than acting as a
morphogen, RA may act to induce a new organising centre when implanted as a RA soaked
bead in a chick limb bud. This newly induced ZPA would then emit the true morphogen. It was
shown that the tissue adjacent to the implanted RA bead could, when transplanted to a new host,
act as a ZPA (Wanek, 1991). Whereas an RA soaked bead induces RARS expression in the host
limb bud, the RA induced ZPA does not induce RARS in the new host, arguing against the view
that the ZPA would emit RA (Noji, 1991).

After the discovery of Sonic Hedgehog (SHH), a secreted protein, this molecule has
become a more likely candidate to be the endogenous morphogen in the limb bud. SHH is
expressed in the ZPA and it is sufficient to convey polarising activity when misexpressed in the
limb bud (Riddle, 1993), RA can induce expression of SHH, so grafting an RA soaked bead in
the anterior margin of the §mb bud may create a ZPA because of the induction of SHH
expression in the cells around the bead. It remains a controversial matter whether RA is acting
before SHH in the endogenous situation in the limb, or whether this effect of RA is an artefact
(Riddle, 1993; Chen, 1996). The latter view is held in a currently favoured model, where RA is
only involved in limb bud initiation, possibly via activation of FGFs and certain Hox genes in
the paraxial mesoderm, specifically HoxB8 and HoxC8 (Charite,1994; Tabin, 1995). Grafting
RA soaked beads in the limb bud activates this program of gene expression in the wrong place,
leading to aberrant activation of Sonic Hedgehog expression.

With respect to RA teralogenesis there appears to be a difference between the forelimbs
and the hindlimbs, Vitamin A deficiency leads to limb malformations only in the forelimb
{Morriss-Kay, 1996}, and both the RARo/y double null mutant and the CRABP-II null mutant
have a limb defect exclusively on the forelimb (Lohnes, 1995; Mendeisohn, 1994), On the other
hand, exposure to RA excess during eacly, pre-gastrulation stages of development leads to
formation of a duplicated hindlimb, caudal and ventral to the normal timb, but there is no effect
on the forelimbs (Rutledge, 1994). RXRo deficient mice have normal limbs, but are resistant to
the adverse effects of RA on limb formation, showing that RXRu, is required for RA signalling
in limb teratogenesis (Sucov, 1995).

Retinoids and heart development

Heart development is amongst the processes that are influenced by retinoic acid. The
development of the heart during embryogenesis involves both mesodermal and neural crest
derived cell types. Mesodermal cells form a straight heart tube which undergoes rightward
looping (leftward in birds), followed by formation of the atrial and ventricular chambers, while
neural crest cells populate the developing aortic arches, Both vitamin A deficiency (VAD) and
excess give rise to congenital heart malformations in many species (Wilson, 1953; Lammer,
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1985; Hart, 1990; Dersch, 1993; Twal, 1995; Maden, 1996). A continuous spectrum of cardiac
malformations, including Double Outlet Right Ventricle (DORV) and Ventricular Septum
Defect (VSD), is found after administration of RA to developing chicken embryos (Hast, 1990;
Broekhuizen, 1992, Bouman, 1995). These malformations have been proposed to be caused by
a disturbance of the tooping process of the heart tube and by malalignment of the outflow tract
septum (Bouman, 1995; Broekhuizen, £995). Neural crest cells that migrate from the cardiac
neural crest region in the hindbrain contribute to the formation of the outflow tract region of the
heart and influence septation of the outflow tract (Kirby, 1990/1993).

The use of excess RA treatment to induce a specific and reproducible spectrum of heart
malformations is well established, but it remains questionable whether the results from RA
excess studies are valid indications of the role of RA in normal heart development. Studies on a
number of organisms fed on a vitamin A deficient diet (VAD) have shown that VAD also
causes heart abnormalities (Witson, 1949; Hale, 1928; Dickman, 1996). Heart defects seen after
VAD include dysmorphic development of the cardiac mesoderm and defects in those structures
of the heart that receive contributions from the cardiac neural crest. These include the truncus
arteriosus, which is the common precursor of the pulmonary artery and the aorta, and the aortic
arch system.

The role of the retinoid receptors in murine development has been explored by
systematic gene targeting of the members of the retinoid receptor gene family. While mice with
knockouts of one of the various RAR genes display no obvicus cardiovascular defects, heart
defects are found in mice, which lack certain combinations of these RA receptor genes. The
RAR0/RARY and RARcI/RARS double knock-out mice show malformations of the aortic
arches and the outflow tract of the heart. The abnormalities in these compound RAR null
mutants are similar to the defects found after ablation of the cardiac neural crest in the chick
{Kirby, 1995). When the RXRq gene is knocked out embryos exhibit a defective development
of the ventricular myocardium, resulting in embryonic lethality by 14.5 days p.c. (Dyson, 1995;
Kastner, 1994; Luo, 1995; Mendelsohn, 1994; Sucov, 1994). In addition to the severe cardiac
muscle defects the RXRo deficient embryos alse display abnormalities of the endocardial
cushion tissue of both the atrioventricular region and the conotruncus (Gruber, 1996). The
RXRo deficient mice thus exhibit heart abnormalities in nor neural crest derived structures,
Crosses resulting in RXRo/RARc, or RXRo/RARY double null mutants display the same
thinner myocardium observed in the RXRa knock-out embryos, but also have a persistent
truncus arteriosus (PTA), f.e. the absence of the aorlico-pulmonary septum, sometimes in
combination with various aortic arch anomalies (Kastner, 1994), Tt thus appears that RARs
affect heart development via the neural crest, while RXRa is critically required for non neural
crest refated processes, Taken together these findings clearly show the importance of retinoid
signalling pathway(s) in the formation of the heart.

1.2 The retinoid receptors.

Retinoic acid is a structurally simple molecule, and yet it exerts a wide variety of effects on
vertebrate development, celivlar differentiation and homeostasis. For many years the question
has been how such a simple molecule as RA is able to elicit such a diversity of complex
responses, Initially it was thought that the CRABPs were the primary mediators of the effects of
RA. However, the picture of the operational mechanisms by which RA exerts its effects became
clearer with the isolation of a nuclear receptor for retinoic acid (Giguere, 1987; Petkovich,
1987). This first RA receptor (RAR), now termed RARw, was isolated using a probe based on
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the highly conserved DNA binding domain of other members of the steroid hormone receptor
superfamily. Following the isolation of RARo, two further RARs have been isolated, termed
RARS (Brand, 1988) and RARy (Zelent, 1989), Later, a second group of retinoid binding
receptors was identified, named the retinoid X receptors (RXRs), As with the RARs, three
different RXR genes have been identified (Hamada, 1989; Mangelsdorf, 1990; Mangelsdorf,
1992, Yu, 1991; Leid, 1992). Their name, retinoid X receptors, reflects the fact that at the time
of their discovery the endogenous ligand for these receptors was not known. It was suspected to
be a retinoid since RXRs responded to high concentrations of all-trans RA by transactivating a
reporter gene in transient transfection assays (Mangelsdorf, 1990). Later the ligand for the
RXRs was identified as 9-cis RA, a stercoisomer of RA (Levin, 1992, Heyman, 1992),
Interestingly, whereas afl-trans RA activates only the RARs efficiently, 9-cis RA is able fo
activate both RARs and RXRs, Based on sequence and structural homology the retinoid
receptors have been grouped into the superfamily of nuclear ligand-activated transcriptionat
regulators. This large gene family includes the receptors for all steroid hormones
{glucocorticoids (GR), mineralocorticoids (MR), progesterone (PR), androgens {AR), estrogens
(ER)), as well as the thyroid hormone receptors (TR), vitamin D receptor (VDR), the
peroxisome proliferation activating receptors (PPAR) and a large number of "orphan receptors”,
receptors for which the Hgand, if any, has not been identified (Laudet, 1992; Mangelsdorf,
1996). Based on certain characteristics the hormone receptor superfamily can be divided into
two broad subgroups, the type I and type II receptors, Receptors of the type T subgroup, which
comprises all the steroid hormone receptors, contain a GSCKV DNA binding domain (DBD)
motif, and bind to a AGA/GACA consensus half-site recognition sequence, These receptors are
found both in the cytoplasm and in the nucleus, and are complexed to heat-shock proteins in the
absence of hormone. The heat shock proteins are dissociated upon hormone binding, resulting
in the formation of receptor homodimers on palindromically arranged hormone response
elements. The type II receptors subgroup consists of the RARs, RXRs, VDR, TRs and PPARs.
They bind DNA preferentially as heterodimers complexed with RXR and may do so even in the

absence of ligand.
Funciional organisation of the retineic acid receptors

The members of the nuclear hormone receptor superfamily share a commeon architecture,
which has been divided into six prominent structural domains, termed A to F, The RARs and
RXRs share this modular structure, although the RXRs lack the T domain. The various domains
contain regions that are important for DNA binding, ligand binding, transactivation/repression,
nuclear localization and dimerisation (Figure 4). The C,D and E domains show in general the
highest degree of conservation, The A/B and F domains are less conserved between members of
the same class of receptors, but are conserved between the same receptors in different species.
The amino-terminal A regions of all retinoid receptors are completely unrelated, and isoforms,
differing in this region have been found for all RARs and RXRs (Giguere, 1990; Kastner, 1990;
Leroy, 1991; Zelent, 1991; Nagpal, {992; Liu, 1993; Nagata, 1994). These isoforms arise both
through alternative splicing and from the differential usage of two promoters. There are (wo
major isoforms for RAR¢ (RARw1,2) and RARY (RARY1,2), and four major forms for RARD
(RARB1-4). Similarly, two major isoforms exist for each of the RXRs (Fleischhauer, 1992;
Leid, 1992; Liu, 1993; Nagata, 1994). The exact role of the A/B domain is not entirely clear yet,
but an independent transcriptional activation function, called AF-1, has been mapped to this
region (Fotkers, 1993; Nagpal, 1992/1993). Distinct spatio-temporal expression patterns for
each RAR or RXR type and isoform, both in the embryo and in the adult, have been found.
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Together with their strong evolutionary conservation this suggests a specific function for each
isoform.

The 66 amino acid C region contains the DNA binding domain (DBD}. This region is highly
conserved among all retinoid receptors and is responsible for the specific recognition of the
response elements found in the promoters of target genes, It comprises two zinc finger motifs
(CI and CIF), in which zinc is coordinated by four cysteine residues {(Umesomo, [988; Naar,
1991). Three amino acids in the CI finger, called the P-box, are critical for recognition of the
half-site sequence of a response element, while 5 amino acids in the CII finger are thought {o be
important for recognition of the spacing between the half sites (Mader, 1989; Umesomo, 1989}

Region D is considered the hinge region between the DNA binding domain (C) and the
ligand binding domain (E). This region includes the nuclear localisation signal (NL.S). In
contrast to the steroid horinone receptors, which are primarily found in the cytoplasm in the
absence of ligand, the RARs/RXRs are constitutively present in the nucleus (Dalman, 1991). It
should be noted that the RARS/RXRs (as well as the VDR, PPARs and TRs) do not interact
with heat-shock protein complexes, unlike the steroid hormone receptors (Dalman, 1991), The
D region of the RARs and RXRs is generally well conserved between different species (Leid,
19923,

The 220 amino acid E region is functionally complex, since it contains the ligaad binding
domain (LBD), the ligand-dependent transactivation function AF-2, and the dimerisation
domain. It is also highly conserved between the three RAR genes and the three RXR genes. The
dimerisation domain in the E region is the major protein-protein interface for dimerisation of
RARs and RXRs in solution (Glass, 1990; Marks, 1992). Once contact has been made through
this dimerisation domain the contact may be further stabjlized through interprotein contacts
within the C region and by interaction with DNA (Glass, 1994). Dimerisation of receplor
monomers is a prerequisite for efficient DNA binding and transactivation. Nine highly
conserved heptad repeats have been identified in the E region, and these have been shown to be
required for efficient dimerisation between receptors (Forman, 1989; Forman, 1990a/b; Au-
Fliegner, 1993). These repeats contain hydrophobic residues at positions 1 and 8, and
hydrophobic or charged amino acids with a hydrophobic side chain at position 5 (Forman,
1990). This succesion of hydrophobic residues may fold into a leucine-zipper like structure or
into a helix-turn-zipper motif (Maksymowych, 1993), resembling dimerisation interfaces found
in other transcription factors. The RXRs heterodimerise with a number of other nuclear
hormone receptors but in the presence of 9-cis RA they can aiso form homodimers (Zhang,
1992b; Zhang, 1993). Tt has been shown that the RXRs use distinct but possibly overlapping
regions in the B region for hetero- and homedimerisation (Zhang, 1994).

The function of the F region, if any, is unknown. The F regions of the RAR genes are
completely unrelated, and the RXRs do not contain an F region,

Signal transduction by the refinoid receptors

The retinoid receptors regulate gene transcription by binding as dimers to specific DNA
sequences called RA response elements (RAREs) found in the regulatory regions of responsive
genes (see separate section on the response elements). Upon binding of their cognate ligand they
transactivate {ranscription of the target gene. The RXRs play a very central role in nuclear
receptor signalling mechanisms. They have been identified as the heterodimeric partner, not
only for the RARs, but also for TRs, VDRs, PPARs and a number of orphan receptors (Yu,
1991; Leid, 1992 ; Zhang, 1992 ; Kliewer, 1992 ; Marks, 1992; Bugge, 1992).
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Fig. 4: Schemalic representation of the functional domains of the retinoic acid receptors (RARs and RXRs). The
variable A domain distinguishes receptor isoforms from each other, contains putative phosphorylation sites, and
together with the B domain contains a ligand-independent activation function (AF-1). The two zinc-fingers involved
in DNA binding reside in the C domain, as well as a weak dimerisation region. A nuclear localisation signal (NLS)
is present in the D domain. The B domain confains multiple overlapping activities involved in ligand binding,
dimerisation (via nine heptad repeats) and the ligand dependent transactivation function (AF-2). The F domain is
absent from the RXRs and no function has been aseribed to it for the RARs.

RAR and TR homodimers bind very poorly to RAREs, and require heterodimerisation with
RXR for efficient binding (o their response elements (Zhang, 1991}, In addition to their role as
promiscucus heterodimeric partners the RXRs can also function as homodimers in the presence
of their ligand 9-cis RA. RXR homodimers were found to bind and activate specific response
clements of the DR-1 type, as found in the ApoAl and CRBP-II genes (Mangelsdorf, 1991;
Zhang, 1992b).

Recently, a number of factors has been identified that interact with the receptors. Some of
these proteins act as coactivators, mediating the activity of the activation functions AF-1 and
AF-2 on the general transcription machinery, while others function as corepressors (Glass,
1997; Chambon, 1996}, Although there is some evidence that nuclear receptors can contact
some of the basal factors of the transcription preinitiation complex directly (Schulman, 1995), it
is believed that to achieve efficient hormone dependent transcription these additional
coactivator proteins are required, RARB2 has been shown to interact with TFIID via an E1A-
like factor (Berkenstam, 1992; Kruyt, 1993). Using the yeast two-hybrid system, a number of
putative coactivators for the nuclear hormone receptors have now been isolated, such as
Tripl/SUGI, TIF1 and TIF2 (Bauer, 1996; Onate, 1995).

In contrast to most other nuclear receptors, unfiganded RARSs can strongly transrepress basal
promoter activity of target genes in transfected cells. Two factors that bind efficiently to
unliganded RARs, and are released upon ligand binding have been isolated via yeast two hybrid
screenings. They are termed Nuclear Corepressor (N-CoR}), and Silencing Mediator for RAR
and TR (SMRT) (Kurokawa, 1995; Chen, 1995; DiRenzo, 1997). N-CoR may act as a polarity
specific silencing mediator as it is released, in the presence of Hgand, from an RXR/RAR
heterodimer bound to a DR-5 response element, where RAR occupies the 3' half-site, but not
from an RAR/RXR heterodimer bound to a DR-1 element, where the RAR occupies the 5" half-
site (Kurokawa, 1995). The current view, at least in the case of an RAR/RXR heterodimer on a
DR-5 response clement, is that when both receptors are unliganded a corepressor masks the
transcriptional activation function of the heterodimer (Baniahmad, 1995). Binding of ligand to
the RAR then induces a conformational change which releases the corepressor and altows
binding of a coactivator, resulting in transcriptional activation. Figure 7 integrates the current
knowledge on the mechanism of gene activation by the retinoid receptors.
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Cross modulation

COUPo. and COUPB are orphan receptors related to the chicken ovalbumin upstream
promoter transcription factor COUP-TF, which bind strongly to some, but not all RAREs, The
response clements that can be bound by COUPs were efficiently inhibited in transient
transfection assays (Tran, 1992; Cooney, 1992; Kliewer, 1992). These data suggest that the
COUP receptors are repressors that can act by binding to a specific set of RA response elements,
thus blocking the access of RAR/RXR heterodimers, In this way they can restrict RA signalling
to a subset of RA responsive genes. The COUP-TF binding site in the ovalbumin promoter can
also function as a RARE (Tran, 1992).

An additional level of complexity in the retinoid signalling pathway was introduced by the
discovery of cross-modulation between the RA and the AP-1 signal transduction pathways
{Nicholson, 1990; Lafyatis, 1990). While the nuclear receptors mainly regulate cell
differentiation programs in response fo their ligands, AP-1, when stimulated by extracellular
signals, predominantly induces genes that are involved in cell proliferation. Activator protein 1
{AP-1) consists of two dimerised members of the ¢-Fos and c-Jun family of proto-oncogenes
and binds to a DNA sequence motif termed AP-1 binding site or TPA-responsive element
(TRE). By binding to TREs AP-1 mediates signals from growth factors, inflammatory peptides,
oncogenes and tumor promoters. The TRE is not recognised by the retinoid receptors. The
RARs and RXRs can, in the presence of their ligand, interact with AP-1 and inhibit its activity
via # mechanism which appears not to involve DNA binding (Satbert, 1993; Schule, 1991;
Yang, 1991}). Via the same mechanism AP-1 can also inhibit RAR activity. Thus depending on
the relative concentrations of the AP-1 compontents and the components of the RA pathway, a
switch can be made between proliferation and differentiation (Shemshedini, {991; Pfahi, 1993;

Herrlich, 1994),
Response elements for the retinoid receptors

‘The retinoid receptors are (hetero-)dimeric transcription factors which act by binding to
specific recognition sequences known as retinoic acid response elements (RAREs)., These
RAREs are found in the regulatory regions of target genes. The list of RAREs that have been
identified still continues to grow, as the regulatory regions of more RA responsive genes are
analysed (Figure 6}, Genes containing RARESs in their regulatory regions include those for some
of the isoforms of RARg, RARS, RARY, CRBP-I, CRBP-1i, CRABP-1I, alcohol dehydrogenase
3 (ADH3), Laminin Bl and several Hox cluster genes. Most of these RAREs consist of an
(imperfect) direct repeat (DR) of two half-sites with the 6 bp consensus recognition sequence 5'-
PuGGTCA-3'". However, there are also RAREs, which consist of an everted repeat, an inverted
repeat {palindromic) or a more complex configuration (see Figure 6). In almost all identified,
natural RAREs at least one of the half-sites corresponds perfectly to the consensus sequence,
The direct repeat RARES are indicated, in general, by DR, followed by a number, in which DR
stands for direct repeat, and the number indicates the length of the spacer region between the
half-sites in nucleotides (e.g. DRS means a direct repeat with 5 nucleotides spacing between the
recognition half-sites).

Two factors appear to be important for DNA binding selectivity of the receptors to the
RARESs. Firstly, not only the sequence of the half-sites, but also that of the flanking sequences
influences the affinity of receptor binding (Mader, 1993; Nagpal, 1992; Predki, 1994}
Secondly, the spacing between the half-sites appears to be important in specifying the particular
type of receptor dimer that binds most effectively to the response element (Umesomo, 1991;
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Mangelsdorf, 1994). The preferential response elements for the RAR/RXR heterodimers appear
to be DR1, DR2 and DRS elements, in order of increasing efficiency. Similarly, RXR/TR
heterodimers bind preferentially to DR-4, RXR/VDR to DR-3 and RXR/PPAR to DR-]
elements (Umesomo, 1991; Mader, 1993; Mader, 1993; Glass, 1994). These observations have
led to the formulation of the "1-2-3-4-5 rule". This rule-of-thumb reflects that response elements
of a certain spacing have a preferred receptor heterodimer binding to them {Almasan, 1994)
(Figure 5). The fact that RAR/RXR dimers can bind to DRI, DR2 and DRS elements shows
that a certain degree in flexibility is allowed in the response elements, at least in the case of the
RARs.

The number of 9-cis RA response elements (RXRE) identified thusfar is more limited,
and they all have a DRI configuration. Thus DRI elements are recognised by RAR/RXR
heterodimers, but also by RXR homodimers or higher order RXR complexes (Mangelsdorf,
1991; Zhang, 1992). The promoter of rat CRBP-II contains a DRI consisting of 4 directly
repeated haif-sites spaced by one cytosine residue. This complex binding site shows
transactivation by RXRa. This transcriptional activation by RXR homodimers is repressed by
the presence of RARs (Mangelsdorf, 1991; Lehmann, 1992; Chen, 1995). The DR! element is
also the target of a number of orphan nuclear receptors, including COUP-TF, PPAR, ARP-1 and
HNF4 {(Rotiman, 1991; Kliewer, 1992; Keller, 1993). It was recently shown that the orphan
receptor COUP-TF can function as a negative regulator of RA action on a DRI element via
competitive DNA binding (Cooney, 1992; Tran, 1992).

9-Cis-RA  9-Cis-RA

Fig. 5: Nuclear hormone receptors bind their response elements as dimers. RXR acls as a promiscuous
heterodimeric partner in nuclear receptor function. The 5'/3" binding polarity of the RAR/RXR dimer on the DNA
is represented as 5 = left and 3' = right. Response elements are usually configured as a direct repeat (DR} of the
halfsite consensus sequence PuGGTCA, separated by a specific spacer length, RXRs can also bind as homodimers
to a DR-1 element in the presence of 9-cis RA. Both activation and repression are observed on DR-1 elements.

Since the non-steroid nuclear receptors bind to their response elements as heterodimers,

and the response elements {in general) consist of a 5' and a 3' half-sites, the possibility exists
that binding occurs with a specific polarity. Indeed it has been established that RXR always
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occupies the 5' half-site on DR2, DR3, DR4 and DR5 motifs, whereas its heterodimeric partner
{RAR, VDR, TR and RAR respectively) occupies the 3' half-site (Kurokawa, 1993; Kurokawa,
1994; Zechel, 1994; Schrader, 1994). The situation is reversed on a DRI elements. Using
synthetic RAR and RXR selective ligands it could be shown that on the DR1 element of the rat
CRBP-II promoter the RAR heterodimeric partner is bound to the 5' half-site and RXR to the 3'
half-site (Kurckawa, [994). This reversed polarity leads to repression rather than activation of
the promoter and it inhibited RXR homodimer mediated activation from this promoter element.

Etement Gene Sequence Reference
DR-1 CRBP-I acACGTCACAGGTLATAGG T CACADT TCAH (Mangelsdoef, 1991}
mCRABP-II gAGGGCAZAGGTCAca (Durand, 1993)
hApoAl EcAGGGCAZGGGTCAag (Kliewer, 1993)
cOVAL tgGTGTCAaAGGTCAaa (Cooney, 1992)
rPEPCK ¢aCGGCCAAAGGTCALE (Lucas, 1991)
rACO ¢cAGGACAAAGGTCAcg (Kliewer, 1992)
HBY ¢cgGGGTAARGGTTCAge (Islam, 1993)
mHHC1 1gAGGTCAgGGGTGGe (Nagata, [992)
tAGGTCAaaAAGTCA, (H 1992)
8 A ga smann,
DR-2 oRBe StAGGTCA2aAGGTCAga (Smith, §991)
o RARP.II ccAGTTCAccAGGTCAgs {Rotiman, 1991)
mh.A AL agGGGTCAagGGTTCAgL (Durand, 1992)
vpfam aaAGTTCAIRTTTTCAca (Islam, 1993)
mvmcn 18GUGTOA2aAGTTTAgg (Tslam, 1993)
—_— —
8gGGTTCAccgaaAGTTCACt {de The, 1990)
DR-5 :mbzz agGOTTCAcegaaAGTTCACt (Sucov, 199
mRARa2 ¢gAGTTCAgraagAGTTCAge (Leroy, 1991}
hRARa 2aGGTTCAgegagAGTTCAge (Leroy, 1991)
hRARg2 eeGGGTCAggagg AGGTGALC (Lehmann, 1992)
MDH% agGGGTCAucagAGTTCAgt (Duester, 1921)
CP-H geAGGTCActgacAGGGCAl (Munoz-Canoves, 1990)
hmG ) caAGGGCAggagaAGGTCAga {Costa-Giomi, 1992)
TGP asGGTTCACctTGTICACe (Cancela, 1992)
mHozal caGGTTCAccgaaAGTTCAag (Langston, 1992)
Howgd 12AGGTGAaatge AGGTCAca {Poppesl, 1993)
EMV-IEP BAGGTCAtgeaTGGGC At (Ghazal, 1992)
ER- mgF-crysiallin ag’iﬁACCClu!aaccAGGTCAgt (Tini, 1993}
R-8 h
hMCAD AITGACCTUctetccGGGTAAsg (Raisher, 1992)
Palindrome ~ TREpal 1 AGGTCATGACE Tea {Umesomo, 1988)
bGH ggmAcha (Williams, 1992)
hOST ciAGGTG‘AcTECACCGgg (SChU!B. 1990)
xVitA2 te Amcaﬂmga {de Vemeuil, 1990}

{Umesomo, 1288)

Complex GH 2aAGOTAAZatcaGGGACGTGACCTca

mLamB1 gaGGTGAglaGOTTAAMNIIGGGT CAze
hOXY ATGGTCANINIGGGTCAMNITIGGGTCAAGGTCAce(Richard, 1991)

(Vasios, 1991)

Fig. 6: Compilation of retinoic acid response elements (RAREs) found in various RA responsive target genes.
RARESs consist of at feast two halfsites of consensus sequence PuGGTCA, found in various configurations. RAREs
binding RAR/RXR heterodimers exist as direct repeats with 1, 2 or 5 bp spacing, as inverted repeats (palindromes)
or as everted repeats with no or 8 bp spacing, but other configurations have been found as well
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An overview of the various retinoic acid response elements is given in Figure 6.
Looking at this list, the presence of a large number of genes involved in the transduction of the
retinoid signal draws the attention. The retinoid signalling pathway appears to be subject to
autoregulation by positive and negative feedback mechanisms at many levels. All three RAR
genes contain a RARE in one of their two promoters (de The, 1990; Sucov, 1990; Leroy, 1991;
Lehmann, [992) and autoinduction of RAR expression could result in an amplification of the
signal. RA induction of the genes for CRBP-I and alcohol dehiydrogenase type 3 (ADH3) may
enhance RA synthesis {(Smith, 1991; Duester, 1991), Upregulation of CRABP-II (Durand, 1992;
MeGregor, 1992; Astrom, 1993) and possibly CRABP-1 (Leonard, 1995; Kleinjan, 1997) may
lead to an increase in RA catabolism and a concomitant decrease of the RA response.

Genetic studies on the retinoid receptors,

The development of the technique of gene targelting in mice by homelogous
recombination in embryonic stem (ES) cells has made it possible to study the function of a
specific gene in its natural, complex situation in vive (Thomas, 1987). In this method, the
coding sequences of one allele of the gene of interest are distupted in ES cells in such a way that
no functional transcript is produced from it, and hence no protein is made. When introduced
into the inner cell mass of a blastocyst these ES cells can contribute to the resulling organism,
including the germ cells. Subsequent breeding of animals that transmit the mutation can result in
the generation of mice that are homozygous for the null allele of the studied gene. This
technique has been used to study the functions of the retinoid receptors, Null mutations of
RAR¢, RARB and RARyY, as well as isoform specific knock-outs of RARo1, RARB2/4 and
RARY2 have been generated (Li, 1993; Lohnes, 1993; Lohnes, 1994; Lufkin, 1993; Luo, 1995;
Mendelsohn, 1994). The RARc and RARy null mutants display some of the defects of the
postnatal vitamin A deficiency (VAD) syndrome, including poor viability, growth deficiency
and male sterility, as well as some congenital malformations, Surprisingly, the other RAR
knock-out mice appear normal. However, when these mice were crossed with each other in
variouns combinations, thus creating double knock-out mice, most of them exhibited a
dramatically reduced viability and specific embryonic defects. Almost all of the malformations
of the fetal VAD syndrome are found in the different RAR double mutants (Kastaer, 1995;
Lohnes, 1994; Mendelsohn, 1994). In addition some developmental abnormalities not found in
VAD embryos also appear in the RAR double mutants. This is most probably due the fact that it
is very difficult to create a state of severe vitamin A deficiency for the embryos by dietary
deprivation of the mothers, because complete vitamin A deficiency is not compatible with
pregnancy. Thus, when embryos are produced from VAD mothers there must be some residual
vitamin A preseni. By grouping the malformations produced in the various RAR double null
mutants together one can recapitulate the fetal VAD syndrome (Kastner, 1995). Since the RA
receptors have RA as their specific ligand, these results indicate that RA is the active vitamin A
derivative in vivo and that its effects are mediated by the RARs.

Null mutations have also been generated for the RXRe and RXRB genes. However, the
RXRs act as heterodimeric partners in a number of different signalling pathways, making it
therefore difficult to aseribe a specific phenotype seen in a knock-out mouse to one particular
pathway. RXRo deficient mice display eye and heart abnormalities and they die from cardiac
failure around 14.5 days of embryonic development (Dyson, 1995; Kastner, 1994; Sucov,
1994), RXRA null mutants are viable and appear normal, but males are sterile due to abnormal
sperm maturation and release (Kastner, 1996). Double aull mutants between RXRo, and
different RARs show an increase in the severity of certain abnormalities and leads to new
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abnormatlities in some combinations. The synergistic effects observed in these double knock-out
mice suggest that indeed RXR/RAR heterodimers are the functional units for the transduction of
the RA signal in vivo. Ultimately, it may be possible to identify the predominant RXR/RAR
heterodimer involved in any given process by the generation and detailed analysis of all
combinations of retinoid receptor knock-out mice, but this approach will be severely hampered
by the apparent redundancy present in the retinoid receptor family, as evident by the lack of
phenotype in many RAR single knock-out mice (Mendelsohn, 1994; Thomas, 1993),

Redundancy of the RARs is also found in EC cells, In RACG65 cells, a P19 derivative
which carries a dominant-negative RAR, allele, RA-induced expression of HoxAl is blocked.
Expression is restored by transfection of any of the three RAR genes, and not just by RARo,
(Pratt, 1993). Similarly, a RARYy null mutant F9 cell line, which shows aberrant differentiation
and reduced expression of RA-induced genes, can be rescued by overexpression of RARe, and
partially rescued by overexpression of RARS (Taneja, 1995).

