From the Ludwig Institute for Cancer Research, Stockholm Branch,
and
the Department of Cell and Molecular Biology
Karolinska Institutet, Stockholm, Sweden

MOLECULAR ASPECTS OF RETINOL UPTAKE
AND ACTIVATION
Martin Lidén

Stockholm 2005

All previously published papers were reproduced
with permission from the publishers.
Printed by Larserics digitalprint AB
Bromma, Sweden
© Martin Lidén, 2005
ISBN 91-7140-556-9

Somewhere, something incredible is waiting to be known
Carl Sagan

© Joakim Pirinen

SAMMANFATTNING
- en beskrivning för dig som inte är biomedicinare eller liknande
Att morötter ger bra mörkerseende är allmänt bekant. Många vet också att det är
näringsämnet vitamin A, från bl.a. morötter, som behövs för synen, samt att salvor
med vitamin A ger vacker hy. Vidare är vitamin A nödvändigt för fosterutveckling, för
att upprätthålla normal vävnadsfunktion hos vuxna, samt för immunförsvaret. Kunskap
om hur vitamin A påverkar denna mångfald av processer är av allmänt vetenskapligt
intresse, och kan på sikt hjälpa oss förstå och behandla vissa sjukdomar.
I västvärlden förekommer knappast vitamin A brist, men i U-världen drabbas
hundratusentals barn årligen av svåra bristsymptom, såsom blindhet och livshotande
infektioner. WHO’s handlingsprogram går ut på att få fler mödrar att amma sina barn
längre, samt att påskynda odling av grödor som innehåller mycket vitamin A.
När vi äter t.ex. morot, en biff, eller lever om man gillar det, får vi i oss rikligt med
vitamin A i olika former. Dessa tas upp genom tunntarmsväggen och omvandlas för att
underlätta transport i blodet. Efter en måltid lagras överskott av vitamin A i levern.
Sedan transporteras det till olika organ, genom att vitamin A, eller retinol, som det
också kallas, binds fast till ett transportprotein (RBP), som kontinuerligt cirkulerar i
blodbanan. Celler i olika organ, exempelvis ögat och huden, kan vid behov ta upp
vitamin A från RBP. Med ta upp menas att retinol förs in i cellen, för att sedan
omvandlas till aktiva former som kan ge en fysiologisk effekt. Exakt hur detta upptag
går till vet man inte idag, och det är någonstans här min forskning kommer in i bilden.
Två övergripande modeller har föreslagits. Antingen “lossnar” retinol från RBP och tar
sig fritt in (diffunderar) genom cellens yttre barriär (cellmembranet). Alternativt fastnar
RBP på cellens yta, genom att binda till en receptor, ungefär som en nyckel i ett lås.
Därefter tas retinol upp av cellen genom en av flera tänkbara mekanismer. Till
exempel kan cellytan bukta inåt, ungefär som när man blåser en såpbubbla. När
“bubblan” bildas kan den föra med sig ämnen från utsidan in i cellen. Mina experiment
i delarbete III visar att upptaget troligtvis sker med hjälp av en receptor.
Väl inne i cellen måste retinol aktiveras för att utöva effekt. Detta innebär att enzymer
(bl.a. RDH) omvandlar retinol till andra kemiska former. En sådan aktiv form kallas RA
och fungerar som en signalfaktor, dvs. den kan påverka/programera cellens funktion,
ungefär som när man kör ett program i en dator. De enzymer som aktiverar retinol är
således mycket viktiga eftersom de kan tänkas avgöra när dessa signalfaktorer bildas.
Våra studier i delarbete II har visat hur RDH är förankrade inne i cellen, samt att en del
av detta enzym måste binda till andra komponenter i cellen för att fungera. Teoretiskt
skulle sådana komponenter kunna leverera retinol till RDH, eller kontrollera enzymet
så att det är aktivt när det behövs. En sådan mekanism skulle således kunna reglera
hur mycket RA som bildas.
I ögats celler behövs RDH för att vi ska kunna se. Här medverkar det till att bilda en
“böjd” form av vitamin A, kallad 11-cis-retinal, som fungerar som en ljusmottagare. När
ljuset träffar denna molekyl återbildas den raka formen och samtidigt utlöses en
kedjereaktion som leder till en nervimpuls i hjärnan, och slutligen det vi uppfattar som
ett synintryck. Mutationer i RDH orskar en ovanlig ögonsjukdom (fundus albipunctatus)
med nattblindhet som främsta symptom. I delarbete I har vi undersökt de mekanismer
som orsakar denna sjukdom och funnit att mutationerna slår ut RDHs funktion, vilket
leder till kraftigt minskad produktion av 11-cis-retinal. Följdaktligen hinner inte ögat
bilda tillräckliga mängder av denna ljusmottagare, vilket orsakar avsevärt nedsatt syn.
Sammantaget kan man säga att jag har studerat hur vitamin A tas upp av kroppens
celler, hur det omvandlas till aktiva former, samt hur dessa processer regleras.

ABSTRACT
Retinoids (vitamin A derivatives) are essential for a wide variety of physiological
processes, including embryonic development, growth, vision, reproduction, and
maintenance of various epithelia and the immune system. 11-Cis-retinal serves as the
chromophore of the visual pigments in the retina, whereas the hormonal retinoids, alltrans and 9-cis retinoic acid (RA), regulate the non-visual functions via activation of
nuclear retinoid receptors (RARs and RXRs).
All vitamin A-dependent physiological functions require metabolic activation of the
common precursor, all-trans retinol. Different forms of retinol are transported in plasma
in complex with retinol-binding protein (RBP) and chylomicrons, and taken up into
target cells in various tissues. Following uptake and possible isomerization, retinol is
oxidized into retinal by retinol dehydrogenases (RDHs). The second oxidation step that
irreversibly converts retinal into RA, is catalyzed by retinal dehydrogenases (RalDHs).
To date, several key components involved in the generation of RA and 11-cis retinal
have been identified. However, our knowledge of the cellular mechanisms that control
the production of these highly active retinoids is limited. Our aim has been to
functionally characterize events in retinoid activation, including cellular uptake,
isomerization, and oxidation of retinol. In this work, we have reconstituted the whole
biosynthesis pathway generating 9-cis RA using a coupled/enzyme reporter system.
Mutations in the gene encoding RDH5 are associated with fundus albipunctatus, an
autosomal recessive eye disease that causes stationary night blindness. In order to
understand the molecular pathology of the disease we have characterized naturally
occurring mutants of RDH5. Most RDH5 mutants showed loss of enzymatic activity
and subcellular mislocalization. Interestingly, we found an enzymatically active mutant
in one patient, in combination with an inactive mutant expressed from the other allele.
Our functional studies suggest that a trans-dominant negative effect may occur in this
patient as a result of formation of inactive heterodimers of RDH5.
Previous work in our group has shown that the RDHs, RDH5 and cis-retinol/androgen
dehydrogenase 1 (CRAD1), are ER resident proteins facing the lumen, and carrying
short cytosolic tails in their extreme C-termini. In further investigations we have verified
the membrane topology of CRAD1 and mapped the C-terminal determinants for ER
retention and in vivo functional activity, respectively. Analyses using chimeric CD4
proteins as markers for subcellular localization showed that the C-terminal
transmembrane segment of CRAD1 confers ER localization. Studies of CRAD1 tail
mutants have shown that the cytosolic tail is necessary for the functional activity of the
enzyme in vivo, but not in vitro. This indicates that additional component(s), interacting
with, or modifying the cytosolic tail, are required for the activity of the enzyme in vivo.
Our studies using the reporter assay have also shown that RBP-bound retinol is taken
up into cells by a process that can be efficiently inhibited by blocking antibodies,
suggesting that the uptake is indeed receptor-dependent. Moreover, we have
characterized a trans/9-cis isomerase activity supporting 9-cis RA generation in vivo.
Similar assays have also been employed in combination with immunohistochemistry,
to identify sites of co-localized CRAD1 expression and retinoid receptor ligand
generation in the mouse embryo. Notably, CRAD1 may potentially contribute to 9-cis
RA synthesis in the developing kidney and heart.
Taken together, the development and application of reporter assays has generated
novel data regarding retinol uptake and activation, and provides a useful tool for
addressing cell biological aspects of retinoid activation.
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1 INTRODUCTION
Belonging to the fat-soluble vitamins, vitamin A is an essential dietary
compound. Vitamin A and its derivatives (often referred to as retinoids) are
small hydrophobic molecules, which serve two major functions in physiology,
namely in vision, and in the regulation of a wide set of genes, necessary for
embryonic development and numerous processes in the adult. Its vital role in
vision has been appreciated for a long time, since one of the initial signs of
vitamin A deficiency (VAD) is night blindness.
Classical studies in animals deprived of vitamin A, conducted in the 1920’s,
demonstrated that vitamin A is essential for maintenance of epithelia in adult
tissues, and paved the way for detailed analyses of vitamin A-dependent
functions. Soon after, its vital role in embryonic development was recognized.
With the discovery of nuclear retinoid receptors in the late 1980’s and early
90’s, the principle mechanisms of retinoid mediated gene regulation were
unraveled. Additional important clues came from genetically modified mice, in
which key components involved in retinoid signaling had been deleted. These
investigations have confirmed the fundamental roles of retinoids in
development, and provided insight into the specific processes they control.
However, vitamin A is not active in its native form, but needs to undergo
biochemical conversions into active forms, i.e. 11-cis retinal, to support visual
perception, and retinoic acid (RA), to achieve the hormonal effects
(summarized in Fig. 1, section 1.3.1). During the last ten years, the molecular
machinery responsible for retinoid activation has slowly started to unfold. In this
process, starting with vitamin A as an inactive precursor, and ending with a
physiological response, the activating machinery now emerges as a potentially
important control point of the whole signaling pathway.
The following introductory sections will cover both the activating pathways and
the physiological processes mediated by retinoids. Emphasis will be placed on
the intracellular enzymes that produce the active retinoids, including previously
obtained data from our group. The results of the present investigations, on
which this thesis is based, are discussed in sections 3 and 4.
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1.1 ABSORPTION, STORAGE, AND TRANSPORT OF
RETINOIDS