TARGET GENE PROMOTER IN CHREOMATIN
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Fig. 7. Model showing the complex of an RAR/RXR heterodimer on a retinoic acid response element (RARE}) in
the promoter region of a target gene. The model integrates the current knowledge on larget gene aclivation by the
retinoic acid receptors. RARs can bind both all-trans RA and 9-cis RA, whereas RXRs only bind 9-cis RA. The
receptors consist of six functional domains, A to F. The DNA binding domain (DBDY} is located in the C domain,
while the E domain contains the dimerisation domain (DD}, the ligand binding domain {(LBD) and a ligand
dependent activation domain (AF-2), The RA receptors bind to response elements consisting of a direct repeat (DR)
of at {east two half-sites, with halfsite recognition sequence PuGGTCA and a spacing of |, 2 or 5 basepairs between
the halfsites. Ligand activated RAR/RXR heterodimers interact with the trasncription initiation complex either
directly or via transcription intermediary factors (TIFs). (Adapted from (Chambon, 1996)).
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L.3: CRABP-I and the cellular retinoid binding proteins.

Having introduced the mechanisms of the RA signal transduction pathway, the
metabolism of RA, and the nuclear RA receptors and their response elements in the previous
paragraphs, the final paragraph of this introductory chapter will focus on the intracellular
retinoid binding proteins, and in particular on CRABP-1L

Protein structure and evolutionary conservation of CRABP-I.

CRABP-T is a small intracellular RA binding protein. It belongs to a family of cellular
lipid binding proteins that bind small hydrophobic molecules such as retinoids and fatty acids.
This family of proteins includes CRABP-I and II, CRBP types I and 1, the myelin protein P2,
adipocyte P2, and several other fatty acid binding proteins (Bass 1993; Lal.onde, 1994). All
members of the cellular lipid binding family are in the molecular weight range of 15-16 kD.
CRABP-T has 136 amino acids, CRABP-II has an extra amino acid at position 16 relative to
CRABP-I and thus consists of 137 residues (Giguere, 1990). Two CRABP isoforms, cailled
xCRABPa and xCRABPb, have been identified in Xenopus laevis (Dekker, 1994; Ho, 1994).
Based on sequence comparison both xCRABPs most closely resemble CRABP-IL However,
xCRABPa is 8 amino acids longer at its C-terminus thar CRABP-II from other species.

The CRABPs are highly conserved proteins through evolution. Mouse CRABP-I is
identical at the amino acid level to rat and bovine CRABP-I (Sundelin, 1985; Rajan, 1991;
Stoner, 1989; Vaessen, 1990), They differ from human CRABP-] at only one of the 136 residu-
es, a proline to alanine substitution at position 86 of the protein (Astrom, 1991). In chapter 6 of
this thesis the cloning and sequencing of CRABP-I from chicken and pufferfish is described.
Having 94% and 86% homology with mouse CRABP-T respectively, the protein sequences of
these CRABP-I homologues confirmed the sirong evolutionary conservation of the protein.
Figure 3 in Chapter VI shows an alignment of all known CRABP-I amino acid sequences. For
comparison, the sequences of human and mouse CRABP-1I have been added to this list.

CRABP-TI is also strongly conserved, with a 949% protein sequence identity between
human and mouse (Astrom, 1991; Giguere, 1990). The amino acid identity between the two
mammalian CRABPs (i.e. CRABP-I and -H) is 73%. The differences between CRABP-I and H
are found mainly in residues with hydrophilic side chains, which are most likely present at the
surface of the protein. The high degree of conservation of the CRABPs indicates that the
structures of both proteins have been under strong selective pressure. The homology to the
CRBPs is much lower. Within the cellular lipid binding protein family the CRABPs are as
equally related to the myelin protein P2 and adipocyte P2 as to the CRBPs (40% and 37%
respectively). These sequence similaritics could mean that the lipid binding protein family has
evolved from a common ancestor gene.

Both CRABPs bind all-trans RA with high, but different affinities, CRABP-I has the
highest affinity for RA of any known protein in the cell. The affinity of CRABP-I for ali-trans
RA is stronger than can be measured exactly by existing fluorescence techniques, but the
apparent equilibrium dissociation constant (Kg) of CRABP-I for RA is approximately 0.4 nM .
The K4 of CRABP-II is around 2 nM, and thus about five fold higher than that of CRABP-1
(Norris, 1994). The affinity of the CRABPs for RA appears to be higher than that of the RA
receptors, but since different methods have been used to measure the affinities a direct
comparison cannot be made (Allenby, 1993; Norris, 1994). The Kgs of the RARs have been
determined at around I nM (Napoli 1996), The CRABPs show a strong preference for the all-
trans form of RA, since 9-cis RA and 3-cis RA binding occurs with much lower affinity than
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all-trans RA (Fiorella, 1993; Norris, 1994). They do not bind retinol, retinal or retiny! esters
(Fiorella, 1993). The natural retinoic acid metabolites 4-hydroxy RA, 4-oxo RA, 18-hydroxy RA
and 34-didehydro RA, as well as synthetic RA analogues with a modified ring structure, are
bound by both CRABPs (Fiorella, 1993).

The three-dimensional stractures of CRABP-I and CRABP-II are very similar to each
other, and very similar to the structure displayed by other members of the celtular lipid binding
protein family (Kleywegt, 1994; Jones, 1988; Sacchettini, 1989/1989; Cowan, 1993; Newcormer,
1984). Both proteins forin a compact, single domain structure consisting of two antiparallel B-
sheets that form an orthogonal B-barrel (Fig. 8). The sheets are built up from 10 B-strands
connected through short reverse turns, except for the linkage between the first and second strand,
which consists of a pair of antiparalle! a-helices. The protein forms a flattened structure, referred
to as a "B-clam" structure, with dimensions of 40x40x30 A. When bound, the all-trans RA is
sandwiched between the two B-sheets with its cyclohexenyl ring exposed to the solvent and the
carboxyl group deeply buried in the binding pocket, where it interacts with specific amino acid
side chains (Kleywegt, 1994). The helix-turn-helix motif is located at the ligand entrance.
Electrostatic interactions are thought to play major roles in binding of RA by the CRABPs,
because both proteins bind RA with high affinity, but do not bind retinol or retinal.

Fig. 8: Ribbon
representation of the protein
structure of the members of
the small intracellular lipid
binding protein family. The
crystal structure  of  holo-
CRABP-II is shown
(Kleywegt, 1994). The 10 B
strands are indicated as BA to
fJ, and the two 2 helices as
oA and oB. A retinic acid
molecule is drawn in its
binding cavity.

Crystallographic data indicate a direct interaction occurs between the carboxyl moiety of RA
with Arg-131 of CRABP-I (Arg-132 in the case of CRABP-II} and an indirect interaction is
thought to form with Arg-111 via bound water (Kleywegt, 1994). These two arginine residues,
which are evolutionary conserved (see Chapter VI, this thesis), are critical for RA binding by the
CRABPs. Site-directed mutagenesis of either of these residues in CRABP-I, changing the
arginine to glutamine, drastically reduces all-trans RA binding {Chen, 1995). Mutation of Arg-
132 to either alanine, glutamine or methionine, and of Arg-111 to methionine or alanine showed
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the importance of both arginines for RA binding of CRABP-II (Chen, 1995; Wang, 1997). The
cellular retinol binding proteins (CRBPs), which bind both retinol and retinal but select against
RA, have glutamines at the positions of the conserved arginine residues in the CRABPs,

The genes for CRABP-I, CRBP-I and CRBP-II have all been mapped to chromosome 9
in the mouse (Demmer, 987; Geurts-van Kessel, 1991), and the CRABP-TI gene to chromosome
2 (Giguere, 1990). CRBP-I and 1 are also linked in humans, where they are located on
chromosome 3. They are separated by only three centimorgans, consistent with the idea that
duplication of one CRBP led to the existence of the pair (Demmer, 1987). CRABP-I however, is
not linked with the CRBP genes in humans and is found on chromosome 15 (Vaessen, 1991),
while human CRABP-II is located on chromosome 1 (Ong, 1994),

The murine gene for CRABP-1

The genomic structure of the CRABP- gene from the mouse has been determined (Wei,
1990). The gene spans 10 kb, and consists of four exons of 130, 90, 60 and 120 basepairs
respectively. The exons are spaced by introns of 0.5kb, 3.5kb and 5.5 kb, The gene encodes an
800 bp mRNA. The transcriptional start site has been mapped to the G-residue at position -95
relative to the franslational start site. The promoter region of the gene lacks TATA and CAAT
boxes, but in the 300 bp immediately preceding the transcriptional start five recognition sites for
the transcription factor Spl are focated. The sequence of a three kb region upstream of the gene
has been determined, but no obvious transcription factor binding sites were found. Figure 9
shows a simplified map of the murine CRABP-1 locus.
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Fig. 9: The murine gene for CRABP.L The gene spans about 10 kb and consists of four exons (boxes indicated by
Roman numerals; the filled space indicates the coding region), spaced by introns of 0.5kb, 3.5kb and 5.5kb. E =
EcoRl, H = HindIH, S = Salf, X = Xhol.

Expression patterns

The expression patterns of the various proteins involved in the retinoid signalling
pathway(s), ie. the RARS/RXRs and the retinoid binding proteins, have been studied
extensively, Both RNA in situ hybridization and protein immunohistochemistry have been used
to show that almost all of them exhibit restricted patterns of expression during embryonic
development, as well as in the adult,

RARg, shows the least specific pattern of expression, as it is alimost ubiquitously expressed
throughout embryogenesis, as well as in adult tissues. Together with the fact that the RARad
promoter exhibits characteristics of a housekeeping gene promoter, this has led to the suggestion
that RAR(, is a housekeeping gene. (Brand, 1990; Leroy, 1991). However, in early embryos
certain tissues do not express RARq; for instance, in a E9.5 embryo, RARe. expression cannot
be detected in a region of the CNS which includes the forebrain, the midbrain, and
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rhombomeres 1 to 3 of the hindbrain (Ruberte, 1991).

Unlike RAR¢, RARS and RARy exhibit very specific patterns of expression during
embryonic development, which are in general mutually exclusive (Dolle, 1990; Ruberte, 1991},
RARY is mainly localised in precartilaginous condensations of mesenchyme, and continues to
be expressed during cartilage differentiation and in mature cartilage, being lost from these sites
only when ossification starts (Ruberte, 1990), RARS is predominantly expressed in the
developing CNS, and in the mesenchyme destined to form muscle (Ruberte, 1990; Ruberte,
1993; Ruberte, 1992). The mutual exclusiveness of RARB and RARY is clearest in the
developing hand or foot plate, where RARg is expressed in the skeletal elements of the digits
and RARSB in the interdigital mesenchyme (Dolle, 1990; Mendelschn, 1991). In the adult RARa
shows an ubiquitous expression pattern, while RARSG is predominantly found in kidney,
adrenals, spinal cord, muscle and prostate, with lower levels in several other organs. RARY has
an even more restricted tissue distribution in the adult, with expression found only in skin and
lung.

Like RARo, RXRE expression is ubiquitous in both adult and embryo. RXRo, shows a
restricted expression pattern in adult and embryonic tissues, while the RXRy tissue distribution
Is very similar to that of RARS, Virtually every tissue expresses at least one RAR and one RXR
(Zhang, 19923). A detailed description of the expression patterns of the RARs and the RXRs
can be found in the original papers (Dolle, 1989; Rochette-Egly, 1994; Ruberte, 1990; Ruberte,
1992).

The expression patterns of the various intracellular retinoid binding proteins, CRABP-1 and
-H, CRBP-I and -IT are highly spatio-temporally restricted, both at embryonic stages and in the
adult. In adult tissues both CRBP-I and CRABP-I appear to be rather ubiquitously expressed at
a low basal level. Only in certain RA sensitive tissues such as the eye and testis are CRABP-1
levels more elevated. On the other hand, expression of CRBP-II and CRABP-H is highly
resiricted in the aduit. CRBP-1I is expressed solely in the absorptive cells of the intestine (the
enterocytes), where it functions in the absorption of retinol and retinal from the diet {(Ong,
1984). It is most abundant in the cytosol of the jejunum, where it comprises about 1% of all
soluble protein of the mature enterocyte. CRABP-IT is strongly expressed in the epidermis of the
skin, in the fibroblasts and keratinocytes (Sanquer, 1994; Gendimenico, 1995; Elder, 1992;
Elder, 1993). Some of these studies also report the presence of CRABP-I in the skin,
presumably in the melanocytes (Sanquer, 1994},

As mentioned, the expression pattems of CRABP-I, CRABP-II and CRBP-I are highly
spatiotemporally specific during embryonic stages (Dolle, 1989; Dolle, 1990; Ruberte, 1590,
Ruberte, 1992), The second retinol binding protein, CRBP-1I, is not expressed at embryonic
stages. It has been noted by a number of authors that the expression of CRABP-I appears to
coincide with those structures that are particularly sensitive to excess of vitamin A, whereas
CRBP-1 expression seems to coincide more with the tissues that are vuinerable to deficiency of
vitamin A. The expression patterns of CRABP-1 and CRBP-I are indeed non-overlapping in
many embryonic structures (Dencker, 1991).

The sites where RA accumulates in the embryo have been determined in an experiment in
which a radioactively labelled synthetic derivative of RA, ['*CITTNPB, was administered to
pregnant female mice (Dencker, 1990). The radioactively labeled RA analogue appeared to
accumulate in the CNS, the craniofacial area, the branchial arches, dorsal root ganglia, in cells
along the gut and the major vessels of the trunk region. In the CNS the radioactive RA analogue
was found in the outer layer of the midbrain, hindbrain and neural tube. It seems reasonable to
assume that endogenous RA would localise in the same sites as the exogenously added
[“CITTNPB. These sites of RA accumulation are exactly the structures in the embryo that
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express CRABP-I, suggesting that CRABP-I is specifically expressed in tissues were RA is
active, or that, due to the presence of CRABP-I, RA is specifically sequestered in those tissues,

The expression pattern of CRABP-TI in the embryo is less suggestive of a particular
function. CRABP-II is more widely expressed than CRABP-I, but its level of expression is
generally lower. CRABP-I and CRABP-II show overlap in many of their expression sites.
However, there are some tissues in which CRABP-H is expressed and CRABP-I is not,
including the pharyngeal pouches, oesophagus, tracheal epithefium and the liver (Ruberte,
1992). CRABP-II is expressed throughout the thickness of the neural tube, whereas expression
of CRABP-I in the CNS is restricted to the mantle layer. Both CRABPs are expressed in the
neural crest cells. Because of its relevance to the work described in this thesis, the expression
pattern of CRABP-I in the embryo will be described in more detail below. Detaifed descriptions
of the expression patterns of CRBP-I and CRABP-II have been described in the original papers
(Ruberte, 1990/ 1992/1993).

CRABP-I expression is first seen at the presomite stage (E8) in the future hindbrain
neuroepithelinm, just before closure of the neural tube (Leonard, 1995). At embryonic day 8.5
(E8.5) to B9 expression of CRABP-I is found in the caudal two thirds of the hindbrain region, in
the two caudal-most of the three prethombomeres that can be recognised at this stage.
Expression is also found in the migrating neural crest cells. In E9.5 embryos eight rhombomeres
are discernable in the hindbrain. The CRABP-I positive area of the hindbrain neuroepithelinm is
now identifiable as thombomeres (th) 2, 4, 5 and 6. The expression level is low in th2, high in
rh4, 5 and 6 and trailing off in rh7 and more caudally (Maden, 1991). At this stage CRABP-1 is
present throughout the thickness of the neuroepithelium in these specific rhombomeres.
Expression is also found in the outer layer of the roof of the midbrain, The forebrain does not
express CRABP-I at any developmental stage. In the spinal cord only the cells in the mantle
layer of the neural tube express CRABP-I. CRABP-I is als¢ expressed by all neural crest cells.
Neural crest cells migrating from the hindbrain express CRABP-I at a level according to the
rhombomere from which they derive, e.g. at low level in the neural crest cells coming from rh2,
and at high levels in the neural crest cells from rh4 and 6. Neural crest cells from rh2 migrate
into the first branchial arch, those from rh4 go to the second branchial arch, and the crest cells
from rho migrate into arch 3. This results in the meseachyme of arch { being weakly CRABP-I
positive, and of arches 2 and 3 being more strongly positive. CRABP-I is also strongly
expressed in the frontonasal mesenchyme. This mesenchyme is derived from midbrain crest, at
least in the chick embryo (Lumsden, 1991), In addition expression is found in the neural crest
cells that migrate laterally of the neural tube.

At 10.5 days p.c. the expression thronghout the thickness of the rhombomeres fades, to be
replaced by expression in the mantle layer of the whole rhombencephalon. Expression in the
midbrain roof and the mantle layer of the spinal cord remains. Expression in the branchial
arches also disappears around 10.5 days p.c.. The frontonasal mesenchyme remains positive,
The dorsal root ganghia of the trunk as well as the cranial nerves are strongly positive. The limb
buds have appeared at this stage and are weakly CRABP-I positive in the progress zone
underlying the apical ectodermal ridge (AER) (Dolle, 1989). The expression level of CRABP-T
in the embryo is highest in the period around 1! days p.c.. After this stage the level of
expression gradually decreases, untif expression has virtually disappeared at 16 days p.c..

The expression pattern of CRABP-T has also been studied in detai! in the chicken embryo
{Vaessen, 1990; Maden, 1991/1994). Small differences in their expression patterns of CRABP-I
appear to exist between the mouse and the chicken. In the hindbrain of the chicken CRABP-1
expression is high in rhd, low in th3, and then present in thé and caudally (Maden, 1991). In
contrast to the situation in the mouse the expression in rh2 is missing and the expression in rth3
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is much lower. In addition, the otic vesicle of the chicken expresses CRABP-I, while this has
not been reperted for the mouse embryo.

Regulation of retinoid binding proteins.

The regulation of the gene for CRABP-I during mouse embryonic development forms
the main theme of this thesis. During the course of this work a number of other studies
concerning the regulation of CRABP-I have been reported, mainly performed on cell lines. The
first 3 kb upstreamn of the gene have been sequenced (Wei, 1991). The putative promoter region
lacks TATA and CAAT boxes, but it has a high GC content in the region around the first exon
of the gene. Five Spl recognition sites are located in the 300 basepairs immediately upstream of
the transcriptional start site. However, this immediate upstream region by itself is insufficient to
direct expression of the gene in mouse embryos (Kleinjan, 1997). Furthermore, in the cell line
MES-1, which was obtained by differentiating P19 EC cells through aggregation in the presence
of DMSO (Mumrmery, 1986), and which expresses CRABP-I at a high level, the same region
was also unable to induce expression of a CAT reporter gene (Chapter III, this thesis). In an
early report on CRABP gene regulation a very incomplete reproduction of the CRABP-I
expression pattern was obtained in transgenic mice with a 3 kb upstream region linked to a
Hox1.3 promoter-LacZ fusion (Wei, 1991). The reported expression pattern of the LacZ
reporter gene in that study was vague and unconvincing, and was presumably the result of the
combination of part of a CRABP-I reguiatory region with the Hox1.3 (Hox A35) basal promoter.
In this thesis we show that only the elements that direct expression in neural tissue in the
embryo are located within this 3 kb upstream region, and that other elements driving CRABP-1
expression are located downstream of the promoter region.

In various cell lines a number of factors have been shown to be able to influence
expression of CRABP-L These include FGF2, BMP2, BMP4 and retinoic acid (Chen, 1996;
Wei, 1989). In Balb 3T3 cells, which normally express CRABP-I at low levels, FGF-2 (basic
fibroblast growth factor) treatment increased the level of CRABP-I. The upregulation by FGF-2
appeared to occur post transcriptionally by increasing mRNA stability. Treatment with bone
morphogenetic proteins, BMP-2 or BMP-4 reduced the level of CRABP-], as well as the levels
of CRABP-II and RARRBI/B3 transcripts (Means, 1998). The reports on the inducibility of
CRABP-I by RA are in apparent disagreement with each other. Downregulation of CRABP-I
expression by RA has been observed in MES-1 cells (Vaessen, 1991), as well as in the F9
embryonal carcinoma cell line {Stoner, 1989). On the other hand, upregulation of CRABP-I
expression was found in P19 cells (Wei, 1989). Addition of sphinganine, a mitogen that has
been shown to activate transcription factor AP-1 (Su, 1994), could enhance this upregulation in
P19 cells (Wei, 1995). The presence of a promoter fragment that contains a putative AP-1
binding site was shown to be required for this effect (Wei, 1995). ABI EC cells express
CRABP-I at low level, and expression is induced to much higher levels by RA treatment.
Remarkably, this induction is only seen at low RA concentrations (10® M), and is almost
extinguished at higher RA concentrations (107 M).

In addition, demethylation of the flanking regions of the transcriptional start site of the
gene has been associated with activation of the gene (Wei, [994). This region is
hypermethylated both in untreated P19 cells and in adult mouse tissues, where expression of
CRABP-1 is low. During early stages of mouse embryogenesis, when CRABP-I expression is
high, a demethylation of the CRABP-I promoter region is found (Wei, 1994). Treatment of P19
cells with 3-azacytidine (5-azaC), a DNA methylation inhibitor (Glover, 1987), results in
enhancerment of the upregulation of CRABP-I by RA by approximately five fold. Pastial
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demethylation of the 5' flanking region of the CRABP-I gene is observed in the treated P19
cells.

A number of studies have looked at the effect of RA on CRABP-T expression in
embryos. In one of those studies an upregulation and anteriorisation of CRABP-I expression
was found (Leonard, 1995). However, other studies did not observe such an effect (Harnish,
1992), but this may be due to the exact timing of the RA treatment. Chapters IV and V of this
thesis describe the analysis of the regulation of CRABP-I in transgenic mouse embryos.
Interestingly, one the elements found to be involved in the transcriptional regulation of the gene
during mouse development is a putative retinoic acid response element (RARE),

While at the outset of this thesis little was known about the regulation of the CRABP-I
gene, the CRABP-II, CRBP-1and CRBP-II genes were known to be transcriptionally regulated
via high affinity RA response clements. Different types of RAREs are contained in the
promoters of these genes, but all three genes have been shown to be inducible by RA (Hagq,
1988; Giguere, [1990; Smith, 1991;Durand, 1992).

The CRABP-II gene is induced by at least 50-fold upon treatment of F9 cells with
retinoic acid (Giguere, 1990). The promoter for mouse CRABP-TI contains a typical TATA-box
and a GC-rich region with putative Spl, AP-1 and AP-2 binding sites. In addition two RAREs,
RARE! and RARE2, are located further upstream, which cooperate in the transcriptional
activation by RARs and RXRs in P19 EC cells (Durand, 1992). RARE| and RARE? are direct
repeats of two motifs separated by 2 bp (DR2) and { bp (DRI) respectively. RARRXR
heterodimers binding to these motifs have been shown to be responsible for CRABP-II
promoter transactivation. Topical application of RA to human skin in vive and addition of RA
to cultured human skin fibroblasts afso increased CRABP-II transcription (Astrom, 1991). In
several hyperproliferative conditions of the skin a highly induced expression of CRABP-II is
observed, while CRABP-1 expression is reduced (Didierjean, 1991; Busch, 1992). The
upreguiation of CRABP-II in these skin disorders may be the resuit of an increased availability
of RA, resulting from the downregulation of CRABP-L Comparison of the promoters of the
mouse and the human CRABP-II genes revealed that the DR-2 RARE is absent in the human
CRABP-H promoter. The DR-1 RARE has been conserved and an extra DR-1 is present in the
same region, but both these RAREs appear to be non-functional in all human cell lines tested.
Instead a far upstream DR-5 RARE mediates the induction of human CRABPI transcription by
RA (Astrom, 1994). Like the CRABP-II gene, the genes for CRBP-I and CRBP-II are also
induced by RA treatment (Hag, 1988; Wei, 1989). The CRBP-I gene has a TATA-less
promoter, but a cluster of Spi factor binding sites is present in the immediate upstream region
of the gene (Jones, 1985; Kadonaga, 1987). In addition, it contains a RARE of the DR2 type,
which is predominantly activated by RAR/RXR heterodimers (Husmann, 1992; Smith, 1991).
The gene for CRBP-II contains a TATA-box and a CAAT-box, and it also confains a special
type of response element consisting of five nearly perfect tandem repeats of the AGGTCA half-
site sequence spaced by single C nucleotides (Demmer, 1987). This response element has been
termed an RXRE since it is only transactivated by RXR homodimers which form in the
presence 9-cis RA, and not by RAR/RXR heterodimers (Mangelsdorf, 1991),

The function of CRABP-1

The cellular retinoic acid binding proteins (CRABP-1 and 1I) are likely to be important in
regulating the availability of RA to the nuclear receptors, but the mechanism by which they
perform this task remains enigmatic. A number of potential roles for the CRABPs have been
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proposed. These centre around the possibilities that they act simply as a cytoplasmic buffer for
RA, or, ntore actively, as a modulator of RA metabolism, thus protecting cells from excess RA
reaching the receptors (Donovan, 1996). Alternatively their role may be fo sequester RA in
specific cells under deficiency conditions, or, as a auclear localisation of CRABP has been
deteeted in certain cells, they could form a nuclear translocation system (Gustafson, 1996). Two
systems have been used to further assay the function of CRABP-I: teratocarcinoma cell lines
and genetically modified mice.

Retinoic acid and CRABP-I in mouse teratocarcinoma cell lines,

Retinoids can influence the differentiation and proliferation of many different cell types
(Sporn, 1994}, In general retinoids inhibit proliferation and induce differentiation. They can
induce the differentiation of human promyelocytic leukaemia HL60 cells into mature
granulocytes (Breitman, 1980) and inhibit the proliferation of $91 melanoma celis (Lotan,
1980). In contrast, retinoids are found to inhibit the terminal differentiation of human
keratinocytes (Fuchs, 1981) Because of their anti-proliferative and differentiation-inducing
activity retinoids have been tested as therapeutic agents against cancer, RA also induces the
differentiation of several mouse teratocarcinoma cell lines (Strickland, 1980). The system of
teratocarcinoma cell fines has been used extensively to study the effects of RA on
differentiation.

Mouse teratocarcinoma cell lines resemble the pluripotent cells of the inner cell mass of
the early embryo (Martin, 1980). They provide an important model system, in which lineage
determinaticn in early mouse development can be studied. The F9 teratocarcinoma cell line,
grown in monolayer culture can be induced to differentiate into primitive endoderm by
treatment with a physiological concentraticn of retinoic acid (RA) and into parietal endoderm,
an extra-embryonic cell type in the blastocyst, in response to RA and dibutyryl cAMP
(Strickland, 1980). This RA induced differentiation response is synchronous and rapid. Upon
differentiation of teratocarcinoma cells many genes are differentially expressed. The RA
treatment results for instance in the appearance of high levels of lamininB1 and collagen IV,
two parietal endoderm-specific genes (Hosler, 1989; Wang, 1989), while it also causes a
morphological change in the F9 cells.

CRABP-I mRNA is constitutively expressed in F9 cells, whereas CRABP-II is
undetectable by Northern blot analysis (Stoner, 1989, Giguere, 1990). RA treatment of F9 stem
cells results in a 2 to 3 fold reduction of CRABP-I mRNA and a 50 fold increase of CRABP-II
mRNA by 48 hours after treatment. Treatment with RA and dibutyryl cAMP gives a 20 fold
increase of CRABP-I mRNA (Stoner, 1989). Stably transfected F9 cells which overexpress
CRABP-I have been shown to require a higher concentration of RA to initiate differentiation,
whereas F9 cells having a reduced CRABP-] level due to the stable transfection of a CRABP-I
antisense expression vector, respond to a lower RA concentration (Boylan, 1991). This
obsetrvation is consistent with the hypothesis that CRABP-I functions as an intracellular RA
buffer. In addition, the level of CRABP-I also influences the metabolism of RA in those cells.
F9 stem cells readily metabolise all-trans RA to more polar compounds such as 4-oxo-retinoic
acid and 4-oxo-16-hydroxy retinoic acid. The metabolic half-life of RA is reduced after pre-
treatment of the F9 cells with RA, suggesting that the enzymes involved in RA metabolism are
induced by RA itself (Williams, 1985). As mentioned before, the major metabolic pathway of
RA consists of the hydroxylation followed by the oxidation at position C-4 of the cyclohexenyl
ring to form 4-ox0-RA (see RA uptake and metabolism). The CRABP-I overexpressing F9 cell
line produced higher levels of 4-oxo-retinoic acid and exhibited a shorier intracellular half-life
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of CH)RA as compared with untransfected F9 cells. In contrast, the CRABP-T antisense RNA
expressing F9 cell line exhibited an extended intracellular CHDRA half-life, and produced lower
levels of 4-oxo-RA (but higher levels of 13-cis-RA) (Boylan, 1992), These observations suggest
that CRABP-I has a role in the metabolism of RA.

Transgenic mice with retinoid binding proteins

A number of studies with genetically aitered mice have been done to investigate the
function of the retinoic acid binding proteins in vive. These include both the production of
transgenic mice expressing CRABP-T under the control of a heterologous promoter, and the
knock-out of the CRABP-I and CRABP-II genes through homologous recombination in
embryonic stem cells, Although some pathological effects were found, no clear conclusions
about the function of CRABP could be drawn from these studies. Transgenic mice that express
bovine CRABP-T under control of the human metallothionein TIA promoter showed variable
expression of the transgene. OFf the six lines obtained, three were normal, one showed retarded
growth and two lines produced only female transgenic offspring which were all sterile (Wei,
1991). Directing expression of CRABP-I to the lens, where if is not normally expressed, via the
mouse oA crystallin promoter resulted in two phenotypes: defective lens fiber differentiation
and pancreatic tumorigenesis (Perez-Castro, 1993), Cataracts, presumably due to impaired
cetluiar differentiation, were found in these animals, However, the expression of yF-crystatlin, a
RA sensitive gene (Tini, 1993), was not altered, which suggests that the ectopic presence of
CRABP-I in the lens did not alter nuclear RA levels. The reason for the pancreatic tumours is
unclear, but the transgene was expressed in the tumors. Thus, no clear insight into the function
of CRABP-I was obtained through these studies.