1.1.1 Dietary intake and storage of retinoids
Higher animals cannot synthesize retinoids de novo, and hence rely on dietary
sources of retinoid precursors. These include carotenoids from plants and
retinyl esters from animals. β-Carotene can be absorbed directly into the
enterocytes lining the intestinal lumen. Here it is oxidatively cleaved by βcarotene 15,15’-dioxygenase to produce two molecules of retinal (Olson and
Hayaishi, 1965). The molecular identity of this enzyme was first reported for
Drosophila melanogaster (von Lintig and Vogt, 2000), and later in other
species, including human (Yan et al., 2001). Retinal formed in this process is
subsequently reduced into retinol by microsomal retinal reductases.
Dietary retinyl esters have to be hydrolyzed into retinol and free fatty acids prior
to absorption (Rigtrup et al., 1994; Rigtrup and Ong, 1992). Both retinal and
retinol bind to cellular retinol-binding protein II (CRBPII) (Ong et al., 1994),
which is one of the most abundant proteins in the intestinal mucosa. CRBPII is
believed to prevent oxidation of retinal into RA, but allows it to be reduced into
retinol by microsomal retinal reductases. The CRBPII•retinol complex, derived
from either precursor, is believed to serve as a substrate for the enzyme
lecithin:retinol acyl transferase (LRAT), which catalyzes the conversion of
retinol into retinyl esters (retinyl palmitate being the predominating product)
(MacDonald and Ong, 1988; Ruiz et al., 1999). These newly formed retinyl
esters are then incorporated into chylomicrons, which are primarily composed
of triacylglycerol and cholesteryl esters, and are secreted into the lymph. After
tissue extraction of triacylglycerol, mediated by lipoprotein lipase, the
chylomicrons end up as chylomicron remnants and are taken up by hepatic
parenchymal cells (hepatocytes) via receptor-mediated endocytosis.
In the hepatocytes, the retinyl esters are hydrolyzed to release retinol. Retinol
then binds to retinol-binding protein (RBP), which is produced by hepatocytes,
and some other tissues (Soprano and Blaner, 1994). (RBP is further discussed
in section 1.2.1) The hydrophobic nature of retinol makes this interaction
necessary to enable solubilization and transport in the plasma. The RBP•retinol
complex (holo-RBP) is the dominating form of retinoid found in the circulation
and serves to distribute retinol to tissues under fasting conditions (Quadro et
al., 1999). However, the bulk of the retinol secreted from hepatocytes is taken
up by the stellate cells of the liver for storage. Thus, stellate cells account for
>90% of the hepatic retinoid store (mainly retinyl esters), and the liver as whole
harbors up to 80% of the total retinoid pool (Blomhoff et al., 1991; Blomhoff and
Wake, 1991). Adipose tissue is also a storage site for retinyl esters. During
conditions of insufficient vitamin A intake, retinol is mobilized from these stores
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and secreted into plasma in the form of holo-RBP, and vice versa, excess
intake leads to accumulation of retinyl esters in the stellate cells.

1.1.2 Transport of retinoids to target tissues
In plasma, holo-RBP is found in an equimolar complex with transthyretin (TTR),
which is a thyroid hormone transport protein. This interaction partially hinders
excretion of RBP through the glomeruli of the kidneys. Studies of TTR-deficient
mice have provided some insight into the role of RBP. These mice are healthy
and have an apparently normal vitamin A status, despite plasma RBP levels of
only 5%, as compared to those in wild type mice (Episkopou et al., 1993; Wei
et al., 1995). Analyses of RBP null mice show that RBP is vital during the first
few months of life for sufficient delivery of retinol to the retinal pigment
epithelium (RPE) (Quadro et al., 1999). Although capable of accumulating
retinoid stores in the liver, the RBP null mice cannot make use of these
deposits, and are therefore more rapidly and severely affected by vitamin A
insufficiency. Taken together, this indicates that RBP is neither the sole nor
obligatory source of retinol for target tissues. Instead, sufficient amounts of
retinoids can be distributed by means of chylomicron remnants and
lipoproteins. However, during periods of vitamin A insufficiency, target cells,
particularly RPE cells, seem to depend on holo-RBP as the source of retinol. In
addition to retinol and retinyl esters, low levels of RA (5-10 nM) are also found
in the circulation bound to albumin. Whether this source of RA exerts any
hormonal effects is unknown.

1.1.3 Uptake of retinol by target cells
The mechanism(s) of retinol uptake from holo-RBP by target cells is not clear.
This issue is of great importance as it has many implications on how retinoids
are processed intracellularly. Several investigators have argued for a receptorindependent mechanism in the uptake of retinol from holo-RBP. Collectively,
this view suggests that “free” retinol, in equilibrium with the RBP-bound form,
can pass the lipid bilayer of target cells by a “flip-flop” mechanism (reviewed by
Soprano and Blaner, 1994). It is further suggested that apo-CRBPI present on
the cytosolic side binds retinol, and thereby drives this diffusion by massaction. The other view states that RBP-bound retinol is taken up by a receptordependent mechanism, which possibly allows endocytosis of retinol/holo-RBP.
Interestingly, binding sites for RBP have been observed in several tissues. For
instance, Båvik et al. reported that receptor binding sites for RBP were present
in microsomal fractions from the RPE, liver and kidney. Further characterization
using a cross-linking strategy, revealed an interaction of RBP with a 63 kD
protein, denoted p63, specifically expressed in the RPE (Bavik et al., 1992;
Bavik et al., 1991). This protein, also referred to as RPE65, was recently shown
be the long sought isomerohydrolase in the visual cycle (Jin et al., 2005), as
discussed further below (section 1.4.1). Receptor-mediated uptake of holo-RBP
has also been suggested to occur in liver stellate cells (Blomhoff et al., 1988;
Senoo et al., 1993). Another study has shown that RBP-bound retinol is more
3

potent in blocking differentiation of keratinocytes, as compared to “free” retinol
(Bavik, 1995). The same report further shows that this RBP mediated effect
could be reversed by a monoclonal antibody reactive against p63/RPE65,
suggesting a receptor-dependent uptake of retinol from holo-RBP. Further
support for this view comes from similar findings using keratinocytes
(Hinterhuber et al., 2004), although these data were based on uptake of an
RA•RBP complex. In addition, our recently published work shows that retinol
from holo-RBP is taken up by cells by a mechanism that can be efficiently
blocked by an anti-RBP antibody, again suggesting that the uptake is mediated
by a receptor (Lidén and Eriksson, 2005), as further discussed in section 3.3.
However, direct evidence of the molecular identity of such receptor(s) is still
lacking. RBP is also taken up by cells of the proximal tubuli in the kidney,
allowing reabsorbtion of holo-RBP that has been filtered through the glomeruli.
A protein known as megalin, belonging to the LDL receptor family, has been
shown to mediate this uptake, and thereby supports the trans-epithelial
transport of RBP in the kidney (Christensen et al., 1999; Leheste et al., 1999;
Marino et al., 2001). Whether similar mechanisms are involved in the uptake of
retinol by target cells in other tissues remains to be determined.
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1.2 RETINOID BINDING PROTEINS
Due to the hydrophobic nature of retinoids, binding proteins function to
solubilize and protect these molecules from opportunistic oxidation and
isomerization. Moreover, the cells and their components are conversely
protected from the toxic effects exerted by reactive retinoids. Apart from acting
as chaperones for their ligands, these binding proteins have been ascribed
functional roles in the uptake of retinol, as well as in directing both extracellular
and intracellular trafficking of retinoids. In addition, some intracellular binding
proteins have been suggested to control certain events of retinoid metabolism.
These proteins have quite divergent origins, except for the intracellular retinoidbinding proteins, CRBPs and cellular retinoic acid-binding proteins (CRABPs),
which fall into a larger group of lipid-binding proteins, encompassing ligands
such as retinoids, fatty acids, and steroids (reviewed by Noy, 2000).

1.2.1 Retinol-binding protein (RBP)
RBP is a of 21 kD protein produced by hepatocytes, and some other tissues
(Soprano and Blaner, 1994). As discussed in section 1.1, it serves to mobilize
retinoid stores, and distribute retinol to target tissues under fasting conditions.
RBP belongs to a family of extracellular transport and binding proteins known
as the lipocalins (Noy, 2000; Pervaiz and Brew, 1987). Although they share a
low sequence identity, members of this family exhibit highly conserved
structural features. Thus, RBP consists of one globular domain, containing a βsheet made up of eight anti-parallel strands, which form a barrel structure. The
barrel fold constitutes the ligand binding pocket, and carries retinol with its
hydroxyl group directed towards the surface. This gives a Kd value of
approximately 20 nM for the RBP-retinol interaction (Noy and Blaner, 1991).
Close to the entrance of the ligand binding pocket are three loops, which may
be involved in interactions with putative RBP receptor(s) (Melhus et al., 1995).
Another structural feature is the RBP•TTR complex found in plasma. TTR is a
tetrameric protein of 55 kD, which adds significantly to the molecular weight of
this complex, and thereby to some extent prevents renal excretion of RBP.