Two independent studies have produced mice deficient for CRABP-I via gene targeting
(de Bruijn, 1994; Gorry, 1994). No phenotype could be identified in these mice, leading to the
conclusion that CRABP-I is not required for normal growth and development. CRABP-IE
expression was unchanged in these mice. When embryos of the CRABP-I deficient mice were
challenged with excess RA at day 8.5 of their development, and examined at day 18.5 of
development, no difference was detected in the observed phenotypes between the CRABP-I
deficient embryos and their wildtype littermates (Gorry, 1994). This suggests that CRABP-I
does not have a unigue function in teratogenic resistance or sensitivity, at least not at this
specific stage of embryonic devetopment.

Similarly, CRABP-fI knock-out mice have been produced. These CRABP-II null
mutants do not show any apparent phenotype either, except for the appearance of an additional
postaxial digit in the forelimbs of the homozygous mutants (Fawcett, 1995; Lampron, 1995}
Thus CRABP-TT may have a role in limb development. Mice deficient for both CRABP-I and
CRABP-II display the same phenotype as the CRABP-II single null mutant, excluding the
possibility of functional redundancy between these two genes. No remaining RA binding
activity was detected in whole embryo cytosolic extracts of the double null mutants, showing
that tack of CRABP-I and -l was also not compensated by unknown RA binding proteins
(Lampron, 1995), The penetrance of the appearance of postaxial digits was higher in the
CRABP-I/CRABP-II double null mutants, and their viability appeared to be slightly decreased.
However, neither the expression of the RARs, nor the teratogenic susceptibility to RA was
changed in the double knock-out mice. Thus, the lack of an apparent phenotype in mice that are
homozygously deficient for both CRABP genes was surprising and puts their importance in
development and homeostasis into question. However, the high degree of conservation of the
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CRABPs and their very strictly reguiated patterns of expression during embryonic development
suggest an important function for these profeins. This function may be connected with
behavioural patterns of the mice, as both CRABPs are expressed in a specific manner in the
developing nervous syster. Alternatively it has been suggested that they could serve a function
which is dispensable in the protected environment of the laboratory, or which gives a slight
evolutionary advantage and would thus require many generations to become manifest
{Lampron, 1995). Either way, the elucidation of the role of the CRABPs by analysis of
phenotypic alterations in genetically modified mice is complicated by these findings.
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Outline of the experimental work

The important role of vitamin A in the biology of vertebrate organisms has been known
for a long time. The introductory chapter clearly shows that at the molecular level a complex
situation underlies the many, widespread effects of vitamin A and its derivatives, most notably
retinoic acid (RA). Understanding of the RA signalling pathway(s) has rapidly progressed over
the past decade through the identification of the multiple inherent components of the pathways.
These components include the multiple biologically active retinoids, their various binding
proteins, the nuclear RA receptors, the RA response elements and a still increasing number of
accessory proteins. Eventhough much of the basic concept of the RA signal transduction
pathway(s0 is now clear, many questions still remain to be answered. One of these questions is
how the intracellular RA binding proteins CRABP-I and -II fit into the picture of the molecular
mechanisms underlaying RA signailing. Through the work described in this thesis we have tried
to increase our knowledge of various aspects of the CRABP-T gene, with the ultimate aim of
identifying the function(s) of CRABP-I in the organism.

Even thongh much was known already about the cellular retinoic acid binding protein
type I (CRABP-T) concerning its binding properties, crystal structure and expression pattern in
chicken and mouse, the function of the protein was (and unfortunately stiil is) unclear. While
other laboratories were planning to generate mice deficient for CRABP-I, CRABP-L, and by
interbreeding  for the combination of both CRABP-1 and CRABP-II, by employing the
technique of gene targetting, we decided to study CRABP-I via careful manipulation of the
levels of expression in various tissues during development of mouse embryos. For this a better
knowledge of the regulation of expression of the CRABP-I gene was adament. Furthermore we
anticipated that identifying the factors involved in regulating CRABP-I expression would teil us
more about the regulatory pathways and hierarchies, and the potential feedback mechanisms of
retineid signalling in the developing embryo. During the course of our study the results of the
CRABP-I and II knock-out studies became known. Surprisingly, no apparent phenotype could
be detected in those mice, at least not under laboratory conditions. In accordance with this, no
clinical phenotype is known to be associated with CRABP-L Yet, the evolutionary conservation
of CRABP-I is extremely high, and the gene shows a highly spatio-temporally restricted
expression pattern during embryogenesis. The latter observations suggest that CRABP-I does
have an important function for the organism, but that we fail to detect this function becavse at
present our techniques and knowledge are insufficient.

Our studies on the CRABP-I gene started with the generation of antibodies against the
protein, and its family members CRABP-TI and CRBP-I (the celluiar retinol binding protein
type ). These three members of the retinoid binding protein family are expressed in a specific
pattern during embryogenesis, while CRBP-II is not expressed at all during embryonic stages.
The specificity and effectiveness of the antibodies was tested first by Western blot analysis and
consequently in a study of the expression patterns of these proteins in the developing mouse
heart. The results of these studies are described in chapter IL The heart is one of the organs
whose development is affected by retinoic acid. To find arguments for {or against) the putative
involvement of the CRABPs in heart development we have performed a detailed study of the
expression patterns of these retinoid binding proteins in developing mouse hearts. The study
shows that the proteins are differentially expressed during the development of the heart. The
development of an effective and specific antibody against CRABP-1 was also very useful for our
studies of the transcriptional regulation of the CRABP-I gene. Eventually, the study of the
regulatory mechanisms that direct the specific expression pattern of the gene in the developing
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embryo would turn out to form the major part of this thesis. The knowledge of the regulation of
the gene obtained by that study now allows us to set up some experiments to study the function
of CRABP-1. The initial studies on CRABP-I gene regulation were carried out in cell lines that
express CRABP-] at high level. However it soon became clear that these studies, that are
described in Chapter I were uninformative and it showed the need to study the regulation of
the gene in its endogenous situation, i.e. in the mouse embryo. Thus we have made a detailed
study of the regulation of CRABP-I expression during murine embryonic development by
generating fransgenic mice with genomic constructs from the CRABP-I locus. These
experiments are described in Chapters IV and V. In Chapter III we show that the expression
pattern of CRABP-I appears to be composed of two different domains, a neural and a mesen-
chymal/neural crest domain. Expression in these domains is regulated via separate regulatory
regions. A more detailed analysis of the regulatory region driving expression in the neural
subdomain is performed in Chapter V, which resulted in the identification of the cis-acting
clements that form the neural enhancer element of CRABP-I. Some of the transcription factors
binding to these elements could be identified. Using the regulatory regions for both subdomains
of the total CRABP-1 expression pattern, two (ransgenic mouse lines were generated which have
an elevated level of expression of CRABP specifically within its normal expression domain,
These two lines may prove to be valuable tools for further studies of the function of this protein
in development and homeostasis of vertcbrate organisms. Furthermore, we have cloned and
sequenced the genes for CRABP-I from two other species, the chicken and the puffer fish, as is
described in Chapter V1. Comparison of the coding sequences of CRABP-I from these species
with those already kaown from other species, including mouse and man further substantiated
the argument that the protein is extremely well conserved through evolution, and thus should
have an important, albeit unknown, function. The promoter regions of chicken and puffer fish
CRABP-I were sequenced with the aim of identifying conserved regulatory regions. This
approach had proven to be successful in the identification of the regulatory regions of some of
the Hox genes, but in the case of CRABP-I no conserved elements appeared to be present in the
upstream region of the gene. Functional conservation of the promoter regions was tested by
assessing their ability to direct the expression of a repoder gene in specific tissues in transgenic
mice, in comparison with the endogenous expression pattern of mouse CRABP-1. The outcome
of that study is also described in Chapter VI. Lastly, in Chapter VII, the results of the various
experiments are further discussed and directions for future CRABP-I research efforts are given.
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Abstract,

Retinoic acid (RA) is a potent teratogen during embryonic development, both in humans
and in experimental animals. At physiological concentrations RA is thought to act as a
morphogen. Treatment with excess RA during development resutlts in a number of congenital
matformations. One of the organs affected by this treatment is the heart. A spectrum of heart
malformations is recognized, mainly affecting the outflow tract. The Cellular Retinoic Acid
Binding Proteins type T and Il (CRABP-I and IT} and Cellular Retinoi Binding Protein type I
(CRBP-D) are intracellular binding proteins with a high affinity for RA or retinol respectively. In
this study we have investigated the expression patterns of these retinoid binding proteins in the
developing mouse heart between day 10.5 and day 15.5 of gestation by immunchistochemistry,
No CRABP-I staining was detected in the heart during this period of development, whereas
CRABP-II is expressed in all tissues of the heart, with the highest levels of expression in the
endocardium and the trabeculated myocardium. The expression of CRBP-1 colocalises with that
of CRABP-1], albeit at a lower overall level, The levels of expression in the endocardial cushion
tissue are low for each of these proteins. In a 12.5 day embrye of the TCR mouse strain the
expression level of the proteins in the cushion tissue of both the atrioventricular canal and the
outflow tract appears elevated, which may explain the remarkable specificity of this strain for a
transposition of the great arteries (TGA) upon freatment with excess RA,

Introduction

Retinoic acid (RA), a naturally occurring metabolite of vitamin A, is known to have
profound effects on the development of vertebrate embryos. In humsns, RA has long been
recognised as a potent teratogen, causing heart defects, craniofacial maiformations, and central
nervous system abnormalities (Lammer, 1985). A similar pattern of birth'defects is observed in
experimental animals (Kochar, 1967). Administration of RA to developing chicken embryos
results in a continuous spectruin of cardiac malformations (Double Outlet Right Ventricle,
Ventricular Septum Defect), caused by disturbance of the looping process of the heart tube and
by matalignment of the outflow tract septum (Bouman, 1995; Broekhuizen, 1995), a process
which is influenced by cells coming from the cardiac neural crest (Kirby, 1995). In mouse
embryos RA treatment also results in heart defects. In most mouse strains, like the Swiss/FVB
and NMRI strains used in this study, a wide spectrum of heart defects is recognized.
Interestingly the ICR mouse strain shows a high frequency of a transposition of the great arteries
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{TGA) after RA treatiment, a cardiovascular anomaly which is very rarely found in other mouse
strains (Pexieder, 1992; Pexieder, 1995; Yasui, 1995).

The actions of RA are mediated by two classes of proteins: The RA receptors (RARs
and RXRs), and the small cytoplasmic retinoid binding proteins (CRABP-1, CRABP-TI and
CRBP-I}. The RA receptors are transcription factors that can bind to DNA as heterodimers and
transactivate upon binding of RA. They comprise of two distinct subfamilies composed of three
RAR genes (RARo,B,y) and three RXR genes (RXRo,B,y), with each gene giving rise to
multiple isoforms (Lohnes, 1992; Giguere 1994; Mangelsdorf 1994). The role of these retinoid
receptors in murine development has been explored by systematic gene targeting of each
member of the receptor family. Mice in which certain combinations of specific RA receptor
genes have been knocked-out by gene targeting show developmental defects of the heart. The
RARu/RARY and RARcI/RARS double knock-out mice show malformations of the aortic
arches and the outflow tract of the heart. The RXRa deficient mouse shows an embryonic
lethal phenotype as a result of defective development of the ventricular myocardium (Kastaer,
1994; Mendelsohn, 1994; Sucov, 1994; Dyson, 1995; Luo, 1996; Gruber, 1996). These findings
clearly show the involvement of retinoid signaling pathway(s) in the formation of the heart.

The role of the cytoplasmic retinoid binding proteins in RA signaling is still unclear.
They have been suggested to be involved in reguiating the availabitity of RA for the nuclear
receptors, either by regulating the import of RA into the nucleus (Gustafson, 1996), or by acting
as a cytoplasmic buffer and influencing RA metabolisimn (Napoli 1996). Alternatively, it has
been suggested that they could have a role in sequestering RA in the cells that require a cerfain
conceniration of RA for correct development (Lampron, 1995).

Extensive expression studies have been carried out on the retinoid binding proteins
(Dollé, 1990; Ruberte, 1992} both by in sitit hybridization and immunohistochemistry, CRABP-
I, CRABP-TT and CRBP-I show specific expression patterns during development, whereas
CRBP-1I is not expressed at embryonic stages. However, a detailed investigation of the
expression patterns in the developing heart has been neglected in these studies.

We have raised effective antibodies against murine CRABP-I, CRABP-II and CRBP-I
and used these antibodies for a detailed immunohistochemical investigation of the expression
patterns of these proteins in the developing mouse heart from day 10.5 to day 15.5 of gestation.
Their localization in specific segments of the developing heart could point to a role in heart
formation. The results show specific staining patterns for CRABP-11 and CRBP-1. No staining
for CRABP-I was seen in the heart at any of the investigated developmental stages. An elevated
level of expression of CRABP-II and CRBP-I was found in the cushion tissue of an embryo
from the TCR mouse strain, in comparison to the cushion tissue of embryos of Swiss/FVB and
NMRI mice, which could explain the higher sensitivity to developing TGA upon RA treatment
in this strain.

Materials and methods

Production of the antibodies

Antisera against CRABP-I, CRABP-H, AND CRBP-I were obtained by immunising
rabbits with synthetic peptides specific to these proteins, The peptides were chosen from
presumed hydrophobic areas with minimal homology between themselves. For CRABP-I the
peptide CTQTLLEGDGPKTY was chosen, for CRABP-II CEQRLLKGEGPKTS, and for
CRBP-f GLEFEEDLTGIDDRKC. The peptides were coupled to keyhole limpet hemocyanin
(KLH) using the heterobifunctional reagent Sulfosuccimidyl-4-(N-maleimidomethyl)-
cyclohexane-1-carboxylate (SulfoSMCC, Pierce Chemical Company). The conjugates were
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emulsified in Freunds complete adjuvant and injected subcutaneously. Booster injections were
given every second week with the antigen emulsified in Freunds incomplete adjuvant, The
obtained serum needed no further purification.

Western blot analysis

The effectiveness and specificity of the antibodies was tested by Western blot analysis,
Two different sets of transfection assays had to be used as it was discovered in the course of our
investigation that COS7 cells contain endogenous CRBP-L In the first assay cDNAs of the three
proteins were cloned under the control of the CMV promoter in the vector pSCT-G-X556
(Rusconi, 1990), These constructs were transfected into COS7 cells by a DEAE/dextran
procedure {Lake, 1991). Cells were harvested after 48 hours and cells were lysed in sample
bufter for Western blotting (Laemmli, 1970), Proteins were separated on a 15% polyacrylamide
gel containing 0.1% SDS, and then blotted on to 0.45 mm polyvinylidene diftuoride (PVDF)
membrane (Immobilon-P, Millipore Corporation). Aspecific binding was blocked by incubation
of the membrane in phosphate buffered saline (PBS) containing 2% bovine serum albumin
(BSA, Sigma) and 5% non-fat dried milk. The blots were incubated overnight at 4° C with the
three antisera (each diluted 1:200). After washing in PBS-Tween, the strips were incubated with
a 1:200 dilution of horse-radish peroxidase conjugated anti-rabbit IgG (Sigma) in PBS-Tween
for 3 hours at room temperature. After washing as above, antibody binding was detected using
0.43 mg/mi diaminobenzidine (DAB) and 0.018% H,0; as substratum in PBS buffer,

In the second assay we cloned the three ¢cDNAs into the vector pEV3 (Clare Gooding,
ICRF), which contains the 3 globin locus control region (LCR) and promoter and gives high
expression in mouse erythroid leukemia (MEL) cells after induction with dimethyl sulfoxide
(DMS0) (Antoniou, 1991). The constructs were transfected by electroporation as described
(Antoniou, 1991), Transfected MEL cells were induced with DMSO for four days after which
cell lysates were made as for the COS7 {ransfections.

Source of the embryos
The embryos used in this study were obtained from pregnant females of the NMRI and

Swiss/FVB strains from day 10.5 until day 15.5 post coitum, and from a pregnant ICR female at
day 12.5. Embryos were collected from the uteri, washed in PBS and fixed in 35% methanol,
5% acetic acid, 35% acetone in H;O. After dehydration in a ethanol/xylene series the embryos
were embedded in paraffin. 6 [in sections were cut and applied on gelatin/KCr(SQq); coated
glass slides. The sections were rehydrated in ethanol/xylene.

Immunohistochemical analysis

Aspecific antibody binding was blocked by pre-incubating the sections in PBS/Tween2(
containing 2% NGS (normal goat serum}. The sections were then preincubated with 0.3% H,0;
in PBS to eliminate endogenous peroxidase activity. After washing with PBS/Tween20 the
sections were incubated overnight at 4°C with the primary antibodies diluted 1:100 in PBS
containing 1% BSA and 0.05% Tween20. The sections were washed with PBS/T'ween20 and
incubated with a 1:100 dilution of peroxidase conjugated swine anti-rabbit antibody for three
hours, The sections were washed with PBS/Tween2¢ and exposed to 0.04% diaminobenzidine
tetrahydrochloride (DAB) in 0.05 M Tris-maleate buffer (pH 7.6) with 0.006% H,O,. Finally,
the sections were counterstained with hematoxilin, dehydrated and mounted in Entellan (Merck,
Darmstadt, Germany).

For immunoflourescence sections were processed as follows: The slides were incubated
with the primary antibodies in a 1:200 dilution overnight at 4°C. The slides were then washed
three times with PBS/Tween 20 and incubated with an 1:80 dilution of Fluorescein-
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isothiocyanate conjugated anti-rabbit TgG (FITC, Sigma) in PBS/Tween20/2%NGS for 6 hours
at roomtemperature. The slides were washed three times with PBS/T'ween20 and mounted in
1, 4-diazobicyclo]2,2,2] octane (DABCO, Merck) to retard fading during microscopy. Samples
were photographed using a Leica Aristoplan microscope and & Leitz Vario Orthomat,

Results

Western blot analysis
‘The specificity and effectiveness of the CRABP-I, CRABP-H and CRBP-I antisera was

tested by western blotting {fig. 1}. All three proteins appear on SDS PAGE as a band of 15 kD.
When COS cells were transfected with ¢cDNA constructs for the 3 proteins, each antiserum
stained a 15 kD band in the cell lysate containing the corresponding protein. The antiserum
against CRABP-1 (fig. 1a) gave a slight cross-hybridisation to CRABP-I. No cross-
hybridisation to CRBP-I is detected with the CRABP-I antiserum. The antiserum against
CRABP-II was specific, with no cross-hybridisation to either CRABP-1 or CRBP-1. Use of the
CRBP-1 antiserum revealed significant endogenous levels of CRBP-I in the COS cells
themselves, Therefore this antiserum was tested in mouse erythroid leukemia cells (MEL C88),
using the B globin expression vector pEV3 (C. Gooding, ICRF). All 3 cIDNAs were transfected
into MEL C88 cells in this veclor, resulting in their high level expression after induction of the
MEL cells with DMSO. Cell lysates were run on a Western blot, The blot was probed with the
CRBP-I antiserum (fig. 1D). A band of 15 kD is recognised in the lane with MEL cellysate
transfected with CRBP-I ¢cDNA. No bands are detected in the fanes of CRABP-I and TI,
showing that the CRBP-I antibody does not cross-react with either of the CRABPs.

Morphology
Between 10.5 to 15.5 day of gestation the mouse heart develops from a curved tube with

a single circulation to a four chambered, completely looped and septated heart with two separate
circulations, During looping the tubular heart changes into a segmented heart consisting of sinus
venosus, atrivim, ventricular inlet and outlet segment, which is connected to the mesenchymal
walled truncus arteriosus. The segments are separated by so called transitional zones being the
sinu-atrial transition, the atrioventricular canal, the primary fold and the distal outflow tract
(Gittenberger-de Groot, 1995). The atrioventricular canal and the distal outflow tract are lined
on the inside by endocardial cushion tissue. These two transitional zones temporarily function
as valves (Moorman, 1994) Tn the inlet and the proximal part of the ventricular outlet segment
myocardial trabeculations are recognizable. These trabeculations are connected to the
myocardial compact layer. Further development of the heart shows a continued looping
resulting in a wedged position of the arerial pole between both atria at day 16 (Vuillemin,
1989). During this Jooping process the septation in the heart proceeds. The cushion tissue of the
distal outlet fuses and becomes myocardialised resulting in the subpulmonary infundibulum or
outlet septum. Fusion of the atrioveniricular cushion tissue results in separation of a tricuspid
and mitral orifice. The primary fold, which develops between the ventricular inlet and outlet
segment forms the main component of the interventricular septum, In the completely septated
heart (E14.5) the inlet segment forms the larger part of the left ventricle and the outlet segment
primarily forms the right ventricle. The endocardial cushion tissue of the atrioventricular canal
and the outflow tract ridges seal to complete septation. The heart wall is composed of different
tissues: myocardium, endocardium, epicardium and cushion tissue, The epicardium is not
present yet in a 10.5 day embryo, but it starts to form shortly thereafter.
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Fig, 1: Western blat analysis of polyclonal antibodies against CRABP-I, CRABP-II and CRBP-I. Cell lysates of
COS7 and MEL C88 cells transfected with cDNA constructs of the three proteins were used to test the speciftcity of
the antibodies. (A) Blot incubated with CRABP-T antiserum. Cos cells transfected with cDNA constructs of: Lane 1:
CRABP-I, lane 2: CRABP-I{, Lane 3;: CRBP-, Lane 4; CMV-G-X556 vecior, Lane 5: untransfected COS cells. (B}
Blot incubated with CRABP-II antiserum. COS cetls transfected with ¢cDNA constructs of: Lane {: CRABP-1, Lang
2: CRABP-I, Lane 3: CRBP-I, Lane 4: CMV-G-X556 vector, Lane 5: untransfected COS cells, (C) Blot incubated
with CRBP-I antiscrum. COS cells transfected with cDNA constructs of Lane 1: CRABP-}, Lane 2: CRABP-I,
Lane 3: CRBP-1, Lane 4: untransfected COS cells, (D) Blot of MEL cells transfected with the three ¢DNAs in pEV3
and incubated with the CRBP-1 antiserum. Lane I: CRABP-1, Lane 2: CRABP-II, Lane 3: CRBP-], Lane 4: pEV3
vector, Lane 5; untransfected MEL cells.

Immunohistochemistry

We have studied the expression pattern of CRABP-I, CRABP-TI and CRBP-I in the
hearts of mouse embryos between day 10.5 and 13.5 of gestation with respect to the different
tissues and segments of the heart. The study was done in mice of the NMRI and Swiss/EVB
strains, Additionaliy we have examined a 12.5 day embryo from the ICR strain. In all the stages
examined CRABP-II and CRBP-1 show an identical expression pattern. In all cases staining
with the CRABP-II antibody was stronger than staining with the CRBP-I antibody (fig. 2). We
could not detect staining with the CRABP-I antibody above the background level in the
developing heart at any of the examined stages, while it was clearly detected in other parts of the
embryo (e.g. central nervous system). The only site of CRABP-I staining found was in the tissue
surrounding the ventriculoarterial junction at day 15.5 (Not shown). CRABP-I and CRBP-1
were seen throughout the heart, but the level of staining differed between the various tissues in
the heart, Staining in the compact myocardium was less intense compared to the intense staining
that was seen in the trabeculae in the ventricles and in the endocardial lining of the ventricles
{fig. 2), The staining in the trabeculae was remarkable in that it appeared most intense in the
center of a trabecula. This was in contrast to the cells of the compact myocardium, i.e. the outer
layer of the ventricular parts of the heart, where the staining appeared strongest along the cell
membranes. The epicardium, from the start of its formation at around day 11, was stained at a
level comparable to the fevel of staining found in the endocardinm.
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Fig. 2: Sections of day 0.5 Swiss/FVB heaits showing the lefi and right ventricular myocardium (A-C), and of
day 11.5 hearts showing the atrdoventricutar canal (D-F}. Immuncfluorescent staining is shown with antibodies
against {A,D) CRABP-}, (B.,E) CRABP-I[ and (C,F) CRBP-I. CRABP-I staining is not found in the heart, whereas
CRABP-II and CRBP-I staining is present in all tissues except in the pericardium, The relatively low expression
tevels in the endocardial cushion tissue are clearly visible. P: pericardium, RV: right ventricle with the trabeculated
myocardium, LV: left ventricular chamber, CL: compact layer of the veatricular myocardivm, EC: Endocardial
cushion tissue of the atrioventricular canal.

The pericardium was negative for all three of the investigated retinoid binding proteins. The
most prominent feature in the expression patterns of the retinoid binding proteins is the low
level of expression in the endocardial cushion tissue, both of the atrioventricular canal and the
outflow tract, Interestingly the level of staining in the endocardial cushions of the ICR strain
embryo was by comparison higher, while the level of staining in the other tissues of the heart
was equal to that in the NMRI and Swiss/FVB embryos (fig. 3).

At later stages (E13.5 and onwards} the expression levels of both CRABP-II and CRBP-
I start to decrease. Afier day 15.5 no signilicant levels of expression are found, except for
CRABP-I staining in the tissue surrounding the ventriculoarterial junction at this stage (not
shown),

Discussion

Many studies have shown that correct development of the heart is influenced by retinoic
acid. Recent studies on the retinoid receptors have provided a molecular basis for the effects of
RA on heart formation. For example when the gene for RXRa is knocked out by gene targetting
this results in embryonic lethality between E13.5 and E16.5, due to hypoplastic development of
the ventricular chambers of the heart. In these animals, aberrant persistent expression of the
atrial isoform of myosin light chain is seen in the ventricles. This suggests that RA provides a
signal, mediated by RXRe, that is required for comrect development of the ventricular
myocardium, Tt was suggested that this signal directs the progression of the ventricular region
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Fig, 3: Transverse
sections of day 12.5 hearts
at the level of the
atrioventricular  cushion
tissue. (A} CRABP-H
staining in a NMRI
embrye. {B) CRABP-H
staining in an ICR
embryo. The highest level
of staining is found in the
endocardial lining (see C,
D} and in the epicardial
covering. A slightly higher
tevel of CRABP-II
staining was observed in
the endocardial cushion
tissue of the ICR embryo
compared to the NMRI
embryo (the black and
white photograph did not
allow a better visualisation
of this slight difference in
staining). EC: Endocardial

cushion tissue, E:
Endocardium, V:
Ventricle, RA, Right
Atrium,

from its early atrial like form to the thick walled adult ventricle (Dyson, 1995). Double knock-
out mice for certain RA receptors, notably RARo/RARY, RAR0I/RARS and RARO/RARRZ,
also show incorrect development of the heart. The ofy mutant suffers from myocardial
deficiency, as well as outflow tract abnormalities, whereas in the #/B2 mutant and in the al/8 the
problem seems to be restricted to outflow tract abnormalities {(Mendelsohn, 1994; Lug, 1996).
RA thus seemns to exert its effects on heart formation via two distinct pathways using different
subsets of the retinoid receptors, one being a direct effect on myocardium formation and the
other affecting the neural crest which is largely responsible for the formation of the outfiow tract
of the heart (Gittenberger-de Groot, 1995; Noden, 1995).

The role of the retinoid binding proteins in the RA signaling pathways is still enigmatic.
The question arises whether they could be intennediaries in the effects of RA on heart
development? As a first step to confront this question we have looked at the distribution of
these binding proteins in the heart, which could give a clue to a possible involvement. The three
investigated proteins showed expression patterns that were consistent between the investigated
Swiss/FVB and NMRI strains, CRABP-I is not detectable above background level in any of the
tissues of the heart, except for a short exposure in the tissue surrounding the ventriculoarterial
junction at day £5.5. It is therefore highly unlikely that CRABP-I has a major role in heart
development, Both CRBP-1 and CRABP-II are present in the developing heart leaving the
question to their involvement open. However, both CRABP-II single knock-out and CRABP-
ICRABP-II double knock-out mice develop essentially normal (Fawcett, 1995; Lampron,
1995). These mice do not show heart malformations under normat RA conditions, nor a change
in sensitivity to RA excess during embryogenesis. It was not reported whether the absence of
CRABP-II influenced the frequency of specific heart abnormalities.
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The one striking feature we found in the expression patterns is the low level of staining
of both CRABP-Ii and CRBP-I in the endocardial cushion tissue compared to the staining in
other tissues of the heart. Interestingly, a higher level of expression of CRABP-II and CRBP-]
was detected in the cushion tissue of the ICR mouse embrye we examined, while the levels of
expression in the surrounding myocardium and in the neural tube were comparable to those in
the NMRI and Swiss mice. The endocardial cushion tissue is involved in the formation of the
mitral and tricuspid valves as well as the aortico-pulaonary septum and the semilunar valves in
the outflow tract. The genetic background of the ICR mouse strain causes it to show a high
frequency of a transposition of the great arteries (TGA) after RA treatment, a heart defect that is
very rarely seen in other mouse strains (Pexieder, 1992). It might be possible that the enhanced
specificity for TGA of the ICR mouse is due to the elevated expression level of the retinoid
binding proteins in its endocardial cushion tissue. In case of RA excess, more of the available
RA would be preferentially attracted fo the cushion tissue in the ICR strain, to deleterious effect.
Further investigation of this strain will have to be performed before any definite conclusions can
be drawn, but if this observation appears to be real it would be interesting to unravel the relation
of its genetic background with the specific set of malformations after RA treatment. With this in
mind it may be worthwhile to cross the CRABP-II knock-out allele inte mice of the ICR strain
to see whether this abolishes the specificity for a TGA after RA treatment and reverts it to the
normal specirum of heart abnormalities. Alternatively the creation of transgenic mice of the
NMRI or Swiss strains with overexpression of CRABP-II or CRBP-I in the endocardial
cushions may be easier achieved. Analysis of these mice for the incidence of TGA after RA
treatment should answer the question whether the retinoid binding proteins are responsible.
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Chapter III

Studies on the transcriptional regulation of CRABP-I in cell lines.