1.2.2 Cellular retinol-binding proteins (CRBPs)
CRBPI is widely expressed, both during development and in the adult, with
highest expression levels in organs harboring retinoid deposits. CRBPI binds
all-trans retinol with a Kd of ~0.1 nM (Li et al., 1991), and also all-trans retinal,
although with much lower affinity, whereas it discriminates against the
corresponding cis isomers and does not bind RA (MacDonald and Ong, 1987).
The binding pocket of CRBPI is formed by two β-sheets, each made up of five
β-strands, which form a barrel structure, as determined by crystallography
(Cowan et al., 1993). In contrast to RBP, CRBPs display an opposite
5

orientation of its bound retinol. Thus, retinol is encapsulated with the hydroxyl
function buried deep inside the protein, and is thus protected from the exterior
milieu.
It has been suggested that holo-CRBPI interacts with, and serves as the
physiological substrate for all-trans specific retinol dehydrogenases (RDHs)
(reviewed by Napoli, 1997; Napoli, 1999; Napoli, 2000), and discussed in
section 1.3.3.6). The experimental evidence supporting this idea is limited
though, as it is purely based on cross-linking data and in vitro enzyme kinetics
(Boerman and Napoli, 1995; Posch et al., 1991), and has not been functionally
verified in a cellular context. Moreover, CRBPI-deficient mice are viable and
fertile, they generate sufficient levels of RA, and only display reduced synthesis
of retinyl esters (Ghyselinck et al., 1999; Matt et al., 2005). When fed a vitamin
A deficient diet for five months, the RE stores of these mice became completely
depleted. It was therefore suggested that CRBPI is involved in RE synthesis
and storage, presumably by delivering retinol to LRAT, but plays no essential
role in the generation of RA. As discussed above (section 1.1.3), some reports
also point to the possibility that CRBPI may be involved in the cellular uptake of
retinol (Lidén and Eriksson, 2005; Noy and Blaner, 1991), although it is not
clear from which source of plasma retinol such uptake would occur.
The distribution of CRBPII is more restricted, as compared to that of CRBPI.
The highest expression is found in the small intestine, and some expression is
seen in liver and eye. In contrast to CRBPI, CRBPII binds retinol and retinal
equally well, which might reflect functional differences between these two
CRBP subtypes. As discussed above (section 1.1.1), the main function of
CRBPII in the small intestine is believed to be the shuffling of retinal and retinol
through enzymatic processing finally leading to esterification, and subsequently
packaging into chylomicrons for export. CRBPII-deficient mice are viable and
fertile when fed a vitamin A-enriched diet, although they have reduced retinoid
deposits in the liver. However, when delivered by dams fed a diet marginal in
vitamin A, the newborn mice die within 24 hours from vitamin A deficiency,
indicating that CRBPII does facilitate absorption/distribution of dietary retinoids
(E et al., 2002).
CRBPIII is primarily expressed in heart, skeletal muscle and adipose tissue
(Folli et al., 2001; Vogel et al., 2001). Mice lacking CRBPIII display impaired
incorporation of retinol into milk, which probably reflects a function of this
protein in the delivery of retinol to LRAT (Piantedosi et al., 2005). Furthermore,
the same authors suggested that CRBPIII can partially substitute the loss of
CRBPI, and vice versa, but only in tissues expressing CRBPIII. Less is known
about the human protein CRBPIV, which is expressed in kidney, heart, and
transverse colon (Folli et al., 2002). Structural differences, in comparison to the
other CRBPs, indicate that it may represent a distinct subtype among the
CRBPs.
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1.2.3 Cellular retinoic acid-binding proteins (CRABPs)
CRABP I and II exhibit wide tissue distributions in the embryo, whereas the
adult show ubiquitous expression of CRABPI, but restricted expression of
CRABPII in the skin, uterus, ovary and choroid plexus (Noy, 2000). The Kd of
CRABPI for its ligand RA has been determined to ~0.4 nM (Norris et al., 1994).
CRABPI also binds 9-cis RA and 13-cis RA, although with much lower affinity
(Kd ~50-200 nM and >160 nM, respectively), but binds neither retinol nor retinal
(Fiorella et al., 1993; Norris et al., 1994). Although CRABPI only shows 40%
homology to CRBPI at the amino acid level, X-ray crystallography has
demonstrated that it is structurally similar to CRBPI (Thompson et al., 1995).
Apart from solubilizing and protecting their bound ligands, the CRABPs have
been shown to regulate the delivery of RA to the nuclear retinoid receptors, as
well as to enzymes catalyzing retinoid degradation. Thus, overexpression of
CRABPI has been shown to reduce the potency of RA in differentiation and
reporter assays (Boylan and Gudas, 1991). In the model that has emerged, it is
suggested that CRABPI serves to clear excess RA from cells, and targets its
ligand for degradation via the CYP26 family of cytochrome P450 enzymes
(Noy, 2000). As for delivery of RA to the nuclear receptors, the two CRABPs
differ in the mechanism by which the ligand is transferred (Dong et al., 1999).
RA carried by CRABPII is transferred via a direct interaction between the
binding protein and RAR, whereas transfer from CRABPI requires dissociation
of RA into the aqueous medium prior to receptor binding. Further analyses
have demonstrated that CRABPII potentiates the cellular response to RA in
differentiation and reporter assays (Budhu and Noy, 2002). Recent data
provide the explanation for these observations, showing that ligand binding
induces a conformational change in CRABPII that exposes a nuclear
localization signal, resulting in nuclear import and delivery of RA to the receptor
(Sessler and Noy, 2005). Nevertheless, targeted deletion of either one or both
of the CRABPs does not reveal any essential roles of these binding proteins
during development or in the adult (Lampron et al., 1995).

1.2.4 Interphotoreceptor retinoid-binding protein (IRBP) and
cellular retinal-binding protein (CRALBP)
Two retinoid binding proteins do not belong to any of the two families discussed
above. These include interphotoreceptor retinoid-binding protein (IRBP) and
cellular retinal-binding protein (CRALBP), which are both expressed in the
retina. IRBP seems to function as a buffer for various retinoids in the
interphotoreceptor matrix (Ho et al., 1989), and is necessary for photoreceptor
survival (Palczewski et al., 1999; Ripps et al., 2000). CRALBP probably serves
as a carrier for 11-cis retinol and 11-cis retinal during the enzymatic processing
in the visual cycle (see section 1.4.1, and Saari et al., 1994).
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1.3 METABOLIC ACTIVATION OF RETINOIDS

1.3.1 Overview of retinoid activation
All vitamin A-dependent physiological functions require enzymatic conversions
of retinol into active retinoids. These activating metabolic pathways are outlined
in Fig. 1. Thus, following uptake of retinol into target cells, retinol may be
isomerized into either 11-cis or 9-cis retinol. The first oxidation reaction then
generates retinal of the respective isomers. In the case of all-trans and 9-cis
retinal, these may be further oxidized into all-trans and 9-cis RA, respectively.
The process that regenerates 11-cis retinal in the eye is commonly referred to
as the dark reaction of the visual cycle, and is further discussed in section
1.4.1.
A

B
All-trans retinol

RDH

Uptake

All-trans retinoic acid

CH 2 OH

COOH

holo-RBP

9cROL
Rec ?

RalDH

9cRAL

9cRA

GENE
REGULATION

ISOM

RalDH

RDH

atROL

atRAL

via RARs and RXRs

atRA
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11-cis retinal

9-cis retinoic acid

LRAT

LP

atRE

VISUAL
CYCLE

Photoisomerization

RPE65

RDH

CHO

COOH

11cROL

11cRAL

VISION

Figure 1. Chemical structures and metabolic activation pathways of retinoids.
A Chemical structure of all-trans retinol, and its active derivatives, all-trans retinoic acid, 9-cis
retinoic acid, and 11-cis retinal. B Outline of the retinoid uptake and activation pathways.
Target cells take up all-trans retinol from retinol-binding protein (holo-RBP), or from retinyl
esters transported in either chylomicrons (CM) or lipoproteins (LP). A putative receptor
activity has been reported for RBP-mediated uptake. Intracellularly retinol may be isomerized
into 9-cis retinol (by a yet unidentified activity) or 11-cis retinol, followed by sequential
oxidation into retinal and retinoic acid (RA). Retinol dehydrogenases (RDH) and retinal
dehydrogenases (RalDH) catalyze the first and second oxidations, respectively. The two
isomers of RA activate the nuclear retinoid receptors, RARs and RXRs, to control target
gene transcription. 11-cis retinal is regenerated in the eye by a process referred to as the
visual cycle (shaded). See text for detailed description of the enzymes. Key: at, all-trans; 9c,
9-cis; 11c, 11-cis; RAL, retinal; RE, retinyl ester; ROL, retinol.

Enzymes and components have been identified for most events in the retinoid
activation pathways. Most recently, RPE65 was shown to be the isomerase
generating 11-cis retinol in the visual cycle, filling the last gap in this
biochemical pathway (Jin et al., 2005). However, some activities remain to be
identified at the molecular level, including putative cell surface receptor
components and the isomerase activity generating 9-cis retinol. As the
architecture of these biochemical pathways has been uncovered, the upcoming
challenge will be to address the cell biological mechanisms, which
interconnects the enzymatic activities and controls the generation of active
retinoids.
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In most tissues retinol is sequentially oxidized, via retinal, into RA. Two different
families of retinol dehydrogenases have been proposed to catalyze the first
oxidative conversion; the cytosolic classical alcohol dehydrogenases (ADHs)
belonging to the medium chain dehydrogenase/reductase (MDR) family, and
some microsomal members of the short chain dehydrogenase/reductase
(SDR) superfamily (RDHs) (reviewed by Jornvall et al., 1999; Jornvall et al.,
1995). The second oxidation that irreversibly converts retinal into RA is carried
out by retinal dehydrogenases (RalDHs).

1.3.2 Alcohol dehydrogenases of the medium chain
dehydrogenase/reductase (MDR) family
Until now, eight different classes of ADHs (ADH1-8) have been described.
These enzymes are cytosolic, generally NAD-dependent, zink-containing
proteins of typically 40 kD (Duester et al., 1999). Traditionally they have been
considered as general detoxifying enzymes for alcohols and aldehydes
(reviewed by Hoog et al., 2001). However, recently they have also been
implicated in more specific physiological functions. ADHs display relatively wide
substrate specificities in vitro, catalyzing oxidation of ethanol, retinol and other
aliphatic alcohols, steroids, and lipid peroxidation products (or reduction of the
corresponding aldehyde forms).
Among the different classes, ADH1, ADH3, and ADH4 have received most
attention in the field of retinoid metabolism. For example, targeted deletion of
ADH3 indicates a role for this ubiquitously expressed gene in retinoid
metabolism (Molotkov et al., 2002). However, the evidence supporting a direct
function of this enzyme in RA biosynthesis is limited. Studies of mice lacking
ADH1 or ADH4 show that these animals are viable and fertile, and show no
abnormalities unless challenged with large excessive doses of retinol, or
vitamin A deficiency (Duester et al., 2003). Efforts have also been made to
reconstitute RA biosynthesis pathways in cultured cells, but in contrast to
RDHs of the SDR type, ADH4 was unable to support generation of RA in this
system (Tryggvason et al., 2001). Taken together, it is still unclear whether
ADHs contribute to RA biosynthesis under normal physiological conditions.

1.3.3 Retinol dehydrogenases (RDHs) of the short chain
dehydrogenase/reductase (SDR) family
Some twenty different microsomal RDHs have been cloned and partially
characterized so far (see Table I). The role of this family of enzymes in retinoid
activation is well established, as they support both visual pigment regeneration
and RA biosynthesis. However, the cell biological aspects of enzymatic
function, such as mechanism(s) of subcellular localization, substrate delivery,
and regulation, are still largely unexplored. This section will cover genetic,
biochemical, and cell biological data on RDHs.
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1.3.3.1 Biological roles of RDHs
RDH5 (11-cis-retinol dehydrogenase) was the first retinol dehydrogenase to be
cloned and identified as a member of the SDRs (Simon et al., 1995). This
enzyme is highly expressed in the RPE of the eye and was suggested to
catalyze the final oxidative reaction in the generation of 11-cis retinal in the
visual cycle. Missense mutations in RDH5 are associated with the rare
recessive eye disease known as fundus albipunctatus, characterized by
stationary night blindness and appearance of white spots in the retina
(Yamamoto et al., 1999) (see section 1.4.2). This was the first genetic evidence
for the involvement of the microsomal RDHs in retinoid metabolism in vivo.
Table I.
Species

Retinol dehydrogenases of the SDR family, and their substrate and
co-factor preferences
a

M
M
M
M
B/H/M
B/H/M
H/M
H/M
H/M
H/M
M/R
B/H
R
R
R
H
B/H/M
B/H/M
Z
Z

Enzyme name(s)
CRAD1 / RDH6
CRAD2 / RDH7
CRAD3 / RDH9
mRDH1 / RDH1
11-cis-RDH / RDH5 / RDH4
RDH10
RDH11 / RalR1 / PSDR1
RDH12
RDH13
RDH14
b
eRolDH
b
hRoDH-E2 / RDHL
RoDH1
RoDH2
RoDH3
RoDH4 / hRoDH-E
retSDR1
prRDH / RDH8
rdh1l / zRDHA
rdh1 / zRDHB

Substrate(s)
(retinoid isomers)
9-cis / 11-cis
11-cis (all-trans)
9-cis / 11-cis
all-trans / 9-cis
9-cis / 11-cis
all-trans
all-trans / 9-cis / 11-cis
all-trans / 9-cis / 11-cis
dual trans / cis
all-trans / 9-cis / 11-cis
all-trans
all-trans
all-trans
all-trans
c
N.A.
all-trans
all-trans
all-trans
all-trans
all-trans

Co-factor
preference
NAD+
NAD+
NAD+/NADP+
NAD+(NADP+)
NAD+
NADP+
NADP+
NADP+
N.A.
NADP+
N.A.
NADP+
NADP+
NADP+
N.A.
NAD+
NADP+
NADP+
N.A.
N.A.

a

B, bovine; H, human; M, mouse; R, rat; Z, zebrafish
eRolDH and hRoDH-E2/RDHL are orthologs.
c
N.A., not available
b

Surprisingly, deletion of murine RDH5 resulted in a much milder phenotype,
indicating a higher degree of redundancy in mice (Driessen et al., 2000).
Further studies in mice have indeed identified four additional enzymes, which
have been implicated in the generation of visual chromophore (RDH11-14)
(Haeseleer et al., 2002; Kim et al., 2005). However, the proposed role of
RDH11 in the visual cycle has been questioned (Kasus-Jacobi et al., 2005),
and in yet another report it is argued that this enzyme functions as a retinal
reductase (here referred to as RalR1), rather than a forward oxidizing enzyme
(Kedishvili et al., 2002). However, the latter conclusions were based solely on
in vitro enzymology, which might not reflect the in vivo role of this enzyme.
Furthermore, this same enzyme (here referred to as PSDR1) is reportedly
highly expressed in normal and neoplastic prostate, and seems to be
transcriptionally regulated by androgens (Lin et al., 2001). A more clear-cut role
has been ascribed to RDH12, since mutations in the gene encoding this
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enzyme are associated with a retinal disease known as Leber congenital
amaurosis (LCA) (Janecke et al., 2004). Thus, this enzyme is responsible for
the reduction of all-trans retinal into retinol in the photoreceptor cells.
RDHs have recently also been reported to play crucial roles in RA signaling
during gut development and differentiation. Downregulation of RDH5 and
RDHL (also known as hRoDH-E2) in colon adenomas and carcinomas have
been shown to cause reduced synthesis of RA (Jette et al., 2004). Further
studies within this report show that the synthesis of RA was controlled by
adenomatous polyposis coli (APC) and the colon specific transcription factor
CDX2, by regulating the expression of RDHL. Interestingly, two novel zebrafish
RDHs, rdh1/zRDHB and rdh1l/zRDHA, were recently identified and shown to
be essential for proper organogenesis, including gut development, and
furthermore reveal a genetic link between RDH mediated RA synthesis and the
upstream regulator APC (Nadauld et al., 2004; Nadauld et al., 2005).
Taken together, several RDHs have been implicated in, or proven to have,
functional roles in the generation of visual chromophore and RA. However,
further genetic dissection is needed to determine the exact roles of the
individual enzymes.
1.3.3.2 Domain organization and membrane topology of RDHs
The RDHs of the SDR family have an overall amino acid sequence similarity of
around 30%. The core SDR domain seems to be very conserved among
SDRs, as indicated by an almost identical fold in most chrystallized enzymes.
Other conserved features within the family include the co-factor binding site
(amino acid sequence GXXXGXG, where X represent any amino acid residue),
and the catalytic site (YXXXK) (Jornvall et al., 1995). In addition, many of the
RDHs exhibit a similar domain organization, with regard to the segments
flanking the SDR domain, and it is therefore reasonable to assume that they
also share a common membrane topology. Nevertheless, different researchers
aiming to explore these issues have come to different conclusions regarding
both the number of transmembrane domains (TMDs) and the topology of these
enzymes in the ER membrane (Fig. 2).
Initial studies demonstrated that the prototypic enzyme RDH5 harbors two
TMDs, which flank the conserved SDR core domain on the N- and C-terminal
sides (Romert et al., 2000; Simon et al., 1999). Based on proteinase K
protection experiments, as well as Endo H treatment of an RDH5 mutant
carrying an ectopic glycosylation site, it was shown that that the SDR domain is
oriented towards the lumen of the ER, and that the only part of the protein
protruding into the cytosol is the extreme C-terminus of seven amino acids
(Fig. 2B, model a). More recent studies have confirmed this topology for the
related enzyme cis retinol/androgen dehydrogenase 1 (CRAD1), as evidenced
by several independent techniques (Lidén et al., 2005; Tryggvason et al.,
2001). Another notable structural feature of the RDHs is that they seem to
occur as functional homodimers, as indicated by genetic and biochemical data,
as well as computer based modeling (Lidén et al., 2001; Lidén et al., 2005).
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The data on the topology and dimeric nature of RDH5 and CRAD1 is discussed
further in section 3.
Other investigators have challenged this view and argue for a cytosolic
orientation of RDHs. For instance, rat RoDH1 and its human homolog RoDH4
have been suggested to have a cytosolic orientation, although this conclusion
was based on biochemical analyses of truncated variants of the enzymes and
computer based predictions (model c, (Wang et al., 2001), and model b,
(Belyaeva et al., 2003a; Lapshina et al., 2003)), or analyses of topogenic
signals in various domains by fusing them to GFP (model c, (Zhang et al.,
2004)). As the insertion of membrane proteins into the lipid bilayer is a
complex, and highly context-dependent process, these results are difficult to
evaluate. By mutating residues within or flanking the N-terminal signal
sequence, or fusing irrelevant domains or tags to this region, as performed by
Zhang et al., there is a risk that the whole TMD gets excluded from the lipid
bilayer, which would inevitably lead to misinterpretations (Alder and Johnson,
2004; Higy et al., 2004; Sato et al., 1998). Moreover, in proteins containing
more than one TMD, the signals that determine the ultimate topology are
usually found in different parts of the protein, and are not only confined to the
first TMD.