Summary

Retinoic acid plays an important role in the development and homeostasis of vertebrate
organisms, as well as in differentiation of numerous cell types. RA exerts its effect on these
processes by controlling the expression of target gemes via activation of the nuclear RA
receptors. For correct development and differentiation it is important that the levels of RA in the
different cell types are tightly controlled. The small intracellular ligand binding protein CRABP-
I has a high affinity for RA. During embryonic development CRABP-1 exhibits a highly specific
spatiotemporally restricted expression pattern. The sites of expression coincide with the
embryonic structures that are most sensitive to aberrant levels of RA. CRABP-I is thought to be
an important mediator in the tight regulation of the level of RA, that is available for the nuclear
receptors in specific structures of the embryo. This role obviously requires a strict regulation of
the gene for CRABP-I itself, presumably taking place at the transcriptionat level. This chapter
describes experiments aimed at the identification of the cis-regulatory elements involved in
CRABP-I transcriptional regulation,

Introduction

The widespread biological actions of retinoids are mediated by several families of
serum, cytoplasmic and nuclear proteins {Giguere 1994; Ong 1994}. Some of these proteins are
involved in the direct effects of retinoids on gene expression, while others are involved in
transport, storage and metabolism. Nuclear receptors for retinoic acid (RARs and RXRs)
function as figand inducible trans-acting transcription factors, controlling RA-dependent gene
expression by interaction with cis-acting DNA elements known as RA response elements
(RAREs). In addition to the RARs and RXRs, cytoplasmic binding proteins have been
characterised for several retinoids, including RA (CRABPs) and retinol (CRBPs), Two different
genes exist for both the CRABPs and the CRBPs { ), and this multiplicity of cellular binding
proteins suggests that the metabolism and action of retinoids is complex and tightly regulated.
This is consistent with the view that retinoids, in particular RA, play an important role in
vertebrate development, Various embryonic processes have been shown to be influenced by RA,
including axis formation (Sive, 1990; Means, 1995), development of the central nervous system
{Durston, 1989} and pattern formation in the limb bud (Eichele, 1989). The specific expression
patterns observed for both the binding proteins and the receptors during mouse and chick
embryonic development and in adult tissues further supports this notion (Dolle, 1990; Lyn,
1994; Ruberte, 1991/1992). The CRABP-1 gene exhibits a spatio-temporally specified
expression pattern during embryogenesis which correlates well with the apparent seasitivity to
RA levels of the tissues concerned (Vaessen, 1990; Perez-Castro, 1990; Leonard, 1995), This
implies that CRABP-I could be an important mediator in the tight regulation of the ievel of RA
in specific structures of the developing embryo. Such an important function obviously neces-
sitates a strict regulation of the CRABP-I gene itself, presumably taking place at the
transcriptional tevel. Knowledge of the regulation of the CRABP-I gene will allow specific
manipulation of the level and sites of its expression during development, and may thus lead to a
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better insight into the role of CRABP-T in RA dependent developmental mechanisms. We have
attemnpted to identify the cis-acting elements thal are responsible for the transcriptional
regulation of CRABP-I by characterization of its promoter region via CAT assays and DNAsel
hypersensitive site mapping in the highly expressing cell line MES-I (Mummery, 1986;
Vaessen, 1989).

MATERIALS AND METHODS:

Isolation of genomic cosmid clones of mouse CRABP-1.

A Mouse Liver Genomic cosmid library, based on the cosmid vector pWELS
(Stratagene), was screened using a ““P-labelled probe generated from the 170 basepair Taql
fragment from mouse CRABP-TI (Vaessen, 1989), Hybridisation in a solution containing
dextranstlphate was performed as described (Sambrook, 1990). Duptlicate nitro-cellulose filters
were hybridised at 65°C for 16 hours, washed twice for 20 min. in 3x8§SC/0.1%SDS, and once
in 1xSSC/0.1%SDS (1xSSC=150mM NaCl/15mM sodium citrate, pH¥ 7) at 65°C, and
autoradiographed at -80°C with an intensifying screen. Several positive clones were picked and
grown for DNA isolation, From these the cosmid clone MLGLA, containing the complete
CRABP-I gene, was selected for all finther manipulations. DNA isolation, restriction enzyme
digestion, agarose gel electrophoresis, Southern blotting and hybridisation were performed as
described (Sambrook, 1990).

Chloramphenicol acetyltransferase assay

Mes] (Mummery, 1986) or Tera2 (Fogh, 1978} cells were cultured in a I:1 mixture of
Dutbecco’'s Minimal Essential Medium and Ham's F10 medium, supplemented with 7% fetal
calf serum, in 5% CO,. The cells were seeded at a density of 1x10° per 6 cm dish 16 hours prior
to transfection, Each dish was transfected with 5 pg of CAT-containing plasmid, and 1 pg of
RSV-LacZ, using the calcium phosphate precipitation procedure (Graham, 1973) Cells were
harvested 40-48 hours after transfection. Subsequently, whole cell extracts were prepared by
several freeze-thaw cycles. CAT activity and B-galactosidase activity were determined as

described (Gorman, 1982},
Mapping of DNAsel hypersensitive sites

Cultured MES1 or MES68 celis were washed twice with ice cold PBS, Cells were harvested and
resuspended in 800 pl of cold buffer A (10 mM HEPES pH 7.9; 10 mM KCI; 0.1 mM EDTA;
0.1 mM EGTA; | mM DTT; 0.5 mM PMSF) by gently pipetting up and down with a yellow tip.
Cells were allowed to swell on ice for 15 minutes, after which 50 pl of a 10% solution of
Nonidet NP-40 (Fluka) was added. The tube was vortexed vigorously for 15 seconds, and the
distuption menitored by examining a drop of the suspension under the microscope. Nuclei were
collecied by centrifugation for 30 seconds in a microcentrifuge at 4°C. Nuclei were resuspended
in cold buffer B (15 mM Tris.HC] pH 7.4, 60 mM KCl, 15 mM NaCl, 6.2 mM EDTA, 0.2 mM
EGTA and 5% glycerol, supplemented with 1 mM DTT, 0.15 mM spermine and 0.5 mM
spermidine just before use) at a concentration of 1x10® nuclei per ml. DNAsel treatment was
carried out in a total volume of 500 pl of buffer B containing 2.5x107 nuclei, 5 mM MgCl, and
DNAsel varying in amount from 0 to 400 units. The reactions were incubated on ice for 25
minutes, and stopped by adding 10 pl of 0.5 M EDTA, 12.5 pl of 20% SDS and 50 pl of a 10
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mg/ml Proteinase K solution, after which the mixture was further incubated ovemight at 37 °C.
After phenol/chloroform extraction the DNA was collected by isopropanol precipitation. The
DNA was dissolved in 200 p} TE and digested with EcoR |1 and Xhol, or with Stul. Restriction
fragments were resolved on a 0.8% agarose gel and blotted onto nylon membrane (Hybond,
Amersham}. The blots were hybridised to the probes indicated in Figure 1.

RESULTS
Isolation of a cosmid clone containing the complete CRABP-I gene,

Genomic sequences of the mouse CRABP-I gene have been cloned previously (Wei,
1990; Vaessen, 1991), but in order {o have larger stretches of genomic sequences from the
CRABP-I locus available for further experiments, we have screened a mouse genomic cosmid
library with a CRABP-I specific probe. We have isolated a number of overlapping cosmid
clones. Clone MLGLA appeared to contain the complete gene, which spans approximately 10
kb, as well as 20 kb of upstream sequences and 10 kb of sequences downstream of the fourth
and Jast exon of the gene, This clone was used for all further manipulations. A map of this
cosmid was constructed (Figure 1). The CRABP-T gene consists of four exons encoding 24, 59,
38 and 16 amino acids residues. The site for transcription initiation has been mapped previously
to the G residue 93 bases upstream from the ATG translation initiation codon (Wei, 1990). The
promoter region lacks TATA and CAAT-boxes but is GC-rich and contains 5 Spl binding sites
in the immediate upstream region.
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Fi g. 1: (A) Genomic map of the murine CRABP-I locus. The four exons of the gene are indicated as stippled boxes
1o IV. (B) Map of the cosmid MIgld, which was isofated from a mouse liver genomic library, The Notl restriction
sites are derived from the cosmid vector. The focation of the probes (HSS probes) that have been used in the
mapping of hypersensitive sites are indicated by the striped rectangles (#1 to #8) below the map. B=BssHIL, C=Clal,
E=FcoRI, BV=EcoRV, H=HindIIl, S=Sall, Sn=SnaBI, St=Stul {only Stul sitcs in the area of the gene have been
mapped), X=Xhol.
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CAT assays with CRABP-I promoter/CAT reporter constructs,

The P19 derived ceil line MES-1 (Mummery, 1986) and the human teratocarcinoma cell
line Tera2 (Fogh 1978) both show high levels of expression of the CRABP-I gene, whereas
another P19 derived cell line, END-2, does not express CRABP-I (Vaessen, 1989). To identify
the promoter sequences that regulate the expression of the gene we cloned several fragments
containing various CRABP-I upstream sequences in the vector pC1000CAT, which contains the
CRABP-I minimal promoter driving the chloramphenicot acetyl transferase (CAT) gene. This
vector, that was adapted from the vector pCAT-Enhancer (Promega), had been shown to be
unable o drive CAT activity by itself, but to induce CAT activity in the presence of the SV40
enhancer element (Vaessen, 1991). A number of constructs were generated and tested for CAT
activity in the MES-1 and Tera2 cell lines. The plasmid C3250-CAT contains 3.2 kb of
CRABP-] upstream sequences, including the minimal promoter.
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Fig, 2: CAT assays on the CRABP-I promoter region. (A} Schematic representation of the reporter plasmids used
in this study. The reporter gene is the bacterial Chloramphenicol Acetyl Transferase (CAT) gene. The upstream
region and the region around exons I and II of the murine CRABP-I gene is depicted at the top. Below this the
various CAT reporter constructs are shown. (B and C) CAT constructs with various CRABP-I promoter fragments
are unable to direct expression of the CA'T gene in the cell lines (BY MES-1, END-2 and (C) Tera-2. The cell lines
MES-1 and Tera-2 express CRABP-I at high level. The cell line BND-2 is negative for CRABP-I and was used as a
negative control. (B) Celi iysates from MES-I cells (2,4,6,8,10) and END-2 cells (1,3,5,7,9) transfected with CAT-
Enh (1,2), RSV-CAT (3,4), CI000CAT-Enh (5,6), CATC3250 (7,8) and CATCB000 (9,10). (C} Cell lysates from
Tera-2 cells transfected with CATCEZH (1), CATC1000 (2), CATC1000-Enh (3), CATC3250 (4), CATC8000 (5),
CATHH3200 (6), RSV-CAT (7), CAT-Enh (8).
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The plasmid C8000-CAT contains a further 5 kb of upstream sequences, creating a plasmid
containing over 8 kb of upstream sequences. The plasmid HE3200-CAT contains the HindIII-
EcoRI fragment of 3200 bp that contains 1000 bp upstream and 2200 bp downstream of the start
site of the gene cloned in front of C1000-CAT. pRSV-CAT was included in the experiments as
a positive control. The Rous Sarcoma Virus (RSV) long terminal repeat is known {o direct
accumuiation of high Ievels of functional mRNA in many eukaryotic cell types (Gorman, 1982).
pRSV-LacZ was included in each transfection to check that equal tranfection efficiencies were
achieved with each of the constructs. The results of one of these CAT assay experiments is
shown in Figure 2. CAT activity is clearly found in extracts of pRSV-CAT and CI1000-CAT-
Enhancer transfected cells. None of the other extracts contains a significant level of CAT
activity. This absence of CAT activity would seem to imply that the regulatory elements that are
important for the expression of the CRABP-I gene are not located within the region from -8000
to +2200 relative to the transcriptional start site of the gene. Alternatively it is possible that the
chromatin structure of the CRABP-I locus is important for the activity of the enhancer elements,
and in the transient transfection assays with the CAT reporter constructs that factor is not taken
into account,

DNAse I hypersensitive site mapping of the CRABP-I promoter region.

The chromatin structure of promoter and enhancer regions of actively transcribed genes
is often hypersensitive to DNAse I endonuclease, which reflects the accessibility of the DNA in
vive for inferaction with proteins, like transcription factors and nucleases (Gross, 1988). As an
alternative way to identify regulatory elements for the CRABP-I gene we have tried to map
DNAse I hypersensitive sites in the CRABP-I locus in MES-1 cells. MES-68 cells, which do
not express CRABP-I, were used as a negative control. Nuclei of these cells were incubated
with various amounts of DNAsel for a short period of time. DNA was exiracted, digested with
restriction enzymes and separated on agarose gels. Southern blots of these gels were hybridised
with various probe fragments covering the CRABP-I locus. The position of the probe fragments
is indicated in Figure 1. Using probe #1 a strong hypersensitive site can be detected in MES-1
cells, which maps to the transcriptional stast site of the gene. This hypersensitive site is absent in
the MES68 cell line {Figure 3). Probe #1 detects an EcoRI/Xhol fragment of 2250 bp, and an
EcoR1 fragment of 53500 bp. Due to a heterozygous Xhol polymorphism present in the DNA of
MES-1 and MES68 cells both of these bands show up as parent bands on the DNAsel
hypersensitive site mapping blots with EcoRI/Xhol digested DNA. A new band appears with
increasing DNAsel concentration in the MES-1 DNA samples, which has an estimated size of
3250 bp. The hypersensitive site responsible for the appeacance of this band maps to the
transcriptional start site of the gene. This is confirmed on the Stul blot hybridised with probe #2
where a smaller band of 7000 bp appears below the parent band of 7800 bp (Figure 3). No other
DNAsel hypersensitive sites were found with any of the other six probes. Using the same blots a
number of hypersensitive sites were identified in the QOct6 locus, both in the MES-1 and MES-
68 cells (Mandemakers, personal communication).
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Fig. 3: DNAse I hypersensilive site assays of the mouse CRABP-T gene on intact nuclei from the CRABP-I
positive ceff lino MES-1, and the CRABP-I negative cell line MES-68. The position of the probes used for (his study
is indicated in Fig. [. The DNAse I fade out blots were made by Southern blotling of EcoRI/Xhol or Swif digested
DNA isolated from DNAsel treated nuclei, and probed with prebe #1 or #2, The blots shown here show the only
significant hypersensitive site found, which is located at the transcriptional start site. Fragment sizes are indicated on
the right.

Discussion

We have isolated a number of clones containing CRABP-I from a mouse genomic
cosmid library and used one of these to compose a detailed map of the mouse CRABP-I locus.
This map is in agreement with previous data (Wei, 1990; Vaessen, 1991), The promoter region
of the mouse CRABP-I gene lacks a TATA-box, but is very GC rich, Five copies of the Spi
binding site sequence GGGCGG or CCGCCC (Kadonaga, 1986) are present immediately
upstream of the transcriptional start site of the gene. It had been shown previously that a 1 kb
fragment containing these immediate upstream promoter sequences cloned in a CAT reporter
gene construct and transfected into MES-1 celis, could not produce detectable levels of CAT
activity. When an additional enhancer element, the SV40 enhancer, was inserted into the CAT
reporter gene construct, the resulting construct exhibited clear stimulation of CAT expression.
These results indicated that the 1 kb genomic fragment containing the CRABP-I promater
region contains minimal promoter activity, but that this minimal promoter is by itself
insufficient to drive expression of the CAT gene. It is apparent that additional enhancer
elements are required. To identify and locate these putative enhancer clements we have
constructed an additional set of CAT reporter gene constructs, covering the region from -8800 to
+2250 bp relative to the transcriptional start site of the gene. CAT activity of these constructs
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was assayed in the highly CRABP expressing cell fines MES-1 and NTeraZ, None of the
constructs appeared to exhibit CAT activity, whereas the positive controls pRSV-CAT and
pCI000CAT-Enh clearly showed expression of the CAT gene. These results would seem to
indicate that the putative CRABP-I enhancer elements are located outside of the investigated
region, But the absence of stimulatory effects on the transiently transfected CAT reporter gene
constructs may also reflect the importance of the local chromatin structure in the regulation of
the CRABP-I gene.

As an alternative means to identify and locate the putative enhancer elements we have
tried to map DNAsel hypersensitive sites in the CRABP-I locus. DNAse I hypersensitive sites
are often found at the promoter and enhancer regions of actively transcribed genes, because a
more open chromatin structure is present at these sites in the DNA in vivo, due to, or required
for, the binding of transcription factors (Gross, 1988). Only one significantly strong
hypersensitive site could be detected in MES-1 cells. This hypersensitive site maps to the trans-
criptional start site of the gene. In the MES68 cell line, which does not express CRABP-I, this
site is not present. Thus the presence of the DNAsel hypersensitive site at the transcriptional
start site of the gene correlates well with its transcriptional status, at least in these two cell lines.
The same blots were used to identify a number of hypersensitive sites in the Oct6 locus (Mande-
makers, personal communication), indicating that the blots were fit for the detection of
hypersensitive sites, However, we were unable to detect other DNAsel hypersensitive sites in

the CRABP-I locus.
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Regulation of the CRABP-I gene during mouse embryogenesis.

Part of this chapter has been published in:

Dirk A, Kleinjan®, Sylvia Dekker, Marie-Josée Vaessen and Frank Grosveld", Regulation
of the CRABP-T gene during mouse embryogenesis. (1997); Mechanisms of Development 67,
157-169.

Summary

The Cellular Retinoic Acid Binding Protein type I (CRABP-I) shows a highly specific
expression patiern during mouse embryonic development, The tissues that express CRABP-,
i.e. the central nervous system (CNS), neural crest, branchial arches, limb bud and frontonasal
mass, coincide with those that are most sensitive to unphysiclogical retinoic acid (RA)
concentrations. We have investigated the transcriptional elements that are responsible for the
spatiotemporal specific reguiation of CRABP-I expression in the mouse embryo. To identify the
regulatory regions of the gene we have inserted a Myc epitope tag into the coding sequence of
the gene and used this tag as a reporter fo study the expression patterns of the transgenes, This
strategy was chosen so that we altered the endogenous situation of the gene as little as possible
in our transgenic constructs, while at the same time this would allow the use of the same
constructs to generate mice with overexpression of CRABP-Funder control of its own regulatory
sequences, We show here that a 16 kb fragment surrounding the gene harbours all the elements
needed for the correct spatiotemporal expression pattern. Upon further dissection of this
fragment we found that expression in the CNS is driven by elements in the upstream region of
the gene, while expression in mesenchymal and neural crest tissue is regulated via element(s)
located downstream of exon H of the gene. Thus, distinct enhancers are involved in the
transcriptional regulation of the CRABP-I gene in different tissues of the developing mouse
embryo. Two of the transgenic lines generated in this study show spatiofemporatly specific
overexpression of the tagged protein, We show that the presence of the epitope-tag sequences
does not interfere with the RA binding capacity of the tagged CRABP, However, mice from
both of these lines are apparently normal under normal laboratory conditions.

Key words: CRABP-], transcriptionat regulation, transgenic mice.

Introduciion

Retinoic acid (RA), a naturally occuring metabolite of vitamin A, plays a vital role in normal
physiology of vertebrates, Maintainance of physiological levels of RA is important for correct
embryonic development since both excess and deficiency of RA result in a spectrum of
congenital malformations (Wilson, 1953; Kochhar, 1967). Under normal conditions RA is
believed to be involved in the anterior-posterior patterning of the embryo, including the central
nervous system (CNS) (Means, 1995).
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The profound effects of RA on biological systems are mediated through two classes of
proteins: the retinoic acid receptors (RARs and RXRs) and the cellufar retinoic acid binding
proteins (CRABPs). The RARs/RXRs are ligand inducible nuclear receptors, belonging to the
steroid/thyroid hormone receptor superfamily (Mangelsdorf, 1995; Chambon, 1996). They
regulate gene expression through binding as heterodimers to specific DNA sequences, RA
response elements (RAREs), contained in the regulatory regions of responsive genes. Within
each receptor family (RAR or RXR) three different genes have been identified, each giving rise
to multiple isoforms (Leid, 1992). The CRABPs are smail intracetlular proteins that bind RA
with high affinity. Two highly homologous but different CRABP genes (CRABP-I and CRABP-
II} have been cloned in a number of species. They appear to be highly conserved through
vertebrate evolution. Bach CRABP specifically binds RA, with a higher affinity than the RARs,
The RA binding affinity of CRABP-1 is four fold higher than that of CRABP-II (Norris, 1994;
Napoli, 1995}. They are likely to have a role in regulating the availability of RA to the nuclear
receptors, but their exact function remains to be demonstrated,

CRABP-I shows a spatiotemporally specific expression pattern during embryonic
development, with expression found in the central nervous system {CNS}, the neural crest, the
dorsal root ganglia, the limb bud and the frontonasal mass (Ruberte, 1991; Ruberte, 1992; Lyn,
1994; Horton, 1995). In the limb bud a graded distribution of CRABP has been found along the
proximo/distal axis. Some authors have also observed a gradient along the anterior/posterior
(A/P) axis of the Himb (Maden, 1988; Perez-Castro, 1989), but the presence of an A/P gradient
was not found by others (Dolle, 1989; Ruberte, 1992}, In the CNS the protein is expressed in the
outer layer of the midbrain roof, in the hindbrain and in the mantle layer of the spinal cord.
Interestingly these sites of expression coincide with the structures that are most sensitive to RA
excess (Vaessen, 1990)., Both CRABP-l and CRABP-I/CRABP-H deficient mice have been
generated (de Bruijn, 1994; Gorry, 1994; Lampron, 1995), but as yet no abnormal phenotype has
been observed in these mice. It has been suggested that the function of CRABP-I may only
become apparent under conditions of RA deficiency, when it could preferentially sequester RA
in those tissues that are critically dependent on the availability of the ligand (Lampron, 1995).
Overexpression of the protein in F9 cells (Boylan, 1991) and ectopic expression of the protein
under control of a heterologous promoter in transgenic mice (Wei, 1991; Perez-Castro, 1993)
have both been showsn to interfere with normal cellular differentiation. Overexpression of
CRABP (xCRABP)} in Xenopus was found to cause anteroposterior defeets in developing
embryos (Dekker, 1994). Thus, while the knock-out of CRABP-I did not reveal its function,
overexpression of the protein may give some indication of its role in embryonic development.
Knowledge of the regulatory elements would open the possibility to overexpress CRABP-I
within its endogenous expression domain, or in specific subdomains thereof, and provides a
means to characterise the transcription factors that play a role in early neural and neural crest
development,

We show here that a 16 kb construct, GCTag, is able to regenerate the complete expression
pattern of endogenous CRABP-I, Deletional analysis of this construct reveaied that the
expression pattern of the transgenic CRABP can be split into two domains: a neural and a
mesenchymal/neural crest componeni. Expression in the mesenchymal/neural crest domain is
driven by element(s) located downstream of exon II of the gene. Furthermore we have generated
two fransgenic lines which overexpress CRABP within its own expression domain. Mice from
both lines appear normal under normal laboratory conditions.
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Materials and Methods

Constructs

A 5500bp genomic EcoRI fragment containing exons I and H of the murine CRABP-I gene
was subcloned, and the C at position +4 of the coding sequence was changed to a G by site-
directed mutagenesis, thus creating an Ncol site at the translational start site, A 30 bp sequence
coding for a 10 amino acid c-myc derived tag (Evan, 1985) was cloned into this site, to create
pDITag. Addition of the 3' end of the gene to pDITag resuited in pGCTag (see Fig.1). The
microinjection fragments GCTag and XHTag were isolated from this plasmid. The cosmid
Md4Tag was created by adding 5’ and 3' flanking regions back to GCTag. pECTag was
constructed by linking the ¢DNA sequences for exons ILTH and TV in frame to exon IT of
pDJTag. The microinjection fragments ECTag, SCTag and XCTag were all derived from this
plasmid.

Transgenic mice production and processing of the embryos

Microinjection was performed according to standard procedures (Hogan, 1994). Transgenic
mice and embryos were identified by Southern blot analysis. Embryos were collected at
midgestational stages. For detection of Myc-tagged CRABP-I the embryos were washed in PBS
(Phosphate Buffered Saline) and fixed for 1 hour in 35% methanol, 35% acetone, 5% acetic
acid. For staining with X-gal, embryos were fixed in 1% formaldehyde, 0.2% glutaraldehyde, 2
mM MgCly,, 5 mM ethylene glycol-bis(beta-aminoethyl ether) N,N,N',N'-tetraacetic acid
(EGTA), 0.02% Nonidet P-40 (NP-40),

Analysis of the embryos

After fixation, transgenic embryos containing the Mye-tag were dehydrated, embedded in
paraffin and sectioned. After rehydration throngh ethanol/xylene, aspecific binding was blocked
by pre-incubating the sections in PBS/Tween20 containing 2% NGS (normal goat serum). To
eliminate endogenous peroxidase activity the sections were preincubated with 0.3% H,0,; in
PBS. The sections were incubated overnight at 4°C with primary antibodies against CRABP-1 or
the Myc epitope in a 1:100 dilution in PBS containing [% BSA and 0.05% Tween20. The
sections that were incubated with the CRABP-I antibody were then incubated with a 1:100
dilution of peroxidase conjugated swine anti-rabbit antibody for three hours, Next the sections
were exposed to 0.04% diaminobenzidine tetrahydrochloride (DAB) in 0.05 M Tris-maleate
buffer (pH 7.6) with 0.006% H,O,. The Myc-epitope antibody incubated sections were
incubated with an alkaline phosphatase conjugated goat anti-mouse antibody and then exposed
to nitro blue tetrazolivm chloride/5-bromo-4-chloro-3-indolyt phosphate (NBT/BCIP). Finally,
the stained sections were dehydrated and mounted.

Embryos transgenic for LacZ constructs were stained for several hours or overnight at 37°C
in the dark in a solution containing 5 mM K3Fe{CN);, 5 mM K Fe(CN)s.3H,0, 2 mM MgCl,,
0.01% sodiumdeoxycholate, 0.02% NP40 and 0.1% 5-bromo-4-chloro-3-indolyl-8-D-galacto-
pyranoside (Xgal).

Western blot analysis
To test whether our CRABP-I antibody and the monoclonal antibody against the Myc

epitope tag would effectively recognise the CRABP-Tag protein we performed a Western blot.
CRABP-T and CRABP-Tag cDNAs were cloned under the control of the CMV promoter in the
vector pSCT-G-X556 (Rusconi 1990), resulting in the constructs CMV-CRABP-I and CMV-
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CRABP-Tag. These constructs, as well as the parent vector pSCT-G-X556, were transfecied
into COS7 cells by a DEAE/dextran procedure (Sambrook, 1989). Cells were harvested after 48
hours and lysed in sample buffer for Western blotting. Proteins were separated on a 15%
polyacrylamide gel containing 0.1% SDS, and then blotted on to 0.45 pm polyvinylidene
difluoride (PVDF) membrane (Immobiion-P, Millipore Corporation). Aspecific binding was
blocked by incubation of the membrane in phosphate buffered saline (PBS) containing 2%
bovine serumn albumin (BSA, Sigma) and 5% non-fat dricd milk. They were incubated overnight
at 4° C with the three antisera (each diluted 1:200 for each of the three antisera). After washing
in PBS-Tween, the strips were incubated with a 1:200 dilution of horse-radish peroxidase
conjugated anti-rabbit [pG (Sigma) in PBS-Tween for 3 hours at roomtemperature. After
washing as above, antibody binding was detected using 0.43 mg/ml diaminobenzidine (DAB)
and 0.018% H»O; as substratum.

RA hinding assay

COS cell transfections were done with CMV-CRABP-1, CMV-CRABP-Tag and the
parent vector pSCT-G-X536 as described above. Cells were harvested after 48 hours and whole
cell extracts were made from transfected cells as well as untransfected COS cells, END2 cells
and MES] cells (Mummery, 1987). 20 pmol of [} 1,12-3H}—retin0ic acid {(NEN products} was
added to each protein sample in a fotal volume of 100 pl and incubated in the dark on ice for 6
hours. For competition, 10 fold or 100 fold excess of unabeled retinoic acid (Sigma) was added
to the sample. To remove unbound [11,12-*H} RA, each sample was mixed with 400 pl of
dextran-charcoal suspension, consisting of 0.8& charcoal, 0,08% dextran T70, 0.25 M sucrose,
I mM EDTA, 10 mM Tris.HCI (pH 7.5) for 30 minutes, and then centrifuged at 5000 rpm for
20 minutes at 4°C. After centrifugation, a sample was taken from the supernatant and the
amount of radioactivity was determined in a scintillation counter.

RNA isolation and S1 analysis
Isolation of RNA from the transgenic mice used in this study was done as follows.

Pregnant females were sacrificed at 11.5 days of gestation and embryos were collected.
Transgenic embryos and non-transgenic littermates were identified by Southern blotting. Copy
numbers were determined by comparison of the endogenous CRABP-I signal and the signal of
the transgenic CRABP-Tag. Whole embryos were homogenised in 2 ml of 6 M Urea, 3 M LiCl
for approximately 40 seconds and sonicated for 1 minute. RNA was allowed to precipitate
overnight at 4°C and collected by centrifugation at 10g for 30 minutes at 4°C, Pellets were
washed once in the same solution, dissolved in 10mM Tris HCI (pH 7.5), 0,5% SDS,
phenol/chloroforn extracted and ethanol precipitated,

CRABP-I and CRABP-Tag RNAs were analysed by S1 nuclease protection assay.
Probes were generated from the N-terminal region of the gene in such a way that the protected
fragments derived from CRABP-I and CRABP-Tag RNA are distinguished by size. A probe for
mouse B-actin was included as loading control. The probes were end-labelled with T4
polynucleotide kinase. 25 ng of labelled probe was hybridised to 10 pg of total embryo RNA in
a total volume of 15 ul of 40 mM Pipes (pH 6.4), 400 mM NaCli, 1| mM EDTA and 30%
formamide for 16 hours at 56°C. Samples were digested for 2 hours at 25°C with 100 units of S1
nuclease (Boehringer) in 250 [l of 200 mM NaCl, 30 mM NaOAc (pH 4.5}, 2 mM ZnSO4. The
protected DNA was phenol/chloroform extracted, ethanol precipitated and loaded on a 6% urea-
polyacrylamide gel. After electrophoresis the gel was dried, and scanned on a Phospholmager
using TmageQuant software (Molecuiar Dynamics).
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Fig. 1. A Genomic locus of murine CRABP-1. Black boxes indicate the four exons of the gene. B Fragments used
to generate Wransgenic mice. Al fragments contain the complete CRABP-I coding sequences, into which an epitope
tag, derived from human c-Myc, has been inserted. M4Tag contains 20 kb upsiream sequences and 20 kb
downstream. The 16 kb fragment GCTag contains 3.2 kb upstreamn sequences and 13 kb downstream, XHTag has
1.1 kb upstream sequences and 13 kb downstream. ECTag contains 3.2 kb upstream scquences and is fused in exon
IT to the CRABP-I ¢DNA. SCTag and XCTag are derived from ECTag, and contain 1.7 kb and 1.0 kb of the
upstream region respectively, The table on the right side indicates the expression of the different constructs in
transgenic mice. The first column is the number of transgenic mice, the second columa the number of mice that
express the transgene, and the third column indicates the site of expression. N indicates expression in the neural
subdomain of CRABP-I expressing cells, M+NC indicates expression in neural crest cells and the mesenchymat
subdomain of CRABP-1 expressing cells.