Hydropathy index

A
3

mCRAD1
hRDH5

2

hRoDH4

B
Different models proposed for the topology of RDHs

a

1

b
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Figure 2. Domain organization and proposed topologies for RDHs. A Diagram showing
hydrophobicity plots of three members of the RDHs belonging to the SDR family, murine
CRAD1, human RDH5, and human RoDH4. The shaded regions represent potential
transmembrane sequences. The general domain organization, including positions of the cofactor binding and active sites are outlined at the bottom. B Schematic models (a-c)
representing different proposed topologies of RDHs.

As outlined in Fig. 2, the presented models differ not only in topology, but also
with regard to the number of TMDs. In model b, hydrophobic segments within
the SDR domain have been proposed to serve as TMDs. However, this model
is unlikely since the corresponding hydrophobic stretches in chrystallized SDR
members are buried deep inside the core domain, which makes it unlikely that
they function as TMDs in other members of the family. In model c, the enzyme
is anchored to the ER membrane by a single N-terminal TMD, and orients the
catalytic domain towards the cytosol. Moreover, this model does not include the
C-terminal hydrophobic region as a TMD. Studies on RDH11/RalR1 have also
supported this view (Belyaeva et al., 2003b). However, recent investigations
demonstrate that the corresponding C-terminal hydrophobic segment in
CRAD1 can serve as a bona fide TMD in CD4 fusion proteins, retaining the
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proteins in the ER membrane, and orienting with the C-terminus facing the
cytosol (Lidén et al., 2005), all of which strongly supports model a. In addition,
analyses of RDH12 have shown that this enzyme carries Endo H-sensitive
glycans, which again argues for the lumenal topology represented by model a
(Janecke et al., 2004).
Unfortunately, these opposing views regarding the topology of RDHs have
hampered the progress of this research field. Resolving this issue should help
us understand several important cell biological questions regarding, e.g.
substrate and co-factor delivery, possible interaction(s) with other proteins
involved in retinoid signaling, as well as presumptive regulatory events taking
place to control the enzymatic activity. These issues are discussed further in
the next sections, as well as in sections 3.2 and 4.
1.3.3.3 Studies of RDH function require relevant cellular assays
In order to address the cell biological issues of RDH function, relevant assays
are necessary, able to measure enzymatic function in a cellular context.
However, so far most of the identified RDHs have only been partially
characterized by means of traditional biochemical approaches. Consequently,
detailed knowledge of the molecular function of these enzymes is limited. While
fundamental enzymological work has given important data regarding the
substrate specificities and co-factor preferences of the different RDHs
(Table I), such in vitro analyses might not accurately reflect the in vivo
situation, as exemplified below. Instead, cellular assays should be applied to
study functional aspects of these enzymes.
The development of coupled enzyme/reporter assays has enabled
reconstitution of the biochemical pathways generating RA in vivo, from the
cellular uptake of RBP-bound retinol to nuclear receptor activation (Lidén and
Eriksson, 2005; Tryggvason et al., 2001). Various applications of this versatile
reporter system are further discussed in section 3.3. Initial studies of RDH5 and
CRAD1 using this approach showed that deletion of the cytosolic tail (see Fig.
2B:a) dramatically diminished enzymatic activity in vivo, i.e. in the cellular
reporter assay, but not in a traditional in vitro assay, using HPLC as readout
(Tryggvason et al., 2001). Further studies have demonstrated that the cytosolic
tail is necessary for the functional activity of these enzymes, suggesting that
this region is involved in interaction(s) with other protein(s) (Lidén et al., 2005).
Such interactions could potentially mediate substrate and/or co-factor delivery,
coupling with other functional events of the pathway, or control mechanisms
ultimately regulating the generation of RA. These data, and their implications,
are further discussed in section 3.
1.3.3.4 Regulation of RDHs
The retinoid receptors are highly sensitive, and become activated by
nanomolar levels of their ligands. Considering the 1000-fold higher
concentration of the precursor all-trans retinol in plasma, target cells should
require some means to control the generation of these highly potent receptor
ligands. Potential levels of control in the retinoid activation pathways include
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the cellular uptake of retinol, and downstream enzymatic events. Given the
rate-limiting and reversible nature of the first oxidation catalyzed by RDHs, this
reaction may represent an important control step in the pathway. However, the
issue of RDH regulation is still largely unexplored. In a few cases, RDHs may
be regulated at the transcriptional level. For example, RDHL is under the
control of APC and CDX2 (Jette et al., 2004), and the expression of
RDH11/RalR1/PSDR1 seems to be regulated by androgen signaling (Lin et al.,
2001). In addition, some RDHs may be subject to regulation at the protein
level, as implied by the data on CRAD1, discussed above. Other enzymes,
most notably those active in the visual cycle, i.e. RDH5 and RDH12, are likely
to be constitutively active and may not be subject to short-term regulation.
1.3.3.5 Subcellular localization of RDHs
Despite opposing views in the literature on the domain organization and
membrane topology of RDHs, it is well established that these enzymes are
localized to the smooth ER. However, the cellular mechanism(s) mediating this
localization is unknown. Some clues to how this might occur come from work
on CRAD1, showing that its C-terminal TMD mediates ER retention (Lidén et
al., 2005). Although unclear at present, possible reasons for this include
interactions, involving this region, with other components of the ER, or that the
TMD(s) distribute mainly in non-vesicular bilayer compositions. RDH5, active in
the visual cycle, was shown early on to localize to the smooth ER of RPE cells,
as well as transfected cells (Simon et al., 1995; Simon et al., 1999).
Surprisingly, recent work has suggested that RDH5 may also occur in a protein
complex localized to the plasma membrane in apical processes of the RPE, as
described further in the next section. However, the functional implications of
this complex are yet unclear.
It appears likely that ER localization of most RDHs is achieved by similar, if not
the same, mechanism(s). Yet one member of the family, the photoreceptor
enzyme prRDH, appears to rely on a remarkably different mode of membrane
interaction, and localization. This enzyme also differs from other RDHs with
regard to the segments flanking the SDR core domain. prRDH seems to harbor
a C-terminal localization signal that can direct GFP fusion constructs to the rod
and cone outer segments, where these are peripherally associated to the
membranes via fatty acylation of one or more conserved cystein residues (Luo
et al., 2004). The functional bearings of this mode of membrane interaction,
and localization, remain to be elucidated.
1.3.3.6 Interactions of RDHs with other proteins
As discussed in section 1.2.2, it was proposed early on that CRBPI facilitates
substrate delivery by interacting with all-trans specific RDHs (reviewed by
Napoli, 1999; Napoli, 2000). It follows that this view also requires a cytosolic
orientation of the enzymes (Fig. 2B:b, and c). However, as no functional data
has been presented to support such a role for CRBPI in a cellular context,
existence of these putative interactions in vivo is questionable. In contrast to
the relatively mild phenotype observed in CRBPI-deficient mice (see section
1.2.2), severe effects have been seen upon removal of the RPE protein
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CRALBP (reviewed by Saari and Crabb, 2005). CRALBP is active in the visual
cycle, and has been suggested to facilitate the transfer of 11-cis retinol from
the isomerase (RPE65) to RDH5, which catalyzes its oxidation (Jin et al., 2005;
Saari et al., 2001). However, the issue whether substrate delivery requires
direct interactions with retinoid binding proteins, or not, needs to be addressed
in cellular assays that more accurately reflect the in vivo situation.
RDH5 has been implicated in a number of interactions. In fact, it was first
discovered through co-purification with p63/RPE65 (Simon et al., 1995), a
protein reported as a putative RBP receptor (Bavik et al., 1992; Bavik et al.,
1991), and later identified as the isomerase of the visual cycle (Jin et al., 2005;
Redmond et al., 1998). It is yet unclear whether this interaction is functionally
relevant, though. Another report has shown that RDH5 interacts with retinal G
protein-coupled receptor (RGR) (Chen et al., 2001b). This RPE protein is
described as a retinochrome-like opsin, mediating photoisomerization of its
bound all-trans retinal into 11-cis retinal (Chen et al., 2001a). The proposed
role of RDH5 in this complex is to reduce the product into 11-cis retinol,
although the functional significance of such a backward reaction is unclear.
RGR is also discussed in section 1.4. Furthermore, recent studies suggest that
RDH5 occurs in a larger retinoid processing complex present in the apical
membranes of the RPE (Bonilha et al., 2004; Nawrot et al., 2004). This
complex constitutes a PDZ domain protein, known as EBP50/NHERF1, which
separately interacts with CRALBP, and ezrin. Ezrin binds to various plasma
membrane components, and links them physically to the actin cytoskeleton.
The authors proposed that this visual cycle protein complex might serve to
generate and release an 11-cis retinoid in the apical processes of RPE cells.
Again, the data needs to be verified by cell biological methods, and the
functional significance of these, and other proposed interactions, must be
further investigated.