Results
To define the genomic sequences that direct the expression of the CRABP-I gene in the

mouse embryo we have generated a number of genomic reporter constiucts from the CRABP-I
locus and analysed their expression patterns in transgenic founder embryos and transgenic lines
at various developmental stages. The constructs used for micro-injection in this study are
itlustrated in Fig. 1. In order to preserve the genomic organisation of the locus as much as
possible the transgenic construcls consist of fragments from the murine CRABP-I locus
containing the complete CRABP-I coding region. To distinguish between expression of the
teansgene and the endogenous CRABP-I, the transgenic CRABP has been marked with an
epitope tag derived from the human c-myc proto-oncogene (Evan , 1985). Using site-directed
mutagenesis an Ncol restriction site was created at the translational start site of the CRABP-I

gene, into which the Myc epitope tag was cloned. Constructs containing this tagged CRABP-1,
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hereafter referred to as CRABP-Tag, were microinjected into mouse oocytes, Embryos that were
identified as transgenic by Southern blotting were embedded, sectioned and stained for CRABP-
T and for the Myc-tag,

A 16 kb fragment GCTag can regenerate the CRABP-I expression pattern

The cosmid construct M4Tag contains 40 kb of the CRABP-I locus, of which 20 kb are
located upstream of the CRABP-I start-site. Five independent lines were obtained that were
transgenic for this construct. Two out of five lines did not show expression of the fransgene,
probably due to integration in an area of the mouse genome that is transcriptionally silent.
Injection of the 16 kb fragment GCTag, with 3.2 kb upstream sequences and 13 kb downstream
sequences yielded seven independent transgenic animals, Four were bred as lines and three were
isolated as founder embryos, Of the founder embryos two did not express the fransgene, The
expression patterns of the transgenes M4Tag and GCTag were essentially identical. The
expression patterns of CRABP-Tag in the expressing lines were analysed in embryos at
midgestational stages, Expression of CRABP-Tag in these embryos was found in the central
nervous system, the iimb buds, the mesenchyme in the mesonephric area, and in the frontonasal
mass (Fig. 2A-D). In the CNS staining for CRABP-Tag is found in the outer layer of the
midbrain, in the hindbrain and the mantle layer of the spinal cord. In a 10.5 day p.c. embryo
staining is found in the outer layer of the hindbrain and throughout the thickness of
rhombomeres 2, 4, 5 and 6, while being absent from rhombomeres 1 and 3 (Fig, 2C), as has
been found for endogenous CRABP-I (Maden , 1992; Leonard , 1995). At later stages CRABP-
Tag staining in the hindbrain is only found in the outer layer. Migrating neural crest cells on
either side of the spinal cord, and the neural crest derived dorsal root ganglia are also positive
for CRABP-Tag (Fig. 3A,B). In the limb buds of day 10.5 p.c. embryos CRABP-Tag staining is
found in a graded manner with the highest levels found at the distal end (Fig. 2D). We found no
consistent evidence for a graded distribution along the anteroposterior axis. At 13.5 days
CRABP-Tag protein is found in the proximal interdigital region in the cells surrounding the
cartilaginous condensations (not shown). In addition to this we find expression in the otic
vesicle (Fig, 2B,D). CRABP-I is expressed in the mesenchyme in the branchial arches of 9.5
d.p.c. embryos, with weak expression in the first arch and slightly stronger expression in the
second and third arch, and disappears around 10.5 d.p.c.. We do not normally detect CRABP-I
staining with our CRABP-1 antibody in 10.5 d.p.c. embryos, except after prolonged stainings. In
some of the transgenic lines weak expression is seen in the branchial arches of 9.5 - 10 d.p.c.
embryos, but no expression was found in 10.5 d.p.c. and older embryos. The overall pattern of
expression is consistent with the endogenous expression patiern of CRABP-L These results
show that the 16 kb fragment GCTag contains all the elements required for the correct
regufation of CRABP-I expression during mouse embryogenesis.

The CRABP-I expression pattern can be divided into a neural and a mesenchymal/neural
crest component

In order to further localise the elements regulating CRABP-I expression we made the
constructs ECTag, XHTag, SCTag and XCTag (see Fig.1}. ECTag is a hybrid genomic/cDNA
construct, containing 3 kb of 5' sequences, the first exon containing the Myec-tag, the first intron,
and the cDNA sequences of exons 2, 3 and 4. This fragment was injected to determine the
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Fig. 2. Immunohistochemical analysis of GCTag, XHTag and ECTag transgenic mouse embryos at 10.5 days p.c..
Sections were incubated with an antibody against CRABP-I and stained with DAB (A,B,H), or with a monoctonal
antibody against the Myc epitope tag and stained with BCIP/NBT (B,C,D,F,G,I). Sections of transgenic embryos
with construct GCTag, The full CRABP-I expression pattern is reproduced by the transgene, with expression found
in the midbrain, hindbrain, spinal cord, dorsal root ganglia, limb bud and [rontonasal mesenchyme (A,B,C,D).
Rhombomere specific staining is seen at low level in thombomere 2 and at higher level in thombomeres 4, 5 and 6
{C). Staining in the limb bud shows a gradient along the proximo/distal axis with highest levels of staining found a1
the distal ends {(I2,G). Sections of a transgenic embryo carrying construct XHTag, Myc-tag staining is found in
mesenchymal and neural crest tissue, but not in neural tissue. The lack of transgene expression in the midbrain is
evident (B,F,G). Transgene expression in an XHTag embryo shows the expression in the neuwral crest and the
proxitno/distal gradient in the limb bud (G). Sections of an embryo from an ECTag transgenic line (H,I). The
ransgene (1) is expressed only in neurai cells that form a subset of the CRABP-I expressing cells (H). FB, forebrain;
MB, midbrain; HB, hindbrain; H, heart; FINM, frontenasal mesenchyme; LB, limb bud; DR, dorsal root ganglia;
NC, neural crest,

presence of regulatory sequences in the 5' region of the gene. Six out of seven ECTag lines
showed expression of the transgene, but expression was found only in the midbrain, the
hindbrain and the ventral aspect of the mantle {ayer of the spinal cord, i.c. the neural tissues that
express CRABP-I (Fig. 21,1 and 3E,F). None showed expression in any of the other CRABP-1
expression sites. None of 8 SCTag and XCTag lines, which contain 1.7 and 1.0 kb of upstream
sequences, the tagged exon 1, intron 1, and exons 2, 3 and 4 from the cDNA expressed. Thus the
minimal promoter region is insufficient to direct expression without the upstream sequences
between EcoRI and Xhol, containing the putative controi eiements for expression in neuvral
tissue,
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The construct XHTag was designed to test whether intragenic or 3' sequences are involved
in regulation of CRABP-I expression. It starts at the Xhol site { kb upstream of the CRABP-I
gene and ends at the HindIIl site 2 kb after the fourth exon. In comparison to GCTag it lacks 2
kb of 5* sequences, but still contains all the exons and introns. Four out of five lines expressed
the transgene. Strikingly, the pattern of expression of XHTag is complementary to the one found
with ECTag, and includes the limb bud, migrating neural crest cells, dorsal root ganglia, otic
vesicle, mesenchyme in the mesonephric area, and cells in the dorsal aspect of the spinat cord
(Fig. 2E,£,G and 3C,D). The latter are cells that are believed to have retained the potency to
form neural crest (LeDouarin, 1982; Bronner-Fraser and Fraser, 1988). The limb buds of
XHTag mice also show a proximo/distal gradient of CRABP-Tag with the highest expression
distally (Fig. 2G).

Fig. 3. Expression patterns of tagged
CRABP-I in the spinal cord of 10.5
days pe. embryos. Sections were
incubated with a CRABP-I antibody
and stained with DAB (A,CE)} or
incubated with a Myc-tag antibody and
stained with BCIPNBT (B,D,F).
GCTag transgenic embryos show
expression in the mantle fayer of the
spinal cord, in the dorsal root ganglia
and in the neural crest cells migrating
on either side of the spinal cord (A,B).
XHTag containing embryos express
the transgene in the dorsal aspect of the
spinaf cord and in the migrating neural
crest cells (C,D), while ECTag
transgenic  embryos express Lhe
transgene in the mantle layer of the
spinal cord excepl in the dorsal most
portion (B,F). DR, dorsal root
ganglion, NC, neural crest cells, NT,
neural tube, ML, mantle layer.

The pattern seen with GCTag can be reconstructed by overlaying the expression patterns
of ECTag and XHTag, This shows that the CRABP-I gene is regulated via at feast two
independent enhancer regions, one region responsible for the neural component of its
expression, located upstream of the gene, and one for its mesenchymal/neural crest component,
located downstream from exon IL

Overexpression of CRABP-Tag in fransgenic mice

Our other objective with using the genomic CRABP-I locus containing the complete
coding sequences of the gene to generate transgenic mtice was the overproduction of CRABP in
those mice, The sole difference between CRABP-I and CRABP-Tag is the presence of the 10
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amino acid peptide sequence used as the epitope tag. We first investigated whether the presence
of this epitope would interfere with CRABP-I function. We have performed an RA binding
assay, and compared the RA binding ability of the tagged form of CRABP, referred to as
CRABP-Tag, with the wildtype form of CRABP-1. For this purpose we have cloned the Myc
cpitope tag in the cDNA of CRABP-I at the same N-terminal position of the coding sequence as
was used in the genomic constructs for the production of transgenic mice, resulting in a
CRABP-Tag cDNA. Both the CRABP-I and CRABP-Tag cDNAs were then inseried into the
expression vector pCMV-G-X556 (Rusconi, 1990), and transfected into COS-7 cells, Cell
lysates were made 48 hours after transfection. Cell lysates of the CRABP-I expressing MES-1
and the non-expressing END-2 cell lines were used as controls. The expression from the
CRABP-I and CRABP-Tag expression constructs was assayed by Western blot (not shown).
CRABP-I runs as a 15 kD band on the blot incubated with the CRABP-I antibody, while
CRABP-Tag runs as a 18 kD due fo the presence of the additional amino acid residues of the
Myc epitope. The RA binding abilities of the COS cell expressed CRABP-1 and CRABP-Tag
proteins were then compared in an ir vifro RA binding assay (figure 4). An aliquot of the cell
lysates was incubated with radioactively labeled [11,12 H] RA for several hours in the dark, in
the presence or absence of excess unlabeled RA, After removal of excess labeled RA, CRABP
bound radioactivity was measured in a scintillation counter. The results presented in fig. 4 show
that the RA binding capacity of CRABP-Tag is nearly identical to that of CRABP-I, indicating
that the presence of the epitope tag does not interfere with the RA binding function of CRABP-I.
Unlabeted RA can effectively compete with 1aheled {11,12 *HIRA, showing that the binding of
RA is specific and indicative of the RA binding capacity of the lysates.

The complete expression pattern of CRABP-I is reconstituted in transgenic mice that
express the constructs M4Tag and GCTag. To determine the level of expression of CRABP-I
and CRABP-Tag in these animals we have performed S1 analyses on embryos isolated from the
various transgenic lines (figure 5). Total RNA was isolated from whole embryos at 10.5 days
p.c. and hybridized to the probes depicted in fig. SA. The exon I probe is derived from a
construct in which the upstream region of CRABP-I is linked to the CRABP-Tag ¢cDNA, termed
pSalcDNATag. The probe contains the N-terminal sequence of the construct and discriminates
between CRABP-I transcripts and CRABP-Tag transcripts. Hybridisation of the exon I probe
with CRABP-Tag gives a protected fragment of 210 basepairs, while hybridisation to the
wildtype CRABP-I gives a 90 basepair protected fragment. The exon II probe is derived from
the construct ECTag and generates protected fragments of equal length of 150 basepairs with
both CRABP-1 and CRABP-Tag mRNA. A mouse B-actin probe was included in all samples as
a contirol for the presence of equal amounts of RNA in the samples. The result from a typical S1
analysis is shown in fig. 5. The transgenic lines GCtag7 and M4Tag9 express CRABP-Tag at a
level that is below the endogenous CRABP expression level. The same result was found for the
lines GCTag5, GCTagl2 and M4Tagl (not shown). The lines GCTag3 and M4Tag4 however
show a clear overexpression of CRABP-Tag. The total level of expression in both these lines is
estimated at 3 to 5 times the level of expression of the endogenous CRABP-1. The presence of
high levels of the transgene does not result in a downregulation of endogenous CRABP-], as the
tevel of CRABP-1is approximately equal in wildtype, GCTag3 and M4Tag4 embryos.

Mice from these lines have been under observation for more than 12 months. No
apparent abnormal phenotype could be detected in either the GCTag3 or the Md4Tag4 lines.
Transgenic embryos, isofated between 9.5 days p.c. and 14.5 days p.c., do not show any
apparent developmental malformations. Thus overexpression of CRABP appears not to have an
adverse effect on these mice under normal laboratory conditions. Experiments in which the mice
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are subjected to vitamin A deficiency or excess will have to reveal the putative function of
CRABP-{ in a situation of vitamin A stress.

A) {3H]RA (cpm)l[3H]RA+ [3H]RA+' B) D graa ¢ 1000
10*RA | 1000*RA ' '
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CMV-CRABP1 214193 | 105582 | 57121

CMV-CRABP-Tag| 187402 97602 | 60.594

Cos-7 68.636 57501 | 50.810 Cuvcuaur

CUV-CAABS ey [

o 160 203 300
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Figure 4: Retinoic acid binding assay. Cell lysates from COS-7 cells ransfected with expression consiructs for
CRABP-1, CRABP-Tag or the parent vector, as well as untransfected COS-7, MES-1 (CRABP positive) and END-2
(CRABP negative) cells were incubated with radioactively labeled RA, in the presence or absence of excess
unlabeled RA. After removal of unbound RA, the amount of radioactivity present in a fraction of the incubation
mixture was counted {A). Bar diagram of the resulis (B,

Discussion

The CRABP-I gene shows a specific expression pattern during embryonic development.
As retinoic acid is critically involved in pattern formation of vertebrate embryos, the
spatiotemporally restricted expression of CRABP-I suggests it may be involved in controlling
the level of RA in different tissues of the embryo, An understanding of the factors that control
expression of CRABP may provide further insight into the mechanisms of RA signal
transduction during embryogenesis. Furthermore, identification of the cis-acting elements would
allow manipulation of CRABP-I levels or related proteins in specific tissues in the embryo, We
have therefore investigated the molecular mechanisms that are involved in the regulation of
CRABP expression in transgenic mice. We show here that multiple sets of enhancer elements
are employed by the gene. The complete spatial and temporal expression pattern of the gene was
reproduced in transgenic mice with the 40 kb cosmid Md4Tag, which contains the complete
CRABP-I coding region plus an inserted epitope tag. The same expression pattern was also
found in mice transgenic for the 16 kb construct GCTag, containing the complete coding region
of the gene, including intragenic sequences, as well as 3 kb of upstream and 2 kb of downstream
seqguences. The CRABP-Tag transgene is expressed from these constructs in the outer layer of
the midbrain, the hindbrain and the mantle layer of the spinal cord, in newral crest, limb buds, in
the mesonephric mesenchyme, and in the frontonasal mass, i.e. all known CRARBP-I expression
sites in the embryo.
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Fipure 5: St analysis of the levels of CRABP-] and CRABP-Tag in transgenic embryos. (A) Schematic
representation of the probes used for the S1 analysis. The exon I probe was derved from the construct
pSalcDNATag (top line), in which the CRABP upstream region is linked to the ¢cDNA in exon I. CRABP-I mRNA
gives rise to a protected fragmeni of 90 basepairs afler hybridisation and S1 digestion, while CRABP-Tag mRNA,
due to the presence of the Myc-1ag sequences int the probe, gives & 210 basepair protected fragment. Hybridisation
with the exon IF probe, derived from pHCTag (botlom line), gives the same band of 150 basepairs with both
CRABP-I and CRABP-Tag mRNA, and is indicative of the total level of CRABP present. The §-actin probe is used
as an internal controf to correct for different levels of RNA between the lanes, (B} S1 gel, showing the
overexpression of CRABP-Tag in the transgenic lines M4Tagd and GCTag3. M=marker; 1, tRNA centrol; 2,
wildtype 3x probe; 3, GCTag?; 4, MdTagd; 5, Md4Tag9; 6, wildtype; 7, GCTagd heterozygote; 8, GCTagl
homozygote. The position of the CRABP-I, CRABP-Tag and 8-actin protected fragments is indicated,
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In the limb bud we observe a proximo/distal gradient of the transgene with highest
expression levels found distally, consistent with the expression observed by others (Dolle,
1989). However the existence of an anterior/posterior gradient is less clear. A gradient with the
highest ievel anteriorly has been reported by some (Maden , 1988; Perez-Castro , 1989), while
the absence of a gradient has been reported by others (Dolle , 1989; Ruberte , 1992}, Our resulis
support the observations of Dolle and Rubetrte since we did not find consistent evidence for an
antero/posterior gradient in the limb bud.

In some of the transgenic lines with M4Tag and GCTag expression of the transgene
could not be detected in the frontonasal mass. These lines were shown by S1 analysis to have an
overall low level of expression of the transgene compared to the endogenous gene (data not
shown), and thus the expression in the frontonasal mass probably remained below detection
level in those lines. In the lines that exhibit a high level of CRABP-Tag expression relative to
the endogenous CRABP-1 a clear expression of the transgene was found in the frontonasal mass.
In all lines with M4Tag and GCTag the level of expression was lower than would be expected
from the copy number of the transgene. This suggests the presence of an additional regulatory
element that is involved in controling the level of expression.

Clearly the proximal promoter region of CRABP-I alone, as represented by the
constructs XCTag or SCTag, is insufficient to drive expression of the gene, In summary, we
conclude that all the cis-acting elements required for the regulation of the correct spatio-
temporal expression of CRABP-I are located within a 16 kb fragment GCTag.

Distinet enhancers drive the expression of CRABP-1 in neural and in mesenchymal/neural
crest fissue

Further dissection of the construct GCTag revealed that the tissues that express CRABP-1
during mouse embryonic development can be divided into two groups, Different sets of
enhancers are used to drive the expression of CRABP-I in these tissues. Constructs containing
the upstream region of GCTag, but lacking most downstream sequences, i.e. ECTag, show
expression of the transgene in a neural subdomain of the CRABP-I expression sites. Constructs
with the downstream region from GCTag, but lacking an upstream fragment, i.e. XHTag, drive
expression of CRABP-Tag in a subdomain of CRABP-T which contains mesenchymal and
neural crest cells. Expression of CRABP-I in the latter group, which contains neural crest cells,
including those of the dorsal root ganghia and in the otic vesicle, and the mesenchyme in the
mesonephric area and the limb bud, is apparently regulated via enhancer(s) located downstream
of the second exon of the gene, as these cells express CRABP-Tag from the construct XHTag,
but not from ECTag. Their identification in the future may provide a useful teol in the study of
the development of the {imb bud and neural crest.

The second group of cells that express CRABP-I during murine development is formed by
the cells in the outer layer of the midbrain, the hindbrain and the ventral part of the mantle layer
of the spinal cord. These cells show expression of the transgene in mice containing the construct
ECTag. This neural CRABP-1 enhancer must thus be localised in the 2 kb EcoRI/Xhol upstream
fragment from -3200 to -1100 relative to the gene.

Overexpression of CRABP-Tag does not create an apparent phenotype.

Maintainance of physiological levels of RA is important for correct embryonic
development. The CRABPs may serve a role in regulating the intracellular levels of RA in
particular embryonic fissues, but their exact role is still unclear. The expression pattern of
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CRABP-I in the embryo coincides with the structures that are most sensitive to RA excess
(Vaessen, 1990), Whether this correlation of CRABP expression with the RA sensitive tissues is
coincidental, or whether CRABP-I serves a role in the RA signalling mechanisms remains to be
shown, Both CRABP-I and CRABP-I/CRABP-II deficient mice have been generated (De Bruin,
1994; Gorry, 1994; Lampron, 1995), but no apparent phenotype could be detected in these mice.
Challenging these mice with RA stress conditions did not reveal any difference between normal
and CRABP deficient mice (Larmpron, 1995).

Since no apparent phenotype could be detected upon the functional deletion of the gene
for CRABP-I, we have used the opposite approach to study the function of the gene in
embryogenesis, i.e. the generation of transgenic mice that overexpress the gene within the
confines of its endogenous expression domain. Both M4Tag and GCTag constructs contain the
complete, tagged CRABP-1 gene, and were shown to express the transgene in the correct
expression domain, the transgenic lines for these constructs could potentially be overexpressing
CRABP-tag within its endogenous expression domain. We first investigated whether the
presence of this epitope tag inferfered with the RA binding capacity of CRABP-1. We show here
that in an in vitro RA binding assay the tagged CRABP protein is equally capable of binding
retinoic acid as the wildtype CRABP-I, showing that this function of CRABP is not impaired by
the presence of the Myc epitope. Next the level of expression of CRABP-Tag in the various
transgenic lines was assessed by S1 analysis of the mRNA levels in {ransgenic embryos. We
found that two of the transgenic lines have approximately a 3 to 5 fold higher levels of CRABP
mRNA than wildtype embryos. We were however unable to detect any abnormalities in these
mice. Embryos from the overexpressing lines do not show abnormal embryonic development,
Reproduction appears unaffected and normal ratios of transgenic to non-transgenic offspring are
obtained upon breeding, Thus, overexpression of CRABP-I does not lead to an apparent
abnormal phenotype under normal laboratory circumstances. Based on the combined results
from a number of studies the hypothesis has been put forward that the CRABPs serve a function
in protecting the organism against environmental vitamin A stress situations. These CRABP-
overexpressing transgenic mouse lines represent an interesting model system in which the
putative function of CRABP-I under conditions of vitamin A excess or deficiency can be studied
further.

In summary, we have shown that the expression pattern of CRABP-I during murine
embryonic development consists of two separale expression domains, and that distinct enhancer
elements are involved in the transcriptional regulation of the gene in these expression domains,
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Molecular analysis of the CRABP-I neural enhancer region.

Part of this chapter was published in:

Dirk A. Kleinjan®, Sylvia Dekker, Marie-Josée Vaessen and Frank Grosveld',
Regulation of the CRABP-T gene during mouse embryogenesis. (1997); Mechanisms of
Development 67; 157-169.

Summary

The Cellular Retinoic Acid Binding Protein type [ (CRABP-T) is believed to play a role in
the retinoic acid (RA} signal transduction pathway. During mouse embryonic development
CRABP-I is specifically expressed in the neuraf crest, branchial arches, limb bud, frontonasal
mass and in certain structures in the central nervous system (CNS), All these structures are
sensitive to aberrant retinoic acid (RA) concentrations. In the previous chapter we have shown
that a 16 kb fragment surrounding the gene harbours all the elements that are needed for its
correct spatiotemporat expression pattern. Upon further dissection of this fragment we have
found that expression in the CNS is driven by elements in the upstream region of the gene, while
expression in mesenchymal and neural crest tissue is regulated via element(s) located
downstream of exon II of the gene. In this study we have further investigated the upstream
region that is responsible for CRABP-I expression in the CNS. The presence of two distinct
fragments in that region appears to be required for expression in the CNS, with neither of these
fragments alone being able to drive comect expression of a reporter gene in fransgenic mice.
DNAsel footprinting analysis of the two upstream fragments revealed the presence of three
protected sequence elements i one of the fragments, and one protected element in the other,
One of these regulatory elements has the hatlmarks of a novel RA response element, suggesting
that CRABP-I expression in neural tissue can be directly modutated by RA via the RARs/RXRs.
‘When oligonucleotides encompassing the protected elements were tested in an electrophoretic
mobility shift assay using a nuclear extract from embryonic neural tissue, a number of retarded
complexes were found on each of the four elements, indicating that a complex inferplay of
transcription factors is involved in the transcriptional regulation of CRABP-1 during murine
embryonic development,

Introduction

The Cellular Retinoic Acid Binding Protein type I (CRABP-I) is a smalt intracellularbinding
protein, which forms part of the retinoic acid signal transduction pathway. The protein is
thought to be involved in regulating the availability of retinoic acid (RA) for the nuclear RA
receptors. CRABP-I shows a spatiotemporally specific expression pattern during embryonic
development, with expression found in the tissues that are most sensitive to RA excess
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(Vaessen, 1990), Bxpression is found in the central nervous system (CNS), the neural crest, the
dorsal root ganglia, the limb bud and the frontonasal mass (Ruberte, 1991; Ruberte, 1992;
Horton, 1995; Lyn, 1994). In the CNS the protein is expressed in the outer layer of the midbrain
roof, in the hindbrain and in the mantle layer of the spinal cord.

We have studied the transcriptional regulation of the CRABP-1 gene during embryonic
development in transgenic mice. We showed in the previous chapter that a 16 kb construct,
GCTag, is able to regenerate the complete expression pattern of endogenous CRABP-L
Deletional analysis of this construct revealed that the expression pattern of the transgenic
CRABP can be split into two domains: a neural domain and a mesenchymalmeural crest
domain. Expression in the mesenchymal/neural crest domain is driven by element(s) located
downstream of exon II of the gene, while the upstream region of CRABP-I is responsible for the
expression in the neural subdomain. In this chapter we have further studied this putative
regulatory region by a deletional analysis in transgenic mice, followed by DNAsel footprinting
and bandshift analysis of the identified enhancer fragments. Four sequence elements were thus
identified. One of these elements is a novel RA response element, which would allow for
modulation of CRABP-I expression by RA. The other three elements are all shown to bind
multiple factors, suggesting that a complex interplay of transcription factors regulates the
expression of CRABP-I during murine embryonic development,

Materials and methods

Constructs
A 5500bp genomic EcoR1 fragment containing exons I and X of the murine CRABP-I gene

was subcloned into the vector pICISH (Marsh, 1984), creating pDJ1. The LacZ reporter
constructs were made by cloning the fragments EcoR1-Eco471II, Ecod47II-Mscl and EcoR1-
Xhol from pDIJi into the blunted Sall site in the vector p610Za, which contains the hsp68
minimal promoter, the LacZ gene and the SV40 pelyadenylation signal (Kothary, 1989). This
resulied in the constructs EE47hspZ, E47MhspZ (Z5) and EXhspZ (Z0) respectively.
Microinjection constructs Z1 and Z2 were made from EE47hspZ. Construct DABhspZ, (Z3) was
made by deleting an AvrII/Bglll fragment from EE47hspZ. Z4, 76 and Z7 were made from
EXhspZ (Z0). Construct DMXhspZ (Z8) was made by deleting an Mscl/Xbal fragment from
EXhspZ. The microinjection fragments Z8 and Z9 were derived from this construct. Deletion of
a Nhel/Xbal fragment from EXbhspZ (Z0) was performed to create DNXhspZ (Z10). The
fragments Z10 and Z! 1 were made from this construct,

Transgenic mice production and processing of the embryos

Microinjection was performed according to standard procedures (Hogan, 1994). For all other
constructs primary embryos were collected at day 10.5 or 115 p.c.. For staining with X-gal
embryos were fixed in 1% formaldehyde, 0.2% glutaraidehyde, 2 mM MgCly, 5 mM ethylene
glycol-bis(beta-aminoethyl ether) N,N,N'N'-tetraacetic acid (EGTA), 0.02% Nonidet P-40 {NP-
40). Transgenic embryos were identified by Southern blot analysis of placenta DNA.,

Embryos transgenic for LacZ constructs were stained for several hours or overnight at 37°C
in the dark in a solution containing 5 mM K3Fe{CN)s, 5 mM K4Fe(CN)s.3H,0, 2 mM MgCl,,
0.01% sodiumdeoxycholate, 0.02% NP40 and 0.1% 5-bromo-4-chioro-3-indolyt-8-D-galacte-

pyranoside (Xgal).
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DNAse I footprinting analysis

The midbrain, hindbrain and spinal cord were excised from approximately 120 embryos of
11.5 days p.c.. Crude nuclear extracts were prepared from the excised tissue as described
{Andrews, 1991), aliquoted and stored at -80°C., The fragments Bglll/Nhel, Xbal/Xhol and
Sacl/Hincll corresponding to the -2280 to -2015, -1360 to 999 and -1171 to -986 upstream
CRABP-1 regions respectively, were end-labeled at either the 5’ or the 3' end, purified on a
polyacrylamide gel, and incubated with 4 to 40 mg of nuclear extract and 1 mg of poly(dl-dC)
for 20 minutes at room temperature in a binding reaction containing 20 mM Hepes (pH 7.9), 8%
glycerol (volfvol), 40 mM KCl, 0.2 mM PMSF, 1.5 mM DTT, 0.08 mM EDTA, and [.25 mM
MgCL. After cooling on ice for one minute 0.5 to 2.0 mg of DNAse I (Boehringer) in 1 mi of
10mM Tris (pH 7.5) was added and the reaction was incubated on ice for 180 seconds. The
assay was stopped by the addition of an equal amount of 1.2 M NaCl, 1% sodium
dodecylsulphate (SDS), 30 mM EDTA and 30 mg yeast tRNA, and incubated with 20 mg of
proteinase X for 1 hour. After phenol/chloroform extraction and ethanol precipitation the pellets
were resuspended in 10 mi loading buffer containing 95% formamide, denatured for 5 minutes
at 95°C and run on a 6% denaturing polyacrylamide gel, alongside G+A tracks of the same DNA
{Maxam, 1980). Gels were dried, exposed to a phosphorescent screen for several hours and
scanned on a PhosphorImager (Molecular Dynamics) using ImageQuant software.