1.3.4 Retinal dehydrogenases (RalDHs)
The second enzymatic step in the generation of RA is the irreversible oxidation
of retinol into retinal, which is carried out by members of the aldehyde
dehydrogenases (ALDHs) (reviewed by Duester et al., 2003). Four distinct
retinal dehydrogenases (RalDH1-4) have been identified in different species so
far (Grun et al., 2000; Lee et al., 1991; Lin and Napoli, 2000; Wang et al.,
1996). Studies on knockout mice have demonstrated vital functions of RalDH2
and RalDH3 (human homolog ALDH6) during embryoninc development (Dupe
et al., 2003; Niederreither et al., 1999). The severe defects resulting from
deletion of these genes were reversible by administration of maternal RA,
suggesting a direct role of these enzymes in RA synthesis.
RalDH2 displays preference for all-trans retinal over 9-cis retinal (Gagnon et
al., 2002), whereas RalDH3 is specific for the all-trans isomer. Interestingly,
RalDH4 (human ALDH12) shows a marked preference for 9-cis retinal (Lin and
Napoli, 2000; Lin et al., 2003). Although it remains controversial whether 9-cis
RA signaling occurs in vivo, the presence of components with substrate
preference for 9-cis over all-trans retinoids is a strong indicator that 9-cis RA is
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generated in vivo. In fact, preference for 9-cis retinoids have now been found
among components responsible for all necessary events of this pathway,
including some RDHs, RalDH4, and the retinoid X receptors (RXRs).
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1.4 FUNCTION OF RETINOIDS IN VISION
When light hits the retina of the eye, it triggers a highly sensitive and fine-tuned
chain of events that ultimately leads to a nerve signal, and visual perception
(Palczewski and Saari, 1997; Saari, 2000). The photoreceptor cells of the
retina are referred to as rods and cones, based on their morphological shapes,
and their expression of distinct visual pigment proteins, rhodopsin and cone
opsins, respectively. Rhodopsin consists of opsin, which is a member of the Gprotein-coupled receptors, and its chemically linked prostethic group 11-cis
retinal (Saari, 1994). In this context 11-cis retinal is extremely sensitive to light,
which in fact enables rhodopsin to respond to a single photon. Within the
photoreceptor cells rhodopsin is found in membrane compartments known as
discs, localized to the rod outer segments (ROS) (Fig. 3). Apart from its role as
a photoreceptor protein, rhodopsin is believed to be essential for the formation
of the ROS, as indicated by the absence of these structures in mice lacking the
RHO gene (Humphries et al., 1997). In contrast to rhodopsin, the cone opsins
are less sensitive, and are responsible for color perception. This is achieved by
comparing the relative absorption by the overlapping red- and green-sensitive
cones (reviewed by Saari, 1994).
Photoisomerization of 11-cis retinal into all-trans retinal induces a
conformational change in the opsin molecules, which activates the G-protein
transducin. Transducin, in turn, activates a phosphodiesterase (PDE), which
results in reduced levels of cGMP ultimately leading to the closure of Na+
channels. Thus, in contrast to nerve cells, activation involves hyperpolarization
rather than depolarization. This signal is then propagated through a complex
pattern of nerve cells in the retina, which actually performs some initial
processing, e.g. by amplifying or inhibiting signals to increase contrast
perception. The signal is further transmitted via the optic nerve, and ultimately
reaches the visual cortex of the brain.

1.4.1 The rod visual cycle
The metabolic pathway that serves to regenerate the visual pigments is known
as the dark reaction of the visual cycle, to distinguish it from the light-induced
isomerization of rhodopsin (Fig. 3) (reviewed by Palczewski and Saari, 1997;
Saari, 2000). For simplicity here, the term “visual cycle” shall refer to all these
events, throughout this and the following sections. The regenerative reactions
mainly take place in the RPE, which is a monolayer of polarized epithelial cells
located in close proximity to the ROS. In addition to the biochemical processes
occurring in the RPE, this epithelium also functions as a physical support for
the photoreceptor cells, maintaining the elaborate structures of the ROS by
engulfing their extreme ends by endocytosis as the ROS are continuously
being renewed.

17

RPE
ROS

Rod
Cone

Bipolar
neurons
Müller
cell

Neuroretina
RPE

Ganglion
neurons
Optic nerve
fibers

Direction
of light

Lens

Direction of light

Figure 3. Morphology of the retina and schematic illustration of the visual cycle. The
different cell layers of the retina are outlined in the left panel. Their position in relation to the
gross structure of the eye is indicated in the shaded lower panel (note the direction of the
light). Photoreceptor cells (rods and cones) are in close proximity to the RPE (magnified in
the upper right panel). Photoizomerization of 11-cis retinal yields all-trans retinal, which is
reduced by RDH12 into all-trans retinol. Subsequent metabolic processing in the RPE
regenerates 11-cis retinal (see text for details). Key: IRBP, interphotoreceptor retinoidbinding protein; LRAT, lecithin:retinol acyl transferase; RDH, retinol dehydrogenase; RE,
retinyl ester; REH, retinyl ester hydrolase; ROS, rod outer segment; RPE, retinal pigment
epithelium. (Part of the left panel was adapted from Lodish et al., 1995).

Photoisomerization of rhodopsin generates all-trans retinal, which is released
from opsin by hydrolysis, and subsequently reduced to all-trans retinol. Two
enzymes, belonging to the SDR family of RDHs, have previously been
implicated in this reaction, namely retSDR1 (mainly in cone outer segments)
(Haeseleer et al., 1998), and prRDH (Rattner et al., 2000). However, recent
genetic data shows that another enzyme, known as RDH12, plays a crucial
and non-redundant role in this process in vivo (Janecke et al., 2004). This
reaction is a rate-limiting step of the visual cycle. All-trans retinol is then further
metabolized in the RPE. Here it is esterified by LRAT, as is retinol derived from
the circulation. The retinyl esters thus formed are processed by the
isomerohydrolase, recently identified as RPE65 (Jin et al., 2005). RPE65 has
been implicated in other retinoid related processes as well (see discussion in
section 1.1.3). These data are intriguing as they imply that this protein, alone,
can perform the isomerization. Judging from the catalysis it performs, this
enzyme may have multiple active sites and should hydrolyze the retinyl ester
bond and transfer the net energy to another site(s), which breaks the double
bond in position 11, allowing free rotation about the single bond thus formed,
and reestablishes the double bond in cis-configuration. The exact reaction
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mechanism is unknown, but since RPE65 shows some homology with the βcarotene cleaving enzyme 15,15’-dioxygenase (Redmond et al., 2001;
Redmond et al., 2005), the reaction might involve introduction of molecular
oxygen to cleave the double bond.
The isomerase reaction produces 11-cis retinol, which is further oxidized by
RDH5 (11-cis RDH), generating 11-cis retinal. (RDH5 is discussed in more
detail in sections 1.3.3 and 3.1) The binding protein CRALBP has been
suggested to potentiate the isomerase reaction (Jin et al., 2005; Saari et al.,
2001), possibly by acting as an acceptor of its product, and facilitate the
delivery of 11-cis retinol to RDH5 (Saari et al., 1994). This final oxidation
reaction concludes the regeneration of the visual chromophore. The product is
transported to the ROS membranes for chemical coupling to opsin, which
restores the visual pigments. The mechanisms involved in transport of all-trans
retinol and 11-cis retinal between ROS and RPE are not known. A binding
protein known as IRBP (discussed in section 1.2.4) is present in the subretinal
space and has previously been implicated in this transport. However, this view
has shifted, and it is now generally believed that the function of IRBP is to
solubilize retinoids, and protect the retinal cells from the toxic effects exerted by
“free” retinoids (reviewed by Gonzalez-Fernandez, 2002).
It is becoming increasingly clear that the cone visual pigments are regenerated
by pathways distinct from the classical rod visual cycle (reviewed by Wolf,
2004). However, this will not be discussed further here. Another “alternative”
light-dependent visual cycle has been proposed by Chen et al., in which a
distinct type of opsin expressed in the RPE, known as RGR, was suggested to
mediate photoisomerization of all-trans retinal into 11-cis retinal (Chen et al.,
2001a). However, this has recently been questioned by other investigators,
who show that RGR stimulates isomerization in both light and dark conditions,
and that light per se, independent of RGR, triggers a faster regeneration of
rhodopsin (Wenzel et al., 2005).