Electrophoresis Mobility Shift Assay

Ofigonucleotides (Eurogentec), selecled to encompass the protected areas from the DNase I
footprinting assays, were 5' end-labeled with T4 polynucleotide kinase and (g-*P)ATP
{Sambrook, 1989) and annealed to their complementary partner oligos.

The following oligonucleotides were used as probes or competitors {coding strand
sequences are listed; mutated nucleotides are indicated by lowercase in the oligos used as
competitor): oligo XX1, GAATTTTACAACACCTGTGTCATGAGGAGTG; oligo Box-
XX1.1, GAATTggcaccaACCTGTGTCATGAGGAGT; oligo Box-XX1.2 GAATTTTACAA-
CAaagttisgCATGAGGAGT; oligo Box-XX1.3, GAATTTTACAACACCTGTGTacgtcttAGT;
oligo RARE, AGGAAAAGTGACCTTTGGGGACCTCGAGCA; oligo RARE7, AGGAAA-
AGTGACCTTTGGticGGACCTCGAGCA,; oligo RAREMut, AGGAAAAGgtcaagTTGGGG-
ACCTCGAGCA; oligo RARED2, AGGAAAAGetgaagTTGGtacagaCGAGCA,; oligo XX2,
AGAAGGAATCCTGTCAATTCCGAGGAAAGTAATCTGCTTAGGACCT; oligo 8-RARE,
CCGGGTAGGGTTCACCGAAAGTTCACTCG; oligo 2x AP-1, GAAACCTGCTGACTCA-
GATGTCCTGAAACCTGCTGACTCAGATGTCCT; oligo 2x Spl, AAATAGTCCCGCCCC-
TAACTCCGCCCAT. Labeled double-stranded DNA (0.05 ng) was incubated at 20°C for 20
minutes with 4-6 mg of neural nuclear extract in the presence of 2 mg of poly(dl-dC) in a final
volume of 10 ml, containing SmM Tris. HCI pH 8.0, [% Ficoll, 25 mM NaCl, 0.5 mM DTT and
0.5 mM EDTA. For each competition experiment a 100 fold excess of nonradioactive double
stranded oligonucleotide was added. For the supershifts with oligo RARE antibodies against
RARw (Ab%a), RARY (Ablyl) and RXR were kindly provided by C. Rochette-Egly and P.
Chambon (Rochette-Egly, [991). After 15 minutes of incubation of the oligo with nuclear
extract, 1 ml of ascite fluid antibody was added to the mixture and incubated for another 15
minutes. The DNA-protein complexes were analysed by electrophoresis on a 4% nondenaturing
polyacrylamide gel (37.5/1 acrylamide/bis) in 0.5x TBE (25 mM Tris; 25 mM Boric acid; 1| mM
EDTA)} at room temperature. After electrophoresis the gel was dried and scanned on a
Phosphorlmager {Molecular Dynamics) using ImageQuant software.
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Results

To define the cis acting sequences that direct the expression of CRABP-I in the central
nervous system of the mouse embryo we have performed a deletional analysis of the upstream
region of the gene. This region was defined as containing the putative CNS enhancer by the
expression pattern found with the construct ECTag (see previous chapter). A number of reporter
constructs containing the CRABP-1 upstream region driving a Lac’Z reporter gene were made
and analysed in transgenic founder embryos. These constructs are illustrated in Fig. 1. This led
to the identification of two fragments, both of which appeared to be required to drive LacZ
expression in the correct expression sites. Both fragments were subjected to DNAsel
footprinting analysis. Four distinct cis-acting elements were defined, and subsequent bandshift
analysis of these elements revealed the presence of multiple complexes on each of the elements.
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Fig, 1: Deletional analysis of the §' region of CRABP-L (A) Genomic map of the CRABP-I locus, (B) Map of
construct EXp610Za (Z0), which contains 2.14 kb of CRABP-I upstream scquences driving the hsp68 minimal
promoter, the LacZ gene and the SV40 polyadenylation signal, {C) microinjection fragments derived from construct
EXp610Za. * No. of blue staining embryos indicates both embryos with CRABP-I CNS staining pattern and
embryos with staining due to postion effect (see text). NT = particular band of X-gal staining cells in the bottom

third of the spinal cord of transgenic embryos. nd = not determined.
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Fig. 2: X-gal staining ol LacZ transgenic embryos. (A, B) Transgenic embryos for construct Z4 show LacZ
expression in the midbrain, the hindbrain, the cranial nerves and spinal cord. (C) Cross section of an X-gal stained
embryo to indicate the staining pattern in the outer layer of the mid- and hindbrain. (D) Section of a transgenic
embryo showing LacZ staining in the mantle layer of the spinal cord, (B} Cross section of the spinal cord of a
transgenic embryo with construct Z2, showing a band of X-gal staining at the ventral side, peculiar to only
constructs Z1 and Z2.

Deletional analysis of the neural enhancer fragment

To demonsirate that the upstream element directing the neural expression found with ECTag
can also act as an independent enhancer element we cloned the 2 kb EcoR1/Xhol upstream
fragment in the vector p610Za, resulting in construct EXhspZ (Z0, Fig, 1). In the vector p610Za
the LacZ gene is driven by a mouse heat-shock promoter thsp68). It has been demonstrated that
this hsp68-LacZ construct does not give any constitutive expression in transgenic mouse
embryos, making it a useful vector for testing the presence of regulatory elements in
heterologous sequences (Kothary, 1989). The construct Z4 was found to direct the expression of
the LacZ gene in the neural CRABP-I expressing cells in the midbrain, hindbrain and spinal
cord (Fig. 2), consistent with the expression pattern found with the ECTag construct. A series of
constructs was made by deleting various fragments from construct Z0 (Z1 to Z11, Fig. 1}. The
results of these experiments are compiled in figure [, The fragments Bgll-Nhel and Xbal-Xhol
are found to be important for the expression of LacZ in the neural tissve of transgenic mice. The
presence of both these fragments is required since constructs Z8, Z10G and Z11 show correct
expression of the LacZ gene, whereas the constructs Z5, 26, Z7 and Z9 do not. For each of these
constructs one or more embryos were obtained showing LacZ expression due to a position
effect. In these embryos X-gal staining was found in ectopic tissues, which varied between
independent primary embryos injected with the same construct. The constructs Z1 and Z2 also
appear fo contain a regulatory element since embryos transgenic for these constructs show
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consistent expression of the LacZ reporter gene in a specific band in the spinal cord (Fig. 2E).
The significance of this fragment for regulation of the endogenous CRABP-I gene is unclear, as
the site of expression of the LacZ reporter gene is not a site of CRABP-I expression at this
developmental stage. It may be an artefact created by placing the fragment in an uwnnatural
environment.

Molecular dissection of the neural CRABP-I enhancer

To further dissect the BgllI-Nhel and Xbal-Xhol fragments that make up the neural enhancer
of CRABP-I, DNAse I footprinting analysis was performed on these fragments, Nuclear
extracts, made from dissected midbrain, hindbrain and spinal cord tissue from approximately
120 11.5 day old mouse embryos, were used in these footprinting analyses. DNase [ footprinting
with this extract identified three distinct elements in the Xbal-Xhol fragment, termed*XX 1, XX2
and RARE, and one element in the Bglll/Nhel fragment, termed BN2. One of the footprinted
areas, termed RARE, contains a direct repeat (DR) with half-site sequences closely matching the
AGGTCA consensus sequence found in other nuclear hormone receptor response elements
{(Leid, 1992), The motif found in the RARE element is AGGTCCTTAAAGGTCA (in reversed
orientation), and has a spacing of 4 basepairs between the haif-sites. A DR-4 is normally
associated with binding of a thyroid hormone (TR)/retinoid X receptor (RXR) heterodimer
{Umesomo, 1991), but can also be a response element for RAR/RXR heterodimers depending
on the context of the element (Mader, 1993; Mader, 1993; Nagpal, 1993). Alternatively the
element could be a binding site for the orphan receptor NGFI-B, having a perfect match to the
reported AAAGGTCA consensus binding site for this factor. To confirm that the protected areas
that were identified in the footprinting assays indeed correspond to transcription factor binding
sites we performed bandshift experiments with oligonucleotides covering these protected areas,
All four elements (oligos BN2, XX1, XX2 and RARE) showed a number of retarded bands on
the gel, that were specific since competition with a 100 fold excess of nonradioactive oligo (self)
abolished these retarded complexes, whereas competition with a 100 fold excess of a non-
refated oligo did not affect the intensity of these retarded bands, The band indicated by arrow 2
in fig. 4, which is retarded in the bandshift assay with oligo XX, is considered aspecific as it
also appears when unlabeled oligo XX 1 (self) is added as competitor.

Retarded complexes formed with oligo RARE were very abundant compared to those
formed with the other oligonucleotides. Competition experiments with radioactively labeled
oligo RARE and a 100-fold excess of unlabeled oligonucleotides that were mutated in one or
both of the half-sites, or in which the spacing was changed from 4 nucieotides to 7 nucleotides,
were carried out. These showed that mutating just one of the half-sites (oligo RAREMut} has no
or very little effect on binding of the factor(s) to this oligo because this mutated oligo could still
effectively compete out the labeled oligo RARE. The half-site mutated in the oligo RAREMut is
the site resembling a NGFI-B recognition site, and since complete competition is found with this
oligo it seems unlikely that NGFI-B is the factor binding this element. Changing the spacing
between the half-sites {oligo RARE7) from 4 to 7 resulted only in a slight loss of competition
ability, indicating that the spacing plays a minor role in the binding properties of this element.
However when both half-sites were mutated (oligo RARED?2) the ability to compete was lost
completely, Competition with the DR-5 RARE from the RARB gene was also effective,
indicating that the factor binding to the CRABP-I response element could be a RAR/RXR
heterodimer. We tested this hypothesis by adding antibodies against RARo, RARYand RXR (all
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isoforms) in the bandshift, and found that these antibodies could indeed supershift the complex
formed on the putative RARE element.

Competition experiments were also performed on the other elements. Since the sequence of
the element XX1 does not resemble the consensus recognition sequence of any known
transcription factor we designed three systematically mutated oligonucleotides (oligos
BoxXXI1.1, BoxXX1.2 and BoxXX1.3). The mutation in BoxXX1.3 did not interfere with its
ability to compete with labeled oligo XX 1. Oligo BoxXX 1.2 had completety lost the ability to
compete, indicating that the binding sites are located in the mutated part of the oligo, i.e. in the
CCTGTGT sequence, or at least comprise part of this sequence. The oligo BoxXX1.1 appears to
compete for some of the retarded bands, but has lost the capability to compete for one of those
bands (indicated by arrow number 4 in fig. 4). Since this band is also lost in the competition
experiment with oligo BoxXX1.2 the recognition sequence for this particular factor is expected
to overlap the sequences mufated in these oligos. The band indicated by arrow rumber 5 could
be AP-I as the intensity of this band is much reduced when an AP-1 oligo was added as
competitor. The identity of other factors binding to the XX1 element remains at this stage
unknown. The binding of these factors to XX is however tissue specific as is shown by the fact
that the retarded complexes { and 4 are not found with extracts from MES-1 or MEL celis.

The element XX2 shows a shift which is largely competed out by addition of an oligo
containing two consensus AP-1 sites, suggesting that this element also binds an AP-1 like
factor. The retarded complexes found on the element BN2 are reminiscent of the complexes
found on a regulatory element found in the Thy! promoter (Spanopoulon, 1991). However, no
competition is found with oligos containing Spi or AP-1 binding sites.

Tnterestingly, during the footprinting analysis of the Bglfi/Nhel fragment we discovered a
difference between the published sequence of this CRABP-I upstream region and our own
sequence, located exactly in the BN2 element. The importante of the differing residues is shown
by the fact that the oligo BN1, containing the published sequence plus an additional mutation,
does not give a bandshift, and is also unable to compete BN2.

Discussion

The CRABP-I gene shows a very specific expression pattern during development. We have
investigated the molecular mechanisms that are involved in the regulation of this expression
pattern during murine embryonic development. We have previously shown that muitiple sets of
enhancer elements are employed by the gene (see Chapter IV), The complete spatial and
temporal expression pattern of the gene is reproduced in transgenic mice with a 16 kb construct
GCTag. Further dissection of that construct revealed that the tissues that express CRABP-I
during mouse embryonic development can be divided into two groups. Different sets of
enhancers are used to drive the expression of CRABP-I in these tissues. Constructs containing
the downstream region of the gene drive expression of a CRABP-Tag reporter gene in a
subdomain of CRABP-I which contains mesenchymal and neural crest cells. Constructs
containing only the upstream region of CRABP-I show expression of the transgene in a neural
subdomain of the CRABP-I expression domain. Expression of CRABP-[ in this neural domain
is found in the cells in the outer layer of the midbrain, the hindbrain and the ventral part of the
mantle {ayer of the spinal cord. As no expression was found with constructs containing only the
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Fig, 3: (A) DNAse | footprinting analysis of the Bgll/Nhel and Xbal/Xhol fragments, which are the two fragments
required for CRABP-1 expression in neural tissue. The Bglll/Nhel fragment spans the region from -2400 to -2100
and the Xbal/Xhol fragment spans the region from -1390 to - 1004 relative to the start of the coding region of the
gene, The fragment used in each of the assays is indicated above the get with the labeled end marked by an asterisk.
The Iabeled fragments were incubated with 5, 10, 20 or 40 mg of nuclear cextract prepared from excised spinal
cords, mid- and hindbrains from [ 1.5 days p.c. embryos, before digestion with DNAsel, Unprotected DNA is shown
by -. A G+A Maxam and Gilbert sequence reaction is run along with each of the assays. The regions protected by
the nuclear extract are indicated as BN2, XX1, XX2a, XX2h and RARE. The arrow indicates a hypersensitive site.
{B) Map of the protected elements on the two fragments. Nucleotide sequences of the footprint containing parts of
the Bgli/Nhel and Xbal/Xhol fragments, The regions that show a fooiprint in (A) are indicated by boxes. The two
T residues in italics in element BN2 indicate that these residues differ from the published sequence. The arrow
between XX?2a and XX2b indicates the position of the hypersensitive site. The region RARE contains a DR4 RA
response element, of which the half-sites are indicated in bold face.
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first 1kb upstream of the gene, we concluded that a neural enhancer for the CRABP-1 gene must
thus be localised in the 2 kb EcoRI/Xhol upstream fragment from -3200 to -1100 relative to the
gene.

We show in this study that this region can act as an independent neural enhancer on
heterologous promoters, since it is also able to drive LacZ expression in the same neural tissue
wher cloned into a hsp68LacZ vector (Z4, Fig.1). We next set out to closer define the cis-acting
elements that are responsible for the neural component of the CRABP-I expression pattern by
making a series of deletion mutants (Z5-Z11, Fig.1). The analysis of the constructs Z5 to Z11
shows that the neural enhancer maps to two fragments of 270 and 350 basepairs respectively.
The presence of both of these fragments is required since none of the constructs Z5, 76, 27 and
Z9 expressed the LacZ reporter gene in the correct neural tissue. Embryos with variable ectopic
expression due to position effect were obtained with each of these constructs. This shows that at
least some of the injected fragments of each construct landed in a transcriptional competent
chromatin area. The constructs Z1 and Z2 which contain more upstream sequences from the
CRABP-I promoter region were also able to drive expression of the LacZ reporter gene in
transgenic embryos. However, the LacZ expression with these constructs was consistently found
in a particular band throughout the thickness of the spinal cord, at approximately one third from
the ventral side (Fig. 2). We are at present uncertain about the significance of this element for
normal CRABP-I expression, since no endogenous CRABP-1 expression is detected at that
particular site in the spinal cord at this developmental stage. It is however reminiscent of
CRABP-I expression found at later developmental stages in the commissural neurons of the
spinal cord (Maden, 1992; Ruberte, 1992). However, it may also be an artefact caused by taking
the element out of its normal environment, resulting in the ectopic activation of the element.

Specific cis-acting elements are required for CRABP-I neural enhancer activity in the
developing nervous system

DNAse [ footprinting analysis of the two upstream fragments revealed 4 protected regions,
that were termed BN2, XX1, XX2 and RARE. Bandshift assays with oligonucleotides
encompassing the sequences that were protected in the footprinting assays show that indeed
protein/DNA complexes are formed on these elements, The element RARE contains a nearly
perfect consensus recogrition site for nuclear hormone receptors (Leid, 1992) consisting of a
direct repeat (DR} with a spacing of 4 nucieotides (DR4). A DR4 clement is usually indicative
for binding of thyroid hormone receptorfretinoid X receptor heterodimers (TR/RXR)
(Umesomo, 1991), but depending on the context of the repeat binding of RAR/RXR
heterodimers to certain DR4 elements has also been found (Nagpal, 1992; Mader, 1993). A DR4
element is part of a complex response element in the lamininB1 gene, which is induced by RA
in F9 teratocarcinoma cells (Vasios, 1989). We have used antibodies against RARa, RARg! and
RXR(all isoforms) to show that the complex binding to the putative CRABP-I RARE contains
hoth RARs and RXRs, and thus is most likely an RAR/RXR heterodimer. This is the first
identification of an RA response element in the promoter of the CRABP-I gene. It is however
not surprising considering that the genes of almost all other proteins involved in the RA signal
transduction pathway contain RAREs in their promoters. Upregulation and anteriorisation of
CRABP-I expression has been found in the developing nervous system of mouse embryos after
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Tig, 4: ¢A) Bandshift assays with oligenucleotides encompassing the sequences that were found to be protected in
the DNAsel footprinting assay. The radioactively labeled oligonucleotide used as probe in each experiment is
indicated above the gel. A 100-fold excess of the foltowing unlabeled competitors was used in the lanes indicated: a.
oligo BoxXXl.1, b. oligo BoxXX1.2, ¢. oligo BoxXX1.3, d. oligo 2x Spi, e. olige 2x AP-1, f. oligo BN}, The
arrows on the left of the panel with oligo XX1 indicate specific complexes. The band indicated by arrow 2 is
considered aspecific as it also appears when unlabeled oligo XX1 (self} is added as competitor, (B) Bandshift assay
on the putative CRABP-I retinoic acid response element (RARE), An labeled ds oligonucleotide from the wild-type
CRABP-TI RARE element was incubated with 3 mg of embryonic neural nuclear extract, in the presence or absence
of various mutated oligonucleotides (a,b,c) or the RARE element from the RARB2 promoter (d). a. oligo RARET, b,
oligo RAREMut, c. oligo RARED2, d. oligo 8-RARE. Addition of antibodies against RARa, RARg and RXR (ali
isoforms) resulted in a supershift of the retarded complexes. The panel with the labeled RARB2 RARE
oligonucleotide as probe {BRARE) is included as a control, as this oligo is known to bind RAR/RXR heterodimers
and the antibodies have been shown to be effective on these complexes.

RA treatment, when the RA was administered within a particular developmental time period (7-
8.5 days p.c.) (Leonard , 1995). An upregulation of CRABP-1 expression by RA in P19 cells has
also been reported, but was considered to be an indirect effect as protein syathesis was found to
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be required (Wei, 1989). Recently it has been shown that CRABP-I is upregulated in AB1 cells
after treatment with RA at low concentrations, which are in the concentration range that is found
in the embryo, but that this effect is abolished at higher RA concentrations (Chen, 1996). This
may explain why in some studies no upregulation of CRABP-I was detected after treatment of
embryos with an excess RA (Harnish, 1992).

One of the factors binding fo the elements XX1 and XX2 appears to be AP-1, as an oligo
containing two AP-1 sites competed some of the complexes formed on these elements. Both
elements contain sequences that resemble an AP-1 recognition site. The other factors binding to
XX1, XX2 and BN?2 appear more difficult to identify. The bandshift with the element BN2
resembles the pattern of retarded compiexes found with a regulatory element found in the
promoter of the Thyl gene (Spanopeoulou, 1991). Some of the retarded bands found with that
element were shown to be caused by binding of Spl. However, competition with an Spl binding
sites containing oligo did not inhibit the formation of any of the retarded bands with BN2, Thus
the factors binding to BN2 and XXI remain unidentified. The elements do not contain
recognisable consensus sequences for binding sites of known transcription factors, Thus the
sequence of the binding sites may have diverged from the consensus or the elements may
contain binding sites for novel transcription factors. Two unidentified complexes on the XX1
element are tissue specific, since neither of them is formed with nuclear extract from CRABP-I
expressing MES-1 cells or non-expressing MEL cells,

The elements that have been identified in this study are located on different fragments from
the ones that were recently reported to be important for expression of CRABP-I in 3T6 and P19
cell lines (Wei, 1996). In our own studics we have also found that the expression of CRABP-1in
the highly expressing cell lines MESI and Tera2 is regulated differently to that in mouse
embryos, since the fragments that direct CRABP-I expression in the mouse embryo are unable
to drive expression of the chloramphenicol acetyltransferase (CAT) gene in those cells in
transient transfection assays. This discrepancy shows that, at least in the study of the CRABP-I
promoter region, cell lines are inadequate as a model for complex tissues in vivo, Tt is possible
that the cell lines that were used are not a good representation of the tisswes that express
CRABP-1 in the mouse embryo. Bandshift experiments with oligonucleotide XX1 indeed have
shown that specific retarded complexes that are formed with the nuclear extract from excised
neural tissue, are absent when MES-1 nuclear extract is used, indicating that the element XX1
binds different regulatory factors in different tissues or cell lines. In addition it is very well
conceivable that the local chromatin environment forms an important factor in the
spatiotemporal specific regulation of the CRABP-T gene, and this factor is clearly not taken into
account in transient franfection assays,

In summary, we show in this paper that the expression pattern of CRABP-I during murine
embryonic development consists of two separate expression domains, and that distinct enhancer
elements are involved in the transcriptional regulation of the gene in these expression domains,
The expression of CRABP-I in the neural subdomain involves a complex interplay of regulatory
factors at mulitiple enhancer elements, One of these elements is a RA response element with a 4
basepair spacing (DR-4) which is shown to bind RARs and RXRs, presumably as heterodimers,
allowing for modulation of CRABP-I expression by its own ligand.
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Abstract

Retinoic acid (RA), a derivative of vitamin A, is an important molecuie for development and
homeostasis of vertebrate organisms. The intracellutar retinoic acid binding protein CRABP-I
has a high affinity for RA, and is thought to be involved in the mechanism of RA signalling,
CRABP-I is well conserved in evolution and shows a specific expression pattern during
development, but mice made deficient for the protein by gene targetting appear normal.
However, the high degree of homology with CRABP-I from other species indicates that the
protein has been subject to strong selective conservation, indicative of an important biological
function. In this paper we have compared the conservation in the expression pattern of the
mouse, chicken and pufferfish CRABP-I genes fo further substantiate this argument, First we
cloned and sequenced genes and promoter regions of the CRABP-I genes from chicken and the
Japanese pufferfish, Fugu rubripes. Sequence comparison with the mouse gene did not show
any large blocks of homology in the promoter regions. Nevertheless the promoter of the chicken
gene directed expression to a subset of the tissues that show expression with the promoter from
the mouse gene. The pattern observed with the pufferfish promoter is even more restricted,
essentially to rhombomere 4 only, indicating that this region may be functionally the most
important for CRABP-I expression in the developing embryo,

Keywords: CRABP-I, chicken, pufferfish, promoter region, transgenic mice.

Introduction

Retinoic acid (RA) exerts a wide variety of effects on vertebrate development, cellular
differentiation and homeostasis. Both excess and deficiency of RA during embryonic
development result in a spectrum of congenital malfomations (Wilson, 1953; Kochhar, 1967;
Lammer, 1985). The effects of RA are mediated at the molecudar level via two classes of
proteins, the retinoic acid receptor family and the retinoic acid binding proteins. The retinoic
acid receptors are nuclear ligand-inducible transcriptional regulators belonging to the nuclear
hormone receptor superfamily (Leid, 1992; Mangelsdorf, 1995; Chambon, 1996). The cellular
retinoic acid binding proteins (CRABP-I, CRABP-II) arec small binding proteins with high
affinity for all-trans RA. In the adult organism CRABP-I is widely expressed, whereas CRABP-
1T expression is restricted to the skin. Both proteins show spatio-temporally specific expression
patterns during embryonic development (Dolle, 1990; Ruberte, 1991; Maden, 1992; Ruberte,
1992; Lyn, 1994). Expression of CRABP-I is found in those tissues that are most sensitive to
excess of RA, notably the developing central nervous system, the neural crest, Hmb bud

mesenchyme and mesenchyme in the frontonasal mass and branchial arches (Vaessen, 1990),
b7
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Although the protein is mainly Iocalised in the cytoplasm, recent reports have shown that in
certain cell types CRABP-I can be found in the nucleus, suggesting a possible rofe in nuclear
import of RA (Gustafson, 1996). A number of other roles have been suggested: It could act as a
cytoplasmic buffer, protecting sensitive cells against excess of RA, it might be involved in the
metabolism of RA to polar metabolites, or it could, under conditions of vitamin A shortage,
function to sequester RA in the cells that are most dependent on it (Donovan, 1995; Napoli,
1996), However none of these roles have been satisfactorally proven. Moreover, mice deficient
in CRABP- or both CRABP-I and T are essentially normal, showing that CRABP-I is
dispensabie for normal development, at least under laboratory conditions (de Bruijn, 1994,
Gorry, 1994; Lampron, 1995). In sharp contrast to this stands the fact that CRABP-I is highly
conserved in evolution, which would indicate that it has functional importance for the organism.
Bovine and murine CRABP-I are completely homologous at the amino acid level, and differ in
only one out of 136 amino acids from human CRABP.I (Sundelin, 1985; Vaessen, 1989;
Astrom, 1991). From a partial chicken ¢DNA it can be seen that chicken and mouse CRABP
also share a high degree of homology at the amino acid level (Vaessen, 1990). Thus it appears
that, even though the profein is apparently dispensable for mice under laboratory conditions,
even a small change in the sequence of the protein is evolutionary unfavorable. Here we further
substantiate this point with the cloning and sequencing of the CRABP-I genomic loci from
chicken and the Japanese pufferfish, Fugu rubripes. Sequence analysis of the promoter regions
from both these species was carried out, with the aim of identifying conserved
promoterfenhancer elements. We have recently shown that the expression of CRABP-I in the
mouse embryo is regulated via distinct sets of enhancer elements (Kleinjan, 1997). The
expression pattern of CRABP-in the chicken embryo is similar to that in the mouse, suggesting
that the same cis-acting transcription elements may be involved in the regulation of expression.
Although no information is available on the expression of CRABP-T in the pufferfish, its smalt
genome size makes it a useful model species to look for conserved regulatory elements (Brenner,
1993; Aparicio, 1995). Here we report the cloning and sequencing of over 3 kb of upstream
promoter sequences from both of these species. These sequences were (ested for transcriptional
regulatory activity in transgenic mice, where they are shown to drive specific patterns of
expression of a LacZ reporter gene in the hindbrain region. The sites of LacZ expression form a
subdomain of the murine CRABP-T expression pattern, with the extent of the subdomain
decreasing with increasing evolutionary distance between the species.

Materials and methods

Cloning, mapping and sequencing of CRABP-I from Fugu rubripes.

The clones Al176 and K1328 were isolated from a gridded ICRF Fugu rubripes genomic
cosmid library, based on the cosmid vector Lawrist4 (C. Burgtorf and H. Lehrach, Berlin). The
library was screened using a *“P-labelled probe generated from the 170 basepair Tagl fragment
from mouse CRABP-I (Vaessen, 1990), in a hybridisation mixture containing dextran sulphate
(Sambrook, 1989). Duplicate nylon filters were hybridised at 56°C for 16 hours, washed twice
for 20 min. in 3x85C/0.1%SDS, and once in 1xSSC/0.1%8SDS (1xSSC=150mM NaCl/i5mM
sodium citrate, pH 7) at 56°C, and autoradiographed. Positive clones were picked and grown for
DNA isolation. The cosmid clones A176 and K1328 were wsed to map the Fugu CRABP-I
focus. DNA isolation, restriction enzyme digestion, agarose gel electrophoresis, Southern blot
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transfer, and hybridisation were performed as described (Sambrook, 1989). Various fragments
were subcloned into pBluescriptll for sequencing. The genomic sequences of the upstream
region and surrounding the exons have been submitted to the EMBL database under accession
numbers Y 12240, Y12241 and Y12242,

Cloning, mapping and sequencing of CRABP-I from chicken, Gallus gallus.