1.4.2 Genetic diseases affecting the visual cycle
Mutations in genes encoding key components of the visual cycle have been
associated with various retinal diseases. Such genetic data has significantly
advanced our knowledge of the visual cycle proteins. Consequently, the visual
cycle components are generally better characterized than extra-ocular proteins
active in RA biogenesis. The genetic diseases affecting the visual pigments, or
their regeneration, vary in severity, ranging from stationary night blindness to
childhood-onset retinal dystrophy and complete blindness (reviewed by Dryja,
2000; Thompson and Gal, 2003).
A rare recessive form of stationary night blindness, known as fundus
albipunctatus, is associated with missense mutations in RDH5 (Yamamoto et
al., 1999). The name of this disease is derived from the appearance of white
spots in the retina. The disease-causing RDH5 mutants are generally inactive,
leading to markedly reduced synthesis of 11-cis retinal. As a consequence,
these patients suffer from delayed dark adaptation, which can be assessed
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using electroretinography (ERG). Primarily rods, but also cone cells, are
affected by this defect. Following a flash of bright white light, the time
necessary for complete recovery of the visual pigments is around 20-25
minutes in healthy individuals, whereas the corresponding time in patients with
fundus albipunctatus is approximately 2.5 hours (Yamamoto et al., 1999).
However, since the visual pigments eventually do recover, alternative
pathway(s) must exist that contribute to the regeneration of 11-cis retinal, albeit
at a considerably slower rate. In most cases the disease is non-progressive,
although progressive cone dystrophy has been reported in some elderly
patients (Nakamura et al., 2000). The underlying molecular mechanisms of
fundus albipunctatus are discussed further in section 3.1.
Mutations in other genes involved in the visual cycle have been found to cause
more severe diseases. In many cases the clinical characteristics of these
conditions overlap considerably, and therefore the diagnoses may not always
reflect the genetic subtypes. Mutations in RPE65 have been linked to
childhood-onset recessive retinal dystrophy, including Leber congenital
amaurosis, which is a diagnostic designation used for aggressive forms (Gu et
al., 1997). This disease is clearly progressive. Most patients are diagnosed in
infancy, typically with severe visual impairment, and in some cases complete
blindness. Other disease-associated genes include RLBP1 (encoding
CRALBP), associated with recessive retinitis punctata albescens (although first
reported as retinitis pigmentosa) (Maw et al., 1997), RGR, mutations in which
cause retinitis pigmentosa (Chen et al., 2001a; Morimura et al., 1999), as well
as LRAT (Thompson et al., 2001) and RDH12 (Janecke et al., 2004), both of
which are linked to early-onset severe retinal dystrophy. Various subtypes of
autosomal dominant retinitis pigmentosa have also been associated with
mutations in the RHO gene (encoding rhodopsin), in many cases causing
misfolding of the protein, which in turn may interfere with the formation of opsin
derived from the wild-type allele, and may also contribute to disruption of the
ROS disc structure (recently reviewed by (Mendes et al., 2005).
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1.5 GENE REGULATION BY RETINOIC ACID
With the exception of vision, all known physiological functions of retinoids are
carried out by means of gene regulation, beginning soon after conception and
continuing throughout the lifespan of all vertebrates. That maintenance of
appropriate RA levels is vital for embryonic development is well illustrated by
the gross malformations seen in embryos suffering from either insufficiency or
excess retinoids, as further described in section 1.5.3. Notably, RA is believed
to be involved in the anterior-posterior patterning of the embryo, as well as in
limb-bud formation. In the adult, RA is essential for differentiation and
maintenance of various epithelia, skin, bone, nervous system, immune system,
hematopoiesis, and for reproduction. In addition, retinoids have been used for
pharmacological intervention of some diseases, such as treatment of severe
acne, and other conditions affecting the skin, as well as in a few malignancies
(Hong and Itri, 1994; Peck and DiGiovanna, 1994).
A detailed description of processes regulated by RA will not be given here,
though, and the reader is referred to reviews on these topics (see e.g. ClagettDame and DeLuca, 2002; Hofmann and Eichele, 1994; Maden and Hind, 2003;
Zile, 2001). The functions of RA have been studied by exposing embryos or
adult animals to insufficient or excessive levels of retinoids, and by
extracting/detecting endogenous retinoids from tissues, as well as by analyzing
the phenotypes of mice lacking various proteins involved in retinoid signaling,
e.g. the retinoid receptors, as discussed in the next section, and other
components, as described above.

1.5.1 The nuclear retinoid receptors: RARs and RXRs
The hormonal effects of all-trans RA rely on three ligand-activated transcription
factors, RARα, -β, and -γ, each encoded by distinct genes and each with
multiple isoforms produced by alternative splicing or differential promoter use
(reviewed by Mangelsdorf et al., 1994; van der Saag, 1996). To exert their
function, RARs need to form heterodimeric complexes with a second class of
receptors, RXRs (α, β, and γ), and bind to RA response elements/retinoid X
respons elements (RARE-RXRE) (Kastner et al., 1997). The RXRs are also
encoded by distinct genes and occur in multiple isoforms.
Both all-trans and 9-cis RA can act as ligands for RARs. Although the RXRs do
not require ligand binding for activation, it has been demonstrated that they can
bind 9-cis RA specifically (Allenby et al., 1993; Heyman et al., 1992). Given its
role as a ligand-independent heterodimeric partner with RARs and other
receptors, it was questioned early on whether 9-cis RA is a physiologically
relevant ligand. However, 9-cis RA has been shown to induce
homodimerization and DNA binding of RXR (Zhang et al., 1992). Moreover,
activation by the heterodimer of peroxisome proliferator-activated receptor
(PPAR)γ-RXRα is more efficient when RXR is bound to its ligand (Tontonoz et
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al., 1998), altogether suggesting that RXR in some instances do act as a
ligand-activated receptor. In addition to PPARs, RXRs are able to
heterodimerize with other members of the superfamily of nuclear hormone
receptors, e.g. thyroid hormone receptors (THR), the vitamin D3 receptor
(VDR), and several orphan receptors (reviewed by (Mangelsdorf and Evans,
1995). Thus, RXR may have pleiotropic effects, by acting as a common
heterodimeric partner.
Numerous genes are reportedly under control of RA signaling, some of which
are indirectly regulated, and some of which are direct target genes, harboring
the RARE/RXRE sequences. For instance, RARs, CRBPs, CRABPs,
cytochrome P450 enzymes, Hox genes, and several classes of growth factors,
and their receptors, are regulated by RA (as extensively reviewed by Balmer
and Blomhoff, 2002).
Gene targeting studies of RARs and RXRs have clearly confirmed the
fundamental roles of retinoids in embryonic development and that these
nuclear receptors mediate retinoid signaling in vivo (reviewed by Kastner et al.,
1995). Thus, several knockout mice have been shown to essentially
phenocopy the symptoms described as the vitamin A deficiency (VAD)
syndrome (see section 1.5.3). Studies on mice lacking different RARs indicate
that these receptors have partially overlapping functions, as a relatively high
percentage of these animals show normal viability. However, in several RAR
double mutants, more severe defects and perinatal lethality has been
observed. Concerning the RXRs, the only isoform found to be indispensable is
RXRα, as embryos lacking this receptor die in midgestation (around E14.5)
from cardiac failure due to ventricular chamber hypoplasia and muscular septal
defects, and also show ocular defects (Kastner et al., 1994; Sucov et al., 1994).
In addition, synergistic effects were seen in RXRα-/-/RARα-/- and RXRα-/-/
RARγ-/- embryos (Kastner et al., 1994). Interestingly, none of the other double,
or even triple, RXR mutants show malformations, as the compound RXRα+//RXRβ-/-/RXRγ-/- mutant mouse was found to be viable (Krezel et al., 1996).
The RAR and RXR isoforms exhibit different expression patterns in the adult
and distinct spatial-temporal expression patterns during embryogenesis. This,
along with the likewise specific expression patterns of retinoid metabolizing
enzymes, adds to the complexity of retinoid signaling.

1.5.2 Distribution and detection of endogenous retinoids
Intense efforts have been made to isolate and detect RA from tissues. One
such approach is to isolate retinoids by tissue extraction with organic solvents,
followed by analyses using HPLC. For instance, all-trans RA has been
detected in the developing mouse embryo, and was found to form a gradient
along the spinal cord, with decreasing concentration towards the forebrain
(Horton and Maden, 1995). Using a highly sensitive HPLC approach, Ulven et
al. were able to detect retinoids at very early developmental stages in the
mouse embryo (Ulven et al., 2000). All-trans retinal was detected at E6.5, as
were transcripts for retinol oxidizing enzymes, whereas all-trans RA was not
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found until later stages along with the detection of RalDH2 transcript,
suggesting that the initiation of RalDH2 expression turns on the RA synthesis.
However, none of these studies could detect endogenous 9-cis RA.
Nevertheless, other investigators have demonstrated that 9-cis RA is present in
adult mouse liver and kidney (Heyman et al., 1992), neonatal rat eye and in
human embryonic brain (Kraft and Juchau, 1993), and most notably in distinct
distributions along the body axes in the Xenopus laevis embryo (Kraft et al.,
1994).
Another approach that has been employed to detect endogenous RA and
receptor activation is the use of transgenic mice, or Xenopus, carrying reporter
genes under control of retinoid receptors (or fusion receptors) (Luria and
Furlow, 2004; Mata De Urquiza et al., 1999; Rossant et al., 1991; Solomin et
al., 1998). Such analyses have shown distinct activation along the anteriorposterior axis. Using explant cultures, in combination with reporter assays in
cultured cells, is yet another strategy to identify endogenous retinoid receptor
ligands. Such analyses are described in paper IV, section 3.4.

1.5.3 Complications associated with retinoid deficiency or excess
The effects of VAD have been recognized for a long time. For instance,
pioneering work by Hale in 1933 demonstrated that piglets of sows kept under
conditions of vitamin A deficiency were born without eyes (Hale, 1933). Further
studies, most of which have been performed in rats or mice, have also revealed
malformations in numerous other tissues as a consequence of VAD during
development. Thus, the term “VAD syndrome” (raised by Warkany et al., 1948)
encompasses malformations in the central nervous system and eye, defects in
the urogenital tract and kidney, malformations in the heart (similar to the septal
wall defects described for the RXRα-/- embryos), lung hypoplasia, cleft palate,
and abnormal limb development. Rescue attempts, in which vitamin A is given
to pregnant dams at certain stages, can essentially reverse these
abnormalities, indicating that vitamin A is vital within distinct time windows
during embryonic development (reviewed by Zile, 1998; Zile, 2001). More
recent studies have aimed to identify RA-dependent processes at later stages
of embryonic development. By maintaining the rat dams on the limit to VAD,
supplementing them with sufficient RA to support the initial stages of
development, RA deficiency symptoms could be induced at specific stages, in
a controlled manner (Dickman et al., 1997). These studies have demonstrated
novel specific malformations in the face, neural crest, eyes, heart, and nervous
system.
Adult animals deprived of vitamin A also display severe abnormalities, including
blindness, keratinization and dysfunction of epithelia, male sterility, weight loss,
as well as immunodeficiency (Fridericia and Holm, 1925; Ross and
Hammerling, 1994; Wohlbach and Howe, 1925). Many of these defects are
reversible upon supplementation with RA. However, there are exceptions, as
the eye requires retinol for generation of the visual chromophore. Furthermore,
immunodeficiency is not relieved by RA supplementation (Davis and Sell,
1983), nor is male sterility, since RA cannot pass the blood-testis barrier (van
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Pelt and de Rooij, 1991). In humans, the initial symptoms of VAD are usually
itchy and dry skin, and night blindness. In longer terms, VAD causes
widespread keratinization of epithelia, affecting various organs, and
immunodeficiency.