The phage clones ChCRABP 8 and ChCRABP 17 were isolated from an adult Leghomn
Chicken Hver EMBL-3 SP6/T7 genomtic library (Clontech) using a 310 bp Chicken CRABP-I
partial cDNA clone as probe (Vaessen, [1990). Hybridisation of the library was performed as
described for the Fugu library, except that in this screening the filters were hybridised and
washed at 65°C. Positive plaques were rescreened and positive clones were used to isolate DNA,
Mapping and sequencing of the Chicken CRABP-1 locus was done as described for Fugn
CRABP-I. Genomic sequences of the upstream region, and surrounding the three sequenced
exons have been submitted to the EMBL. database under accession numbers Y 12243 and
Y12244,

Production and analysis of transgenic embryos:

The microinjection constructs containing the mouse, chicken and pufferfish promoter
regions were made as follows: A 5500bp genomic EcoR 1 fragment containing exons I and II of
the murine CRABP-T gene was subcloned and in the resulting plasmid the C residue at position
+4 of the coding sequence was changed to a G by site-directed mutagenesis, thus creating an
Ncol site at the translational start site of the gene. A 30 bp sequence coding for a 10 amino acid
peptide tag derived from the human ¢-myc proto-oncogene (Evan, [985) was cloned into this
site, to create pDJTag. pECTag was constructed by linking the cDNA sequences for exons ILHL
and IV in frame to exon I of pDJTag, The mouse promoter/LacZ reporter construct was created
by inserting an EcoRI/Xhol upstream fragment from the murine CRABP-I gene into the vector
p610Za (Kothary, 1989), resulting in EXp610Za. The microinjection fragment BXhspZ was
isolated by Bglll/Asp718 digestion of EXp6017Za,

The chicken promoter/reporter construct Chl was created by subcloning a 6 kb EcoRI
fragment containing exons I and II into pBluescriptll KS. From this plasmid a 3.6 kb Notl
fragment containing the promoter region, exon I, intron I and part of exon II was excised and
ligated into the IRES-LacZ vector BGeo (Mountford, 1994). The Fugu promoter
reporter/construct Ful was made by subcloning of a 4.2 kb Spel fragment, containing the
promoter region as well as exon T and part of iatron 1, from cosmid A176 into pBluescriptll KS.
From the resulting construct a 3.8 kb Xhol fragment was subcloned into the Sall digested
p610Za vector,

Microinjection of mouse oocytes was performed according to standard procedures (Hogan,
1994). Primary embryos were isolated from pregnant females at day 0.5 or 1 1.5 p.c.. For LacZ
staining the embryos were fixed in 1% formaldehyde, 0.2% glutaraidehyde, 2mM MgCl,, SmM
ethylene glycol-bis(beta-aminoethyt ether) N,N,N',N'-tetraacetic acid (EGTA), 0.02% Nonidet P-
40 (NP-40) in PBS (Phosphate Buffered Saline) for 60-90 minutes, washed with PBS containing
0.02% NP40, and stained for several hours or overnight at 37°C in the dark in a solution
containing SmM  K3Fe(CN);, 5SmM  KyFe(CN)e3H,0, 2mM  MgCl,, 0.01%
sodiumdeoxycholate, 0.02% NP40 and 0.1% 5-bromo-4-chloro-3-indolyl-B-D-galacto-
pyranoside (Xgal).
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Embryos fransgenic for the ECTag construct, containing the Myc-tag as a reporter, were
fixed for 1 hour in 35% methanol, 35% acetone, 5% acetic acid. After dehydration in an
ethanol/xylene series the embryos were embedded and sectioned. The sections were rehydrated
in ethanol/xylene. Aspecific binding was blocked by pre-incubating the sections in
PBS/Tween20 (0.05%) containing 2% NGS (normal goat serum). After three washes with
PBS/Tween20 the sections were incubated overnight at 4°C with a monoclonal antibody agains
the Myc epitope in a 1:100 dilution in PBS containing 1% BSA and 0.05% Tween20. After
washing the sections were incubated with an atkaline phosphatase conjugated goat anti-mouse
antibody for several hours at room temperature. The sections were washed and exposed to
NBT/BCIP as described elsewhere {(Sambrook, 1989). Finally, the sections were dehydrated and
mounted in glycerol/PRS,
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Fig. 1: (A) Map of cosmid A176, containing the CRABP-I locus from the Japanese puffer fish, Frugu rubripes. The
4 exons are indicated as filfed boxes. The regions that have been sequenced are indicated by the broken ling
underneath the map. (B) Ful is the microinjection fragment that has been used to assess the puffer fish promoter
region in transgenic mice. It contains 3 kb of upstream sequences, exon I and part of intron I driving a hsp68
promoter/LacZ reporter cassetie.

Results

Cloning and characterisation of pufferfish CRABP-I

Using a 170 bp Tagl fragment encoding part of the mouse CRABP-I ¢cDNA as a probe we
have screened & gridded Fugu rubripes genomic ICRF cosmid library (C. Burgtorf and H.
Lehrach, Berlin) under reduced stringency conditions. This resulted in the isolation of a small
number of positive clones. Restriction mapping, hybridization with other probes and sequencing
of a small fragment revealed that the isolated clones could be categorised into two groups
derived from two different loci. Partial sequencing and hybridisation with additional mouse
CRABP-I cDNA probes identified the clones A176 and X1328, representing one group, as Fugi
CRABP-L. The other group of clones, possibly representing CRABP-T, was not further
characterised. A restriction map of cosmid A176 is shown in Fig. 1 A. As all other CRABPs, the
gene contains four exons, The overall size of the gene is approximately 9 kb, and therefore no

smaller than the mouse gene.
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Fig. 2: (A) Genomic organisation of the Chicken CRABP-I locus, (B) Phages 8 and 17 were obtained from
screening a chicken genomic library, Phage 8 contains exons 1, If and 1il, as well as 8 kb upstream sequences. Phage
17 contains exons IIf and IV of CRABP-I plus downstream sequences, The broken line underneath the map of the
phages indicates the regions that have been sequenced, which include the first threc exons of the gene as well as 3 kb
of upstream promoter sequences, The arrows around exon IV indicate that the exact position of exon IV has not been
further determined. Not all EcoR sites are indicated. (C) Chl is the microinjection fragment that was used to assess
the chicken CRABP-1 promoter region in transgenic mice. It contains 3.6 kb of chicken CRABP-I sequences,
including 3 kb of upstream sequences, exon I, intron I and is linked in exon 1I to a LacZ reporier gene carrying an
intternal ribosomal entry site (IRES-Lac reporter casselie).

To determine the sequence of the gene and the promoter region, fragments spanning the regions
indicated in Fig. 1A were subcioned into Bluescriptll vectors for sequence analysis. The
sequences of the four exons, and deduced amino acid sequence are presented in appendix A.
Comparing the coding sequences of the exons of the Fugn gene with those of the mouse
revealed a 78% sequence homology, and indicated that the intron/exon borders have been
conserved. All splice donor and acceptor sites comply with the consensus GT and AG rnle
(Breathnach, 1981). At the amino acid level the deduced pufferfish CRABP-I protein is 86%
homologous to mouse CRABP-L

Cloning and characterisation of chicken CRABP-I

To clone the genomic chicken CRABP-I locus we used the 310 bp partial chicken
CRABP-I ¢cDNA clone ChCRABP C4.5 (Vaessen, 1990) as a probe to screen an EMBL3
SP&/T7 Chicken genomic phage library (Clontech). We isolated a number of clones, none of
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which contained the whole gene. Restriction mapping and hybridisation with probes specific for
mouse exons I, T and TV showed that phage clone 8 contains the 5' end of the chicken CRABP-I
locus, and phage clone 17 contains the 3' end (Fig, 2B). A restriction map of the chicken
CRABP-I locus can be drawn from the combination of the two phages as shown in Fig. 2A,
Fragmentis spanning the regions indicated in Fig. 2B were subcloned into Bluescriptll. We have
determined the sequence of the first three exons and 3 kb of the promoter region. The sequence
of these exons, and their deduced amino acid sequence are presented in appendix B. The fourth
exon has been located on an 8 kb HindIH fragment, but attempts to sequence it using a mouse
exon IV primer were unsuccesful. The sequence of exons I, IT and part of Il is identical to the
partial cDNA sequence found by Vaessen, and differs in two residues from the published partial
cDNA isolated by Maden, both of which are located in the PCR primers used to isolate their
clone (Vaessen, 1990; Maden, 1992). Comparing the sequence of the first three exons of chicken
CRABP-I with that of the mouse reveals an 86% sequence homology, and indicates that the
intron/exon borders have been conserved. At the amino acid level the deduced chicken CRABP-
1 protein is 94% homologous to mouse CRABP-I. The homology between chicken and Fugu
CRABP-1is 85% at the nucleotide level and 85% at the protein level,
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Bovine CRABP-T ... ..unse suntmmcutn savarnnsnn sanranssse tossasonan soeosaress sanrrrnars soanranrar

Human CRABP-I it iciis 4uama 04ttt 2ttabosenn vamenorabs 2448002011 2011210008 Litananass soannennnn
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Fig. 3: Sequence alignment of CRABP-I proteins from various species. The deduced amino acid sequences of
CRABP-I from chicken and the puffer fish are compared to the known sequences from mouse, rat, cow, axolotl
(Antbystoma) and hurman CRABP-1. Mouse CRABP-I is used as the paradigm. Dots indicate identical residues, and
amino acid differences are shown.
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Analysis of the promoter region of chicken CRABP-I

In addition to the first three exons of the gene we have also sequenced approximately 3.2
kb of promoter sequences of chicken CRABP-I, with the aim of identifying conserved cis-acting
elements involved in the transeriptional regulation of the gene. Comparison with the known
promoter sequences of the mouse gene did not reveal any homologous elements of significant
size. Functional homology between the chicken and mouse promoter regions was assessed with
a reporter construct containing chicken CRABP-1 promoter sequences (Fig, 2C), The microinjec-
tion fragment derived from it, named Chl, contains 3 kb of upstream sequences, exon I, intron I,
and is linked in exon II to a Lac’Z reporter casseite containing an internal ribosomal entry sife
(IRES-LacZ cassette) (Mountford, 1994). Three independent transgenic embryos were obtained
with Chl. All three embryos showed specific LacZ staining in the developing hindbrain, in
addition to some aspecific staining due to position effects in two of the embryos (Fig. 4D). LacZ
expression in the 10.5 day p.c. embryo was restricted to rhombomeres 2, 4, 5 and 6, and at lower
levels in 7 and 8, which is identical to a subdomain of the expression pattern of mouse CRABP-I
in the hindbrain.

When the similar 3 kb upstream promoter region from the mouse CRABP-I gene is used to
drive expression of either a LacZ reporter gene, construct BXhsp?Z, or an epitope tagged version
of CRABP, construct ECTag, expression of the reporter gene is found not only in the hindbrain
region, buf also in the midbrain, in the cranial nerves and in the mantle layer of the spinal cord
(Fig. 4A). This pattern of expression reflects the neuronal subdomain of the endogenous murine
CRABP-T expression pattern. The thombomere specific pattern of CRABP-T expression in the
hindbrain of the mouse is illustrated in a section through the head region of an embryo with
construct ECTag, showing the expression of the transgene’at low levels in rhombomere 2, at
higher levels in thombomeres 4, 5 and 6 and again at lower levels more caudally, in addition to
expression in the midbrain and in the spinal cord (Figure 4B). Thus, the staining pattern shown
by the chicken promoter transgene appears to form a subdonrain of the expression pattern found
with similar mouse promoter transgenes, BXhspZ and ECTag (see Materials and Methods).

Analysis of the promoter region of Fugu CRABP-I

As with the chicken gene we have also sequenced approximately 5 kb of promoter sequences
of the Fugu CRABP-I gene, including 3 kb upstream and the complete first intron, to identify
conserved regulatory elements. Again we were unable to locate any homologous elements of
significant size. Functional homology was assessed by a reporter construct containing Fugu
promoter sequences (Fig, 1B), The microinjection fragment Ful contains 3 kb upstream se-
quences, as well as exon I and part of intron I, driving a Hsp68-LacZ expression casseite
{Kothary, 1989). Three independent transgenic embryos were obtained with Ful. Interestingly,
all three embryos showed specific LacZ staining in thombomere 4 of the developing hindbrain
(Fig. 4E). In the 9.5 day p.c. embryo the rhombomere 4 specific staining was extended to the
neural crest cells migrating from thombomere 4 to the second branchial arch (Fig. 4F).
Rhombomere 4 is the site which shows the highest level of CRABP-I expression in the
developing hindbrain of 9.5 days p.c. mouse embryos (Maden, 1992). Comparison of the
expression pattern of the LacZ transgene driven by Fugn promoter sequences with that driven by
the mouse and chicken promoters shows that the extent of the expression pattern decreases with
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an increase in evolutionary distance between the species from which the promoter was derived
and the species in which it was tested, Le. the mouse.

Discussion

In this paper we present the cloning of the CRABP-I genes from two different species, the
chicken and the Japanese pufferfish, Fugu rubripes. The Fugu gene consists of four exons as is
the case for CRABP-I from other species, and as indeed appears to be the case for all other
members of the intracellular lipid binding protein family (Bass, 1993). The same is expected of
the chicken gene, but we have sequenced only the first three exons. The putative intron/exon
borders appear conserved and all contain the expected GT splice donor and AG splice acceptor
sites (Breathnach and Chambon, 1981}, Fugu CRABP-I and chicken CRABP-I are 86% and
94% homologous to the mouse CRABP-I protein respectively. Comparison of chicken with
Fugu CRABP-I reveals a 85% homology over the first three exons. Taken together with the
100% homology between bovine and mouse CRABP-1, and the 99.3% homology with human
CRABP-I, these data show the extremely high degree of conservation of the CRABP-I gene
(Fig. 3). This indicates that there has been a strong selective pressure on the gene through
evolution. Interestingly this selective pressure has not been confined to the RA binding pocket of
CRABP-I but includes the whole protein, This implies that the configuration of the ligand
binding pocket is critically dependent on the exact structure of the whole protein, and that a
change elsewhere in the protein structure would alter the RA binding capacity significantly,
perhaps lowering the affinity for RA below that of the RA receplors. Alternatively CRABP-I
may interact with other proteins that require its specific structure for recognition, as has been
suggested previously (Donovan, 1995). These interacting proteins could be enzymes involved in
RA metabolism or may be the nuclear RA receptors. The presence of CRABP-I in the nucleus of
certain cell types has been reported recently, suggesting the possibility of a direct transfer of RA
from CRABP-I to the nuclear receptors (Gustafson, 1996).

In addition to the coding regions of the genes we have also sequenced the promeoter regions
of both the chicken and Fugu CRABP-I genes, with the aim of identifying conserved elements
that could be involved in the transcriptionat regulation of the gene, This approach has proven to
be fruitful in the study of the reguiation of the Hoxbl and Hoxb4 genes (Marshall, 1994;
Popperl, 1995; Aparicio, 1995; Morrison, 1995). We have investigated the transcriptional
regulation of the CRABP-I gene during mouse development (Kleinjan, 1997}, and identified a
number of elements in the 3 kb upstream region of the gene that direct CRABP-I expression in
the developing central nervous system of the mouse. Surprisingly, we are unable to recognise
these elements in the 3 kb upstream sequences of either the chicken or Fugu genes. This may be
due to the fact that the recognition sequences of the transcription factor binding sites have
diverged from the consensus sites such that they are no longer recognisable. The expression pat-
terns of mouse CRABP-I and chicken CRABP-I have been well studied (Maden, 1989; Vaessen,
1990; Ruberte, 1991; Maden, 1992; Ruberie, 1992), and their expression patterns during
development are largely identical. However, smail differences between the two species exist, for
instance in the developing hindbrain region. After the appearance of rhombomeres (rh} in the
hindbrain, CRABP-I expression in the mouse is found at low levels in rh2, at high levels in thd-
6, and at decreasing levels again caudally (Maden, 1992; Leonard, 1995). In the chicken,
CRABP-1 is detected at high Jevels in thd, at lower levels in thS, and at high levels again in rhé,
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Fig. 4: Transgenic embryos obtained
from oocyte injections with a LacZ reporter
gene driven by upstream CRABP-I
promoter regions from mouse (A, B},
chicken (C, D} and puffer fish (E, F). The
mouse upstream region drives expression
of LacZ in the midbrain, hindbrain and
spinal cord. A section through the
hindbrain region of a transgenic embryo,
carrying an epitope tagged reporter gene
(CRABP-Tag) driven by the mouse
CRABP-I upstream region, ECTag, shows
the specific expression in thombomeres 2,
4, 5 and 6 of the hindbrain, {C) Transgenic
mouse embryos with the chicken promoter
region/LacZ construct Chl, showing
expression of LacZ in the hindbrain region,
Expression in other sites is due to position
cffects and therefore non consistent
between the embryos, (D) A 9.5 day p.c.
Chl embryo showing staining in
rhombomeres 2, 4, 5 and 6. (E) Transgenic
embryos obtained from injections with the
puffer fish promoter region/LacZ construct Ful. Specific staining is found only in thombomere 4. (F) In a 9.5 days
p.c. embryos the rhombomere 4 staining is extended to the newral crest cells that migrate from this rhombomere to
the second branchial arch. FB, forebrain, MB, midbrain, HB, hindbrain, OV, ofic vesicle; numbered arrowheads
indicate the positions of the rhombomeres,

with a subsequent decrease more candally (Maden, 1990). At present the expression pattern of
CRABP-1 in Fugu embryos is not known.

We have made fransgenic mice with the upstream regions of chicken and Fugy CRABP-
I driving a LacZ reporter gene, and compared these to the expression patterns generated from
either a LacZ or an epitope tagged reporter gene driven by the equivalent mouse promoter
region. In three independent transgenic embryos with the chicken promoter construct we find
expression of the LacZ reporter gene in the region of the hindbrain that covers th2 and rh4-6
(Fig. 4B). The restricted expression of LacZ in the hindbrain region suggests that the chicken
CRABP-I promoter, when introduced into transgenic mice, drives an expression pattern that
only partly recapitulates the endogenous mouse expression pattern. When the promoter region
from Fugu CRABP-I was tested, the transgenic embryos showed specific and reproducible
expression of LacZ only in thd, Thus the domain of LacZ expression driven by the promoter
region of Fugy CRABP-I is an even smaller subdomain of the mouse expression domain than
that driven by the chicken CRABP-I promoter region.

Thus, the reguiatory regions of the gene have been much less conserved than than the coding
sequences. The reporter construct containing the Fugn upstream region shows that the regulatory
mechanisms driving CRABP-T expression have been best conserved in rhd, suggesting that rhd
may be the most important site of CRABP-1 expression. Rh4 lies at the boundary between the
highly RA sensitive anterior hindbrain and the less RA sensitive posterior hindbrain, RA
treatment of early stage embryos results either in complete loss or in a posteriorisation of
anterior hindbrain structures. Typically these effects are limited to the hindbrain anterior of rhd,
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A respecification of the identity of rh2 into a rh4 identity is seen in mouse embryos treated with
RA at day 7.5 p.c. (Marshall, 1992). Interestingly, the restricted expression of the Hoxbl gene in
th4 is controlled by RA. The expression of Hoxb! in rh4 is set up by a positive enhancer that
generates expression of Hoxbl which also extends into rh3 and 5. A repressor containing two
RA response elements negatively regulates the expression in rh3 and 5 and restricts Hoxbl
expression specifically to rhd (Studer, 1994). This rhombomere specific activation and
repression of Hoxbl can not be accounted for by a specific distribution of the RARs/RXRs in
the hindbrain, CRABP-I is thought to be involved in the regulation of free RA levels. It is well
possible that the expression of CRABP-1 is specifically important in rh4, where it has to keep the
RA that is available for the RARs below a certain treshold level, and that therefore its regulatory
mechanisms have been best conserved in that particular rhombomere.,

The evolutionary paths of mice and teleost fish, like Fugu, have diverged approximately 430
million years ago, while the paths of chicken and mice have diverged 200 million years ago.
Thus with increasing evolutionary distance between species an increasing loss of transspecies
regulatory potential on the CRABP-T gene occurs. A more detailed analysis of this phenomenon
will require the generation of transgenic lines with larger constructs, and the incorporation of
more species into the analysis. In this respect it would be very interesting to find out whether
amphioxus (Brachiostoma floridae), the closest living invertebrate relative of the vertebrates,
has a CRABP gene, and whether the promoter region of that gene has any regulatory potential in
transgenic mice. Although amphioxus lacks apparent brain structures it has been shown recently
that amphioxus embryos treated with RA show patterning defects of their anterior nervous
system sirnilar to the those seen in vertebrates (Holland and Holland, 1996),

In summary, we have isolated and sequenced the genomic loci of CRABP-I from the chicken
and pufferfish, and confirmed that CRABP-I has been strongly conserved through evolution.
The promoter regions from the two species directed the expression of a LacZ reporter gene in
transgenic mice to specific subsets of the murine expression domain. A larger part of the murine
cxpression pattern was reproduced by the chicken promoter region than by the pufferfish,
reflecting the relative evolutionary distance between the organisms.
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Appendix A: Genomic scquences from the CRABP-I locus from puffer fish, Fugu rubripes, The coding
sequences are wrilten in bold face, and the deduced amino acid sequence is indicated underneath in one letter code.
The introns have not been fully sequenced and are indicated by a broken line. Two putative poly adenylation signals

are underlined.

1 actagtgtga gtcaaaaatc agaacgaatg ttggtgttaa aatgttattc

51 caatacaagt aaattcataa aatcccagec ttgaatattg gteccacgett
101 acctggtcca gratccatgg acttaatctg ttttocgage togagatcoeo
151 acagacggat gtgtgcatcc agggagetgy aggtcagega tggobocatt
201 gtgactgatg tcactgacac tactctcage tggtgtctca gagtcatgnn
251 ctgcaggege gatgtggggg aaagatacce gacghbhcagyg gcaaattaga
301 tcaacatteca ggcaaaataa actgctgtag astabcaaat tctactctta
351 gtggtgatat taggtaagasa tctggacagt tttggataac tggtgecttt
401 cacgataaat gactgattat caacagctca cagttactgg ttgtcattac
451 gacaaagaga tacggttbcelt tttgaaacaa tgttbtacbgb ttacattgtt
501 attggtattt tcagaaaaac caaagccact caccacattt ccagactttc
551 acatgtcatc taatgaacct gtgatgatag tttetgbece atctgectea
601 cttttaccce acgctgetgt ccagatagca tcatcgtggg ctaagaggga
651 acacatgcac tcttcatceg tgttcbctta atgttagoge ttcaatacaa
701 accatgcagt aaaaacaagce aggectctat atggaaacty asataaatgt
751 ttccaaccta ccgtgttett gettgaaaag aatgeagtay ctgaaataaa
801 agaaacagta acagtaaata ttttacccat asaatagyay gacgctcaaa
851 atgaaagtyga agttggttga acttgttgect tacttgagibyg ctcatttttg
901 gttctgagag tcacaticag tcagacaget aacctacaca ttaagegttt
951 tacattetgc accagectccect tgcaaatgta ttbeatgttaa caacatgtta
1001 acacaghaggyg aatgggataa catttttgag tttaaccaac accattttag
1051 gtttaaccgg tattaatgtg aggagaattt ccacatgagt aatagcattt
1101 tagagatttc tagacattta tgaccagaac aaactgecag ttttttaate
1151 tectttgcectgg ttgaagtace attgtbgaaat ataaacttta gcaggagcta
1201 aagtcgacty acagcttage getacattga tcacagacaa tgasacccag
1251 tcageagakc tagattatcg cctegtttaa gaagegaaca atgctgtatg
1301 gtgacgatty tatcatttaa atatatccaa taaatataaa tattgaccca
1351 taccttgaat tcagctagta tggggtttcet tcgattaaga gttccegtgt
1401 attcataagyg gagaagccat aacacgacga aacttcggtt bgttettett
1451 cgtttectata ccagttaact aataacgcac agagctctac tgccaccagt
1501 ggacaaaaag cgtbtgctte attaggaaaa ttggtaattg agttgttteg
1551 ctattactgt attacaaaat tattcaatta cattttttag gataatatta
1601 acaataatac acactaabca gtgatgattg ttcgtaateca ttetgtttac
1651 attattatgt atttgattat ataghtcactg ttatgecagte tgtcogcagat
17061 agagtgtatg tecesatctatt gogeogtaabtt tatcttacag tcogbgtgcag
1751 aaaaaatgta aabgtatctt tacagtctgt gagcaagtas agggocgggg
1801 aaccacactg agggbgtggh ttectgatca ggetbgtgatg atgaactgea
1851 acggagggce cacccaacct gaaaacgggt aaacaagcag acaacaacag
1901 gatcacacaa cgtgaggaat ccctaacaga cagectetgeg acttaagecce
1951 ggcecitaaata aagtgtcbtyg ttaaataatg atcattttaa aaaaaaaatc
2001 ctttigecatg ataagttaag ctaasaatct gttcttecaga gactgatgbt
2051 ggatatgagg atgraaaaat ttgtaaagge ttttaaactg ttatttctat
2101 ttecctagcetg aaatcatcetg gagatatttt cacaatccaa gtaaaaaatc
2151 cactaaaaag ttcagactca gtctaacttc getggbgage ttecageacac
2201 acatctttca techbatitttg taatgebgca ttgbtgacaat aaattttaatb
2251 aggaggacaa cttttitita aagbtgtgtc tgcaaaaaga atacagttga
2301 tataatcttc cttaatcacc attaaattal atabtgtacac tgcaaaaata
2351 tgtaaagtgt gaattacaaa tgtacattgt attcetbtagt aggactggea
2401 gaabtgcraaa cattttghbat tttgcaaaaa taaatbtacci gccaattttt
2451 tttaatctgt ttttettate tgtttetata gaaatgacac aatattgaltyg
2501 acaatcaatyg caaaacctac agtbitbgecC ccetgtactc atagggoago
2551 atttttggga ggggtgggbg geccctectec cattgagaca gbtagectataa
2601 agcgagactg ctggtgtact gagagcegcectg tagaggtgag agcgagtgag
2651 gcragaaatat acatttacayg gacacccaga aacacacact tgcattttaa
2701 gagtgkbtgatt ccagagcgga ggacaggage acagggaage aggaggagag
2751 gtgagasaga gatcagagag agcacgaaga cggcagcaag cagtcacaac
2801 tacgcgtbgtyg gtgagacacg agcgtccttc aagcgacaga gectcctogeg
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2851
2901

2951

101
151
201
251

51
101

151

51

101
151
201
251
301
351
401
451

cgeteagacy

CTGGAAGATG
W K H
gtaagccecte

ttttgttatt
ctctgtgetg

GCCGCCTCCA
A & 8
CATCAAAACC
I K 7T
GGGAAGAGTT
G E E F
aatcttcteg

gatcacattt

TCGGAGAACA
S E N
CAAMACCTTC
K T F
getctaaaaa

ctectagacga gaacaactag ATGCCAMRACT
M P N

AAGAGCAGTGE AGAATTTTGA TGAACTTCTC
K 8 & E N F D E L L

tetetteocte ctetbgattt ctcacaagea

TTGCCGGCAC

F A G T

AAMNGCCTTGO
XK A L
aatcectgtge

~~~~~~~~ 1.7 kb --- dntron I ~-----=v---mrn

gattgaggga agataactga ccgactgggt
ctcagBGGGTC AACACCATGC TGAGGAAGET
G Vv NT M
ACCCGCACGT GGAGATCCGT CAGGACGGGE
N P H V E I R Q0 D G
TCCACCACGG TGCGCACCAC CGAGATCAAC
s T T vV R T T E I N
TGACGAGGAG ACGGTGGACG GGAGGAAGTS
D E E T V D G R K C
agcccgatgg aggcaaaact gacaggttgg

N 3,2 kb ~--- intron II ---

gchctgttby ttetgeccac agAGTCTCCC

S L

AGATCCGGTG CAAGCAMAACC CTGGTGGAAG
K I R C K Q7T L v E

TGOACCCGEGE AGCTGAACGE GGACGAGCTC
W T R E L N G D E L

ccbgtgacga ctgetcoctaga gteeagteac

—————————— 2,0 kb ——- intron III

L R K WV

ctectgecte
GECCETEGECa

AGAAGTTCTA
E K F ¥
TTCCACATCG
F H I
TAAGgLaacyg
K
ggattcttta

CACCTGGEAG
P T W
GTGACEECCT
G D G P
ACACTAgtga
T oL

tgggagtgtt

AV A

cttecectetg ttecttecagl

GAATTTACGT CCGTGAATGA
R I Y vV R E *
agaageccac cbtgaccacac
ctaacgtgcet ggcgaatatg
tcgegbtgeag tagaaatgte
cctggaacca getgtttatg
ttecatgbeca gtgacgegaa
ttctttattec taaaataaac
tcacctgtee tgatgtgacce
ataccgctgg gtctgaatgt

TTTTCGGGEC AGACIATGTC GTCTGECACAC
v F G A b D WV v ¢ T
agctctgtgg cctecttcag acaaccgggt

cgceghteaaa cccatcgaca ttetgteteg
ccaagbgtbte cgtgtgggte tgcttagtgt
tcagtactte ttaggtgcag gactgacggt
taggttagit ccagacgtac teattagcecta
abaaaaggag aggagcaaca gtgtctogge

tgatgttaaa ggcaaagaaa ttgaccctac

tecagcagaty cctggtctat gagaggtttce
gttecectaac acaccttcag tcaggagete
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Appendix B: Genomic sequences from (he Chicken CRABP-I locus. The sequences encoding the first three
exons of the gene are written in bold face, and the deduced amino acid sequence is indicated undemneath in one letter

code.

1 gaattcctat tgtctecctbeb ttttatattc taactgtget atattcattyg

51 tggctettght catccaccbe thtttichbt tebetigact ttgtttatge
101 ttettttcecat atttttectbt gtetetttet tetcoctttaa aaataabitga
151 cctaactgat agatcagagce ttataaaata gaatctcage ccttactggce
201 tttaatattc ttattatatyg tgtaatcgaa ttggbgtaac tggtacataa
251 goeatcetgaa attattgeas tttaagttot atctecttet gttgectgta
301 tcagttgaag agtggecttyg tgtaccaaca aggcggecaca tggaottaca
351 tccecagtatt tacatacagt ggaaaataga aaagaagaaa agaaccacat
401 gtttacteac tgasagtica ctgectibaad gacctggaac geagaghttgt
451 tcetgetttta aacttttcett ggagcaaagh tagattcttt ctgagattge
501 agcteaacac agcagacttt ataaatgaat tggtaaatgce agaagaatga
551 gagggaatat tttgaatgga atgggaaaca taabgattaa aaaaaaaaga
601 gaagatgcat acaggaagga tggeatggaa gaagfaggtg attaatbcaa
651 ttatttcata tatatgaact tetggttaca aggaaaatat tagctaaaat
701 agctctgaat atgbgacctg acactagect gtgctagktag cagcagtgac
751 cctgagtcete acagaggcat ggttcectgbgt gtgettgatt ttggggtcta
801 ttctaaagag ctygcbtgagec cagtctgcta geactagaag gaaagcctcet
851 ctetgttgtg ggttaattaa ggtgagaacg catacacact gtcagacaac
901 accacttaga cacceaagaa tgtctggata ggtggaactg gtgactcaac
951 aggctbttagg caagattata aactaaataa aaatgtagtt tgatttaaat
1001 gtatttgage tgactagete aatctgactt ggaccttgea gaggagagec
1051 tttgccacct geaggetett gtttctccta geitgccaca cttettaaat
1101 gaagggtatt ctgaagcettce tctectggtc agcatgaggt aggtcacacc
1151 acagtccaat acctcaaaaa ctggtbectac ctcttaaaaa caccctcaca
1201 gataacgtct ctggaatact tcttggbtcag gtcagtggtg cagcaaaaaa
1251 aaaagagcag tagbggaaat taagtgatcc tttasagacoe aaaatgecco
1301 cettcaaatce ttcagggeca atttatttte ttaggtagac ataaatggtt
1351 c<ctacceagt ttebgetgea cttgettatt atcataatac chtctbggtt
1401 ceotgecaggece caatgagect geaccagate tgtetattge tacacaaage
1451 agegetgaaa cteectgeag agcgacctca gotteagett gocagttaca
1501 ccactgaaayg catactgecca cagtccagge ttgctbccag aaccecacaa
1551 ataaggacac gtggacccca gtggaagceaa tgcagcatct geaggtggea
1601 aaggctctec tetgcaaggt cagcagattyg agetagbcag cteaaataca
1651 tttaaatcaa actacatttt tatbttagttt ataatctbge ctaaagactg
1701 tgagtcacca gtccacctat acagtacatt cttgggtgte taagbggtgt
1751 tgtectygacag tgtbghbatgeg ttetcacett attactcaca gagaggettt
1801 ccitectagtyg ctgeagtaag tcoccagatet geacabtttta gacataccte
1851 aaggaacyggg cttgtogbtt cacagagagt gaaacaagtyg acgaatgget
1901 gtgecatgtac catggagctg gotcagcaas ggygtttecta tecatbtaaaat
1951 acatctgget ctgttctgag tgggaaatce cagccctctg aatebtagag
2001 tatttcctta tgeacaacgg caccagaaat agbccatgtg tettaacccea
2051 tcasatcetg ttectettaa tegtgtogot asatcagetg caactgagga
2101 actteagtec agcacctetyg gectaaaact ggygguattcce aagcaaaggc
2151 aatagaaatc gatcatgaaa atgcagcgag gecacagatgg gtgcttcaca
2201 gctgeagceat geocggtatta atttaaaaca gcgggacgag gettggtgtg
2251 cttectctaty aatcactabtg actgcaacgg gecectgotoo tbgggatgea
2301 cgtggaacyge cttgcagcce ccccaagcete tatcctetac ctygcagecga
2351 geggacgtgt gactacggaa gtyccgecgg gctttgeacyg tgecgetgee
2401 cttegectge beaaacggge gggeteggac cgggggeage cgegettect
2451 cgccecgacce gectgeoctyg geagecgtgt cocceggeac ccctttggtg
2501 ggggtcegtcet gtgtttageg gtgetgggga tgbgectcace ccgggetocg
2551 ggtgtgeogeog ggctgtggea cagectoggg cgocagekgt gategtgtge
2601 aaccgegect cggeocagcga ggctgagegg atcgatgact gatcegtgag
2651 c¢cectgagacte tetecactbgt gtttetetee ttetteccee ggetgectcet
2701 gggetctgte atcgagtece tggtacccag cgcacgtbtgg acaagtggea
2751 geccgggeccce aggaggaccg cggageaggg agtgatggat ggatggggoyg
2801 ctgcaaggac ggacagacgyg aaggctggga gggggaacgg cacgtggoegg
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2851
2901
2951

3001
3051
3101
3151
3201
3251
3301
3351
3401
3451
3501

3551

51
101

151
201
251
301

351
401

cgtgegetge
tegegegete
cgeecccacch

GAATTICEAC
N F D
ggttggggca
tgcecggtece
tactcgggga
taagggccgyg
tcegtecgget
goocegagoco
tecteceege

6GCGECCeCe
A A A
TCTACATCAM
F Y I K
ATCGGGGAGA
I G E
aagaggagaa

atctgtattg
gttgtctcte
atggitttet

TCTATTGCAA
I Y ¢ K
ACTCGAGAAT
T R E
taccaatgtg
ttactacttt
ctgcagtaca
tatttaagaa

ttccagggga
actgtgeega
TGCCTAACTT
M P N F
GAGCTCCTCA
E L L
acgaaccgat
gggaggctcg
tceggggegy
cggtectate
tcteoccagea
ggactggtgce
ttegeccags

G

TCCAAACCCC
5 K P
AACTTCOCACC
T 8 T
GCTTCGAGGA
8§ F E E
ctgtgtgtac

cactccthte
tgctteatge
tgectgeagh

ACAAACTCTT
Q T L
TAGCTAATGA
L & N D
tgcaccgtgt
tcttaaacct
attecgcacgt
aaacccacaa

aggggagcyc
gcgagagcga
C3CCCAECACC
A R T
AGGCGCTGGG
K A L
ggaaggggcy
gggtgcggea
gcagggaggy
cggagcacag
ggggctggea
tgggtgaget
TGTCAACGCC
v N A
ACGTGGAGAT
H VvV E I
ACTGTCCGCA
T V R
GOAGACARTE
E T V
gtgtctgttt

2.5 kb intron II

ctgcagcagt
tgetggagaa
GTTTGEGCCAC
S L A T
ATTGAGGGAG
I E G
TGAGCTGATT
E L I
taacagcttt
atcctgaaaa
caaatckttt
atatatcagg

cggbgttact
gecagcatcgt:
TGGAAGATGA
W K M

tgagecteggg

Cecgggeagec
cggggaaggt
cgegetetge
ctgecectget
cggctgectt
tggtgacctce
ATGCTCAGGA
M L R
CCGCCAGGAC
R O D
CCACGGAAAT
T T E I
GATGGTCGAA
D G R

tagtcttact
tataattaat
CTGGGAGAAT
W E N
ATGGTCCTAA
D G P K
TTGgtaagaa
L
ttgttgetat
actgccattt
ctbcttittc
ttectcactty

cbeocecegogg
ceecgeegee
GGAGCAGCGEA
R 5 5 E
acggegggceyg

Egagcageceyg
ccbgecgagec
tccteacctg
ctgcccggag
tecegeoececct
aagctctgct
AGGTGGCGEET
¥ Vv A WV
GGGGACCAGT
G D Q
CAACTTCAAR

N F K
AATGCAGGYL
K ¢ R

gctgeteatt
getattocta
GAMAMCAAGA
E N K
AACATACTGG
T ¥ W
cctbectgacee

gtagcatgge
tcatagttct
Ltattttatt
cg
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Chapter VIH: General discussion

Concluding remarks and future perspectives

Vitamin A and its active metabolites, most notably retinoic acid, exert profound and
widespread effects on embryonic development, growth and homeostasis of vertebrate
organisms. RA is involved in morphogenetic processes in the embryo, induces differentiation
andfor proliferation of many cell lines and tissues, is involved in spermatogenesis and in the
maintainance of pregnancy, induces certain cell types o enter into apoptosis, and is required for
proper functioning of the immune system. Another vitamin A metabolite, retinal, is the
chromophore required for rod vision.

How a simple molecule like retinoic acid can have such a wide spectram of dramatic effects
on many biological processes has been one of the intriguing questions in biology. In recent years
the enormous research efforis in the field of retinoid biology have revealed a complex and
intricate network consisting of a large number of bioactive RA metabolites, transport proteins,
mefabolising enzymes, infracellular binding proteins, nuclear receptors and response elements,
which together are responsible for the propagation, interpretation and execution of the RA sig-
nal. The notion that many feedback mechanisms are active in this network adds another level of
complexity. Cross modulation of the RA and the peptide growth factor signalling pathways has
been observed, involving interactions between the transcription factors AP-1 and the RXRs.

While the role of a number of players in the RA signalling pathway has become clear over
the last few years, the fuaction of the cellular retinoid binding proteins has remained elusive.
Two CRABP proteins have been identified in a number of species, designated CRABP-I and
CRABP-IL Both bind RA with high affinity, with the RA-affinity of CRABP-I 4 times higher
that that of CRABP-II. They function by regulating the availability of RA to the nuclear
receptors, but the exact way in which they do so is unclear, A number of functions has been
proposed for CRABP-I. These include a role (1} as a cytoplasmic buffer, protecting the cell
against excess of RA reaching the nucleus and the nuclear receptors, (2) in the metabolism of
RA to polar metabolites, (3) in the translocation of RA into the nucleus or (4) in sequestering
RA in those tissues that most critically depend on the ligand under RA deficiency conditions.

Mice lacking functional CRABP-I, CRABP-TI and the combination of CRABP-! and -H
have been generated. No apparent abnormal phenotype could be detected in these mice, apart
from an extra postaxial rudimentary digit in the forepaw of the CRABP-T deficient mice
(Fawcett, 1995; Lampron, 1995}, As no phenotypic effect was obtained by inactivation of the
CRABP-] gene we have taken the opposite approach lo obtain insight in the function of
CRABP-I in mouse development and homeostasis, Chapter IV describes the generation of
transgenic mice with constritcts containing large fragments from the CRABP-I locus for the
analysis of the transcriptional regulation of the gene during mouse development. Through the
choice of an epitope-tagged CRABP-I gene as the reporter in these constructs, micro-injection of
these constructs led to the generation of two lines which overexpress CRABP-I within the
confines of its own expression domain. The mice from these lines appear phenotypically normal
under normal conditions. The effect of RA stress, either excess or deficiency of RA, on these
mice will need to be investigated. The lack of an abnommal phenotype in either CRABP nuil
mutant mice or mice with overexpression of CRABP may indicate that the CRABPs are
dispensable under normal conditions, but are required to cope succesfully with RA stress
situations. CRABP null mutants have been tested under conditions of RA excess (Fawcett,
1995; Lampron, 1995) and deficiency (Mark, personal communication), but no difference was
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found between the CRABP-/- mice and wildtype mice. However these conditions are very
difficult to control, and thus, if the CRABPs provide only a slight degree of protection against
fluctuating RA levels, their influence may go unnoticed under the relatively coarse experimental
conditions.

The CRABP proteins have been very highly conserved through evolution. This usually
indicates that the protein serves a function which is sufficiently important for the organism {o
confer a selective advantage in the correct maintainance of the gene, The cloning and sequen-
cing of CRABP-I from chicken and puffer fish further elaborated the notion that strong evolu-
tionary pressure has been exerted on the gene. Thus a paradox conceming the function of
CRABP appears to exist, where on the one hand this function appears to be dispensable for
normal existence (as exemplified by the knock-out mice}, while on the other hand the protein is
strongly conserved in evolution, One way to explain the paradox is to make the assumption that
the function of the CRABPs is dispensable under laboratory conditions, and thus will not
become apparent in the knock-out mice under such conditions, but important in nature where
the availability of food and its vitamin A content will be highly variable. It is also concetvable
that the presence of CRABP may represent a slight evolutionary advantage, which will only
become manifest after a large number of generations. Alternatively, the absence of CRABP may
create a disadvantageous behavioral change, which has so far not been detected, or which has no
influence under laboratory conditions. As both CRABP-I and CRABP-1I are expressed in a
specific pattern in the developing nervous system this possibility has (o be considered.

The main subject of the research described in this thesis has been the study of the regulation
of the CRABP-I gene during murine embryonic development, and is described in chapters 1,
IV and V, Knowledge of the factors involved ir the reguiation of the gene would lead to a better
understanding of the place of CRABP-I in the RA signal transduction pathway, and possibly to
understanding the role of the protein. From the inconclusiveness of the experiments on cell
lines, described in Chapter I, it became clear that we needed to study the regulation of the gene
in the endogenous situation, i.e. in the mouse embryo. Therefore we have generated transgenic
mice with various constructs from the CRABP-I locus. As described in chapter IV the
expression patiern of CRABP-I in the developing mouse embryo can be split into two different
groups of tissues. Expression in these different tissues is regulated via distinct enhancer
elements. Enhancer elements located in the upstream region of the gene are responsible for
expression of CRABP-Tin a specific domain of the central nervous system (CNS). Expression in
neurat crest and in mesenchymal tissue is regulated via enhancer element(s) located downstream
of the transcriptional start site of the gene. The exact localisation of these elements and the
identification of the trans-acting factors that bind to these elements will provide valuable tools
for future research towards further understanding of the development of the neural crest and
limb bud.

We have concentrated on the elements that direct the expression of CRABP-1 in the CNS. In
Chapter V the identification and characterisation of these elements is described. Two fragments
in the upstream region of the gene appear to be required for expression of the gene in neural
tissue. Further analysis of these fragments revealed three enhancer elements on the proximal
fragment and one on the distal fragment. The sequence of one of these elements had the
hallmarks of a retinoic acid response element (RARE). In a series of bandshift assays, in which
specific competitors or antibodies against RARs and RXRs were added, we show that the factor
binding this element is indeed a retinoic acid receptor heterodimer. The presence of a RARE in
the promoter of the CRABP-I gene had so far gone unnoticed, but is not totaly unexpected since
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RAREs have been found in many other proteins involved in the retinoic acid signal transduction
pathway. The presence of a RARE in the promoter of the CRABP-I gene thus allows for the
possibility of modulation of CRABP-I levels in response to its own ligand. However, it still
remains to be shown whether the receptors bound to the RARE element do indeed transactivate
CRABP-I upon addition of RA. From studies with RA response elements from other promoters
it has been inferred that the RAR/RXR heterodimers repress transcription when they are
uniiganded through binding of a corepressor. Upon ligand binding the corepressor is released,
and coactivators can now be bound, resulting in transactivation {Chambon, 1996), Future
research will have to determine whether this scenario also applies to the CRABP-I RARE.

Furthermore, it will be interesting to see which particular retinoid is the most active ligand
in activation of CRABP-I, and what concentration is needed to achieve a significant level of
transactivation, All-trans RA is bound by CRABP itself with high affinity, but its affinity for 9-
cis RA is very low. Both all-trans and 9-cis RA are known to induce transcription via
RAR/RXR heterodimers, but transcription can also be induced by 9-cis RA liganded RXR
homodimers (Zhang, 1992; Mangelsdorf, 1995}, It may well be possible that the function of
CRABP-] is to shift the balance between the level of all-trans RA to 9-cis RA that is available
for the nuclear receptors in the cells in which it is expressed.

If the function of CRABP-I is to provide a buffer against fluctuations in RA concentrations
in the RA sensitive tissues of the organism, then the presence of 2 RARE allows CRABP to
respond to changing RA concentrations, The fact that this RARE is not a DR-2 or DR-5 type
element, which are the optimal response elements for RAR/RXR heterodimers, but a non-
optimal DR-4 element fits into a model in which CRABP-I responds to high concentrations of
RA. At low concentrations most RA is bound to CRABP-I in the cytoplasm, and only limited
amounts of RA reach the nucleus, where it activates the receptors bound on DR-2 and DR-5
elements in the promoters of target genes, At high concentrations the CRABP in the cytoplasm
becomes saturated and a large amount of RA molecules reaches the nucleus. The sub-optimal
RARE of the CRABP-I gene is activated and the buffering capacity of the cytoplasm is
increased by the synthesis of more CRABP-1. However, CRABP couid also serve a role in
transporting RA through the cytoplasm and to or into the nucleus, defivering it to the nuclear
receptors. In this model the presence of CRABP is responsible for actively creating a difference
in the amount of RA becoming availabie for the RARs between CRABP-T expressing and non-
expressing cells. Thus CRABP-I may be functional in augmenting putative RA concentration
gradients in the developing embryo. The presence of the RARE in the CRABP-I promoter may
be instrumental in increasing the steepness of the gradient by creating a positive feedback loop.

Recently a report appeared in which the same RA response element was identified as a
negalive regulatory element in the P19 cell line (Wei, 1997). This appears to contrast with our
resulis since we identified the element by screening transgenic mice for positive regulatory
elements. The element may however function as both a positive and negative element
depending on the cell type, as it is clear that the CRABP-I promoter is differently regulated in
cell lines and transgenic mice (this thesis)

Conflicting reports exist on the inducibility of CRABP-1 by RA treatment of mouse embryos
(Harnish, 1992; Leonard, 1995; Means, 1995). The discrepancy between the various reports may
be explained by the importance of the exact timing and dose of the RA treatment, and by the fact
that the effects are restricted to specific sites in the embryo. By comparing whole embryo
mRNA levels a specific upregulation or anteriorization of CRABP-1 in a small part of the
embryos is likely to go undetected. Recently it has also been shown that in the EC cell line ABI
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CRABP-1is upregulated by RA at low, physiological doses of RA, whereas at higher doses this
effect is completely abolished (Chen, 1996), The presence of a DNAse [ footprint at this
putative CRABP-I RARE element using a nuclear extract from embryonic neural tissue strongly
suggests that the expression of CRABP-I in neural tissue during embryonic development is RA
dependent. The creation of transgenic mice with reporter constructs carrying mutations in this
element, or preferably, by mutating the endogenous element by gene targetting, will have to
reveal the frue importance of this RARE in the regulation of CRABP-T expression,

Neuronal

+

Mesenchyme/Neural crest

Fig.[: Schematic representation of the transeriptional regulation of the murine CRABP-I gene during embryonic
development. Expression of CRABP-1 in its neuronal subdermnain is regulated via binding of transcription factors to
cis-acting elements located upstream of the gene. Expression of CRABP-I in its mesenchymal/neural crest domain
requires the presence of downstream elements. RAR = Retinoic Acid Receptor, RXR = Retinoid X Receptor, AP-1
= Activator Protein-1 (Jun/fos).

The identity of the factors binding to the other three upstream elements of the CRABP-I
promoter is less clear at this stage. Our results suggest that one of the factors binding to two of
the elements could be the transcription factor AP-1 (Activator protein I). This factor consists of
a dimer of the Fos and Jun proteins, and is known to transduce signals from a number of peptide
growth factors. As CRABP-I expression is influenced by peptide growth factors such as certain
FGFs (fibroblast growth factor} and BMPs (Bone morphogenetic protein) (Chen, 1996), the
presence of AP-1 as one of the components of the complex of factors that regulate neuronal
CRABP-T expression would fit into this model. However, it is clear that several other factors are
involved in the complex interplay of regulatory factors on the CRABP-I promoter. Some of
these are tissue-specific, while others may be more general factors. A schematic representation
of the transcriptional regulation of CRABP-I expression is given in figure 1. Further
characterisation of these factors may lead to the identification of novel transcription factors, or
may link CRABP expression and the RA signal transduction pathway to other known regulatory
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pathways, and thus provide new clues to the enigmatic presence of CRABP-I in vertebrate
organisms.

As an additional approach to identify the regulatory elements of CRABP-I, we cloned and
sequenced the promoter regions of the gene from two other vertebrate species, the chicken and
the pufferfish. We expected that the sequence of the regulatory elements, being the binding sites
for transcription factors, would be conserved through evolution. However, sequence comparison
of the upstrearn regions with the mouse promoter region did not reveal any significant blocks of
homology. Nevertheless, when assayed in transgenic mice, the promoter of the chicken gene
directed expression of a reporter gene to a subset of the tissues that show expression with the
promoter from the mouse gene. The pattern observed with the pufferfish promoter region in the
same assay was even more restricted, essentially to rhombomere 4 only, Thus with increasing
evolutionary distance between species an increasing loss of transspecies regulatory potential on
the CRABP-I gene cccurs. As is argued in chapter VI, the regulatory mechanisms driving
CRABP-I expression appear to have been best conserved in rhd, suggesting that this region may
be functionally the most important for CRABP-1 expression in the developing embryo. In this
respect it would be of interest to see whether amphioxus (Brachiosfoma floridae), the closest
living invertebrate relative of the vertebrates, has a CRABP gene, and whether the promoter
region of that gene has any regulatory potential in transgenic mice. Although amphioxus lacks
apparent brain structures it has been shown recently that amphioxus embryos treated with RA
show patterning defects of their anterior nervous system similar to the those seen in vertebrates
(Holland, 1996).

In summary, the (ranscriptional regulation of the CRABP-I gene during mouse
embryogenesis requires a complex interplay of many factors. A more detailed analysis of these
factors will be very informative not only for a better understanding of the RA signal
transduction pathway and the role of CRABP-I therein, but also for a more general
understanding of the molecular mechanisms of vertebrate development. The work described in
this thesis also provides a basis for further analysis of the conservation of regulatory
mechanisms between different species, leading to a broader understanding of transcriptional
regulation.
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Summary

Vitamin A {retinol} and its derivatives, collectively referred to as retinoids, exert a wide
variety of effects on vertebrate development, cellular differentiation and homeostasis ((Bollag
1996) and references in there}. Retinoids, and most notably retinoic acids (RAs) have been of
special interest to developmental biologists because of their teratogenic effects on fetal develop-
ment, Either excess or deficiency of retinoids during pregnancy has been shown to lead to many
birth defects. Thus, normat development seems to require a careful balance of retinoids. The
mechanisms through which RA affects cellular differentiation and embryonic development
involve complex interactions between the products of two distinct gene superfamilies. The first
family consists of a group of nuclear receptors for retinoic acid that belong to the superfamily of
steroid/thyroid hormone receptors. This family comprises of two groups of RA receptors, the
RARs (¢,8,7), which bind both all-trans RA and 9-cis RA, and the RXRs {(a,B,7}, which have 9-
cis RA as their specific ligand. These receptors form heterodimeric complexes and act as Hgand
controlled transcription factors, The nuclear receptor heterodimers regulate gene transcription
through binding to specific DNA sequences, termed RA response elements (RARE), found in
the promoter regions of target genes.

The second family consists of serum and cytoplasmic retinoid binding proteins that
belong to a superfamily of small proteins involved in the binding, transport, and/or metabolism
of low molecular weight hydrophobic molecules. Two members of this family, the cellular
retinoic acid binding proteins type I and II (CRABP-] an II) have been shown to interact specifi-
cally with RA. Both CRABPs are independently expressed, and bind RA with high, but
different, affinitics. They have very specific expression patterns in adult tissues and during
embryonic development, Their exact physiological role remains to be elucidated, but they are
most likely involved in regulating the amount of RA that becomes available to the nuclear
receptors,

This thesis describes the studies on the regulatory mechanisms that direct the specific
expression pattern of the cellular retincic acid biading protein type I (CRABP-I) in the develo-
ping embryo. Chapter 1 provides an overview of the effects of RA on embryonic development,
of the molecular mechanisms of the RA signal transduction pathway, and gives an introduction
to CRABP-I. The production of antibodies against CRABP-I and its family members CRABP-II
and CRBP-I (cellutar retinol binding protein type I) is described in chapter IL The heart is one of
the organs whose development is affected by retineic acid. To find indications for a putative
involvement of the CRABPs in heart development we have performed a detailed study of the
expression patterns of the retinoid binding proteins in developing mouse hearts using the
antibodies. The study showed that these proteins are differentially expressed during the
development of the heart. In chapter IIT our initial studics on the regulation of CRABP-I using
expressing cell lines are described. These studies showed the need to study the regulation of the
gene in the endogenous situation, i.e. in the mouse embryo. Chapter IV describes the studies on
the regulation of CRABP-I during embryonic development in transgenic mice. By injecting
genomic fragments from the murine CRABP-I locus carrying a reporter into mouse oocyles
transgenic mice were produced in which the reporter reproduced the endogenous expression
pattern of CRABP-I. When different parts were deleted from these fragments and used to
produce fransgenic mice, the expression pattern of CRABP-I appeared to be composed of two
different domains, a neural and a mesenchymal/neural crest domain. Expression in these
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domains is regulated via separate regulatory regions, In chapter V a more detailed analysis of the
regulatory region driving CRABP expression in the neural subdomain was performed, resulting
in the identification of four cis-acting elements. One of these appeared f{o be a novel RA
response element. The transcription factors binding to the other elements could only be partly
identified, In addition to the transcriptional regulation chapter IV describes how, using the
regulatory regions for both subdomains of the total CRABP-I expression pattern, two transgenic
mouse lines were generated with specific overexpression of CRABP-{ within its normal
expression domain. These lines represent valuable tools for the study of the function of the
protein in the development and homeostasis of vertebrate organisms. In chapter VI, the genes for
CRABP-I from two other species, the chicken and the puffer fish, were cloned and sequenced.
The high degree of homology between different species further substantiates the argument that
the protein is extremely well conserved through evolution. The ability of the upstream region of
chicken and puffer fish CRABP-I to direct expression of a reporter gene in specific tissues in
transgenic mice was studied and a comparison was made with the expression paltern as directed
by the mouse CRABP-I upstream region. Interestingly, a larger part of the murine expression
pattern was reproduced by the chicken promoter region than by the pufferfish promoter region,
reflecting the evolutionary distance between the species.
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Samenvatting

Vitamine A {retinol) en afgeleide moleculen, collectief aangeduid als ‘retinoiden’,
oefenen grote invloed uit op de embryonale ontwikkeling van gewervelde dieren, op cellulaire
differentiatic en op de algemene homcostase (Bollag 1996). De retinoiden, en met name
retinoylzuur, vormen een interessant studie object voor ontwikkelingsbiologen vanwege de
teratogene effecten die ze veroorzaken. Zowel cen tekort aan retinoiden als een overmaat tijdens
de zwangerschap resulteert in een spectrum van congenitale afwijkingen. Normale embryonale
ontwikkeling is derhalve afhankelijk van een correcte balans aan retinoiden. De produkten van
twee gen-families zijn betrokken bij de moleculaire mechanismen die ten grondslag liggen aan
de invloed van retinoylzuur op differentiatie en ontwikkeling, De eerste van die twee gen-
families bestaat vit een familie van nucleaire receptoren voor retinoylzuur, die behoott tot de
superfamilie van de steroid en thyroid hormoon receptoren. Deze familie bestaat uit twee
groepen van retinoylzuur receptoren, de RARs {(o,f3,1), die zowel all-trans retinoyizuur als 9-cis
retinoylzuur kunnen binden, en de RXRs {o,B,y), die 9-cis retinoylzuur als specifiek ligand
hebben. Deze receptoren vormen heterodimere complexen, en functioneren als ligand
afhankelijke transcriptie facteren. De nucleaire receptor dimeren sturen gen-transcriptie door te
binden aan specificke DNA sequenties, retinoylzuur respons elementen genaamd, die aanwezig
zijn in de promoter regio van de van retinoylzuur afhankelijke genen,

De tweede familie van genen die betrokken zijn bij de retinoylzuur signaaltransductie
route zijn de genen die coderen voor de serum en cytoplasmatische retinoide-bindings eiwitten,
Deze behoren tot een familie van kleine eiwitten, betrokken bij de binding, transport enfof
metabolisme van kleine hydrofobe moleculen. Twee leden van deze familie, de cellulaire
retinoylznur bindende eiwitten type I en I (CRABP-I and II), binden specifick en met hoge
affiniteit aan retinoylzuur. De beide CRABPs vertonen zeer specifieke expressie patronen zowel
in volwassen organismen als tijdens de embryonale ontwikkeling, Ze zijn waarschijnlijk
betrokken bij de regulatie van de hoeveelheid retinoylzuur die beschikbaar is voor de
retinoylzuur receptoren in de kern van de cel, maar de precieze fysiologe rol van de CRABPs is
vooralsnog onbekend.

Dit proefschrift beschriift de studies naar de regulatiore mechanismen die ten grondslag
liggen aan de het specificke expressic patroon van CRABP- tijdens de embryonale
ontwikkeling. Hoofdstuk I geeft een overzicht van de effecten van retinoiden op embryonale
ontwikkeling, en van de moleculaire mechanismen van de retinoylzuur signaai-transductie route.
Tevens wordt beschreven wat bekend is over CRABP-I, Hoofdstuk 1T beschrijft de ontwikkeling
van antitichamen tegen CRABP-I en zijn familicleden CRABP-II en CRBP-I (het cellulair
retinol bindend eiwit type I). Deze antilichamen zijn vervolgens gebruikt voor een gedetaileerde
studie van de expressie patronen van bovengenoemde eiwitten tijdens de ontwikkeling van het
hart. Het hart is een van de meest gevoelige organen voor afwijkende retinoylzuur concentraties
tijdens haar ontwikkeling. CRABP-I blijkt niet in het hart tot expressie te komen, terwijl
CRABP-II en CRBP-I een specifick expressie patroon vertonen. In Hoofdstuk IIT is een begin
gemaakt met de studie van de regulatic van CRABP-] expressie met een analyse van de
promoter regio in twee expresserende cel lijnen. Deze cel lijn studies bleken niet het gewenste
resultaat te gaan brengen. Het bleek derhalve noodzakelijk de regulatie van het CRABP-I gen in
haar natuurlijke situatic te bestuderen, d.w.z. in het nuizen embryo. In hoofdsuk IV wordt de
productie van transgene muizen beschreven met constructen die verschillende genomische
fragmenten it het CRABP-1 locus bevatten. Deze constructen bevatten het CRABP-T gen, dat
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evenwel voor detectie door middel van een moleculaire epitoop gemarkeerd is. De constructen
die het gehele CRABP-1 locus bevatten bleken in staat het complete expressie patroon van het
endogene gen te reproduceren. Productie van transgene muizen met kisinere constructen, waarin
bepaalde delen van het CRABP locus waren gedeleteerd, toonden dat het CRABP-I
expressiepatroon in het muizen embryo uit (tenminste) twee subdomeinen bestaat, een neuraal
domein en een mesenchymaal/neurale lijst domein. De kleinere constructen bleken siechts in
een van de twee subdomeinen tot expressie te komen, Een regio aan de 5° kant van het CRABP
gen is verantwoordelijk voor de neurale expressie, terwijl de regio aan de 3’ kant de expressie in
mesenchymaal weefsel en de neurale lijst stuurt.

De neurale enhancer regio van CRABP-I werdt verder geanalyseerd in hoofdstuk V. Dit
leidde uiteindelijk tot de identificatic van een viertal DNA sequentie elementen die als
bindingsplaatsen fungeren voor de transcriptie factoren die CRABP-T expressie in neuraal
weefsel tot stand brengen. Een van deze elementen blijkt een retinoylzaur response element te
zijr. In hoofdstuk VI tenslotte wordt de klonering en bepaling van de DNA sequentie van het
CRABP-I gen uit twee andere diersoorten, de kip en de puffervis, beschreven. CRABP-I is een
evolutionair sterk geconserveerd eiwit, zoals ook uit deze studie blijkt. Hoewel we geen
geconserveerde sequenties in de promoter regio’s van muize, kippe en puffervis CRABP-I
konden identificeren, bleken de promoter regio’s van de kip en puffervis in staat om in
transgene muizen expressie van een reporter gen te sturen in een bepaald subdomein van het
muize CRABP-I domein. De promoter regio van kip CRABP-1 bleek een groter subdomein van
het muze expressiepatroon te reproduceren dan de puffervis promoter regio, in
overcenstemming met de relatieve evolutionaire afstand tussen de soorten,
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