Excess

Normal vitamin A

VAD

Abnormalities / Death

Interestingly, an excess of retinoids during development gives rise to
abnormalities highly similar to those caused by VAD, in a dose- and embryonic
stage-dependent manner (reviewed by Collins and Mao, 1999). Thus, as
illustrated in Fig. 4, the organism must carefully maintain the retinoid levels
within a narrow window of concentrations to avoid the drastic effects of VAD or
retinoid toxicity.

Figure 4. Vitamin A deficiency or excess
causes abnormalities. The graph illustrates the
relationship of vitamin A deficiency (VAD) or
excess retinoids, with the occurrence of
malformations or death. Retinoid concentrations
must be kept within a window of “normal” levels to
allow proper development and physiological
processes. (Adapted from Morriss-Kay and Ward,
1999)

Retinoid levels

From a global perspective, VAD remains to be a considerable health issue in
many parts of the third world, notably in Africa and South-East Asia. Thus, the
World Health Organization (WHO) today estimates that some 100-140 million
children, in more than a hundred countries, suffer from VAD. As a
consequence, 250 000 to 500 000 children become blind every year, half of
which die within the next twelve months (WHO, 2003). Tragically, the most
common causes of death are ordinary childhood infections (due to VADinduced immunodeficiency), which would in many cases be prevented by
vitamin A supplementation of the diet. To overcome these problems, WHO and
other organizations try to promote breastfeeding, as an efficient measure to
reduce the risk of VAD, as well as dietary diversification, by growing more fruits
and vegetables rich in carotenoids.
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2 AIMS OF THE STUDY
The components of the retinoid activation pathways are well characterized with
regard to biochemical and enzymatic properties in vitro. The overall aim of this
work has therefore been to gain more knowledge about the cellular
mechanisms that impact on retinoid activation.

The specific aims were:


To develop relevant cellular assays for functional studies of retinol uptake
and enzymatic processing in the retinoid activation pathway. (Such
assays are applied in paper I – IV).



To understand the molecular pathology underlying fundus albipunctatus
by means of combined genetic, cell biological and biochemical analyses
of wild type and mutant RDH5 (paper I).



To address structural-functional relationships of RDHs (paper I and II),
and the specific structural determinants for functional activity and
subcellular localization of CRAD1 (paper II).



To identify sites of co-localized CRAD1 expression and active generation
of retinoid receptor ligands in developing mouse tissues (paper IV).
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3 RESULTS AND DISCUSSION
The experimental results, on which this thesis is based, are outlined in the
sections below, followed by a general discussion. However, for more detailed
descriptions of the specific results and experimental techniques, the reader is
referred to the corresponding sections within the respective papers.
A coupled enzyme/reporter system has been used throughout the work
presented in this thesis. The principles of this system, and some of its
applications, are schematically described in Fig. 5.

A

RXR-based system

RAR-based system

9cRA
(non-retinoid ligands,
e.g. fatty acids)

atRA
9cRA
Conditioned medium
with endogenous ligands
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GAL4x4 TK
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RXR
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Explant culture

Luciferase

Coupled enzyme/reporter system

GAL4x4 TK
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holo-RBP
atROL

Coupled uptake/enzyme/reporter system

Uptake

9cROL

9cRAL

RXR

GAL4x4 TK

9cRA

Nucleus

Isomerase

LRAT

RalDH2

RDH

9cROL

GAL4

C

Nucleus

RAR

GAL4

atROL
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CRBPI

Luciferase

atRE

GAL4

RXR

GAL4x4 TK

RalDH2

RDH

9cROL

9cRAL

Nucleus
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Figure 5. Principles and applications of reporter systems used in this work. A In its
simplest format the system is designed to detect all-trans and 9-cis RA (RAR), or 9-cis RA
(RXR). Fusion proteins based on the ligand binding domain of the respective receptors,
combined with the DNA-binding domain of GAL4, drives the expression of the reporter gene,
luciferase, upon ligand binding. These assays have been used for screening of endogenous
retinoid ligands (paper IV). B By co-expressing the fusion receptor with RalDH2 and an RDH,
the biochemical pathway can be reconstituted to support processing of 9-cis retinol into 9-cis
RA, which enables functional activity studies of the involved enzymes (used in paper I and
II). C The extended version of the system relies on the endogenous all-trans to 9-cis
isomerase activity present in some tested cell lines. In addition, these cells likely possess
components mediating receptor-dependent uptake of holo-RBP. Therefore this system
allows for functional studies of all events of the pathway generating 9-cis RA, including RBPdependent uptake of retinol (developed and used in paper III).
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PAPER I

3.1 BIOCHEMICAL DEFECTS IN 11-CIS RETINOL
DEHYDROGENASE (RDH5) MUTANTS
ASSOCIATED WITH FUNDUS ALBIPUNCTATUS
As described in section 1.4.2, previous work has demonstrated that mutations
in RDH5 are associated with a rare genetic eye disease, known as fundus
albipunctatus. Several RDH5 mutations have been reported in recent years,
most of which result in single amino acid substitutions. To investigate the
underlying molecular pathology of this disease, and at the same time learn
more about structural-functional aspects of RDHs, we set out to analyze eleven
of these disease-associated mutants.
All of the tested mutant proteins were shown to be unstable, probably due to
misfolding of the ectodomain, and displayed decreased steady-state
expression levels, as analyzed in transfected COS-1 cells. To measure their
intrinsic
enzymatic
activities,
microsomal
preparations
containing
representative RDH5 mutants were incubated in the presence of cofactor, and
either 9-cis retinol, or 11-cis retinal (assaying reduction to determine activity),
followed by HPLC analysis of the formed products, 9-cis retinal and 11-cis
retinol, respectively. The tested mutants, except for A294P, showed markedly
decreased enzymatic activity, using both substrates. Surprisingly however,
A294P displayed activity comparable to that of wild type RDH5. The consistent
data obtained using 11-cis and 9-cis isomers, demonstrate that 9-cis retinol can
be used to faithfully determine the intrinsic enzymatic activity of wild type and
mutant forms of RDH5.
To assess their in vivo enzymatic activities, the mutants were co-expressed
with reporter system components in intact cells, as described in Fig. 5B. The
activity was thus assayed using 9-cis retinol as substrate, monitoring the
generation of 9-cis RA, as quantified by luciferase measurements. Consistent
with the in vitro data, the mutants were almost completely inactive, except for
A294P. The association of this mutant with fundus albipunctatus is surprising
given that it displays a prominent activity comparable to wild-type RDH5 in both
activity assays. Interestingly, this mutation was identified in a disease-affected
heterozygote patient carrying the A294P allele in combination with the inactive
R280H mutation.
In an attempt to explain why the A294P mutant is disease-linked, we
hypothesized that RDH5 is dimeric, and that R280H, and possibly other
mutants, could exert a trans-dominant negative effect on A294P. Indeed the
dimeric nature of RDH5 could be verified by cross-linking experiments, and
trans-dominant negative effects were readily apparent when combination of
mutants, or wild type and mutant RDH5, were co-expressed in the reporter
system.
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We conclude that the dominant negative effect on the A294P mutant was
probably due to the formation of non-functional heterodimers of the enzyme.
Wild type RDH5 was also affected by co-expression of mutant variants of the
enzyme, and yet fundus albipunctatus is known to have a recessive mode of
inheritance. The likely explanation for this is that wild type RDH5 has a higher
steady state expression level, as compared to A294P, or the other mutants,
and consequently is not affected to the same extent under physiological
conditions. Nevertheless, such a conclusion raises the possibility that some
individuals may have subclinical symptoms of the trait due to the expression of
one mutant allele in combination with the wild type allele. In addition, it is
possible that under certain, and very rare, conditions involving catalytically
active but less stable mutants of RDH5, fundus albipunctatus may display a
dominant inheritance.
In addition to decreased activity, immunofluorescence experiments showed
that all tested RDH5 mutants, including A294P, displayed an abnormal
perinuclear subcellular localization. Expression of mutant RDH5, but not wild
type, induced a concomitant redistribution of the ER marker calnexin,
suggesting that the structure of the ER was perturbed in these cells.
Nevertheless, the A294P mutant remained functional in this location indicating
that the abnormal ER structure per se did not render the enzymes inactive in
the transfected cells. Although these cells could support enzymatic activity, the
induction of these abnormal cellular structures might affect the general
functionality of the cells, notably ER function and the exocytic pathway. It
follows that some of the long-term effects of the mutations in RDH5 may impair
the function of the RPE, and might contribute to the pathogenesis underlying
cone dystrophy. It remains to be shown whether such mechanisms, or
decreased supply of 11-cis retinal per se, is causing the progressive long-term
symptoms of the disease.
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PAPER II

3.2 THE C-TERMINAL REGION OF CISRETINOL/ANDROGEN DEHYDROGENASE 1
(CRAD1) CONFERS ER LOCALIZATION AND IN
VIVO ENZYMATIC FUNCTION
Previous results obtained in our group have demonstrated that RDH5 and
CRAD1 are ER resident proteins with the ectodomains facing the lumenal
compartment. However, the ongoing debate in the literature regarding the
domain structure and topology of RDHs (see section 1.3.3.2), prompted us to
reevaluate these issues, using new techniques. In this work we used a
combination of biochemical techniques, immunocytochemistry, and the coupled
enzyme/reporter assay to determine the membrane topology, as well as
functional determinants for ER retention and enzymatic activity.
To assess the membrane topology of CRAD1, we set up immunofluorescence
experiments, using both Triton X-100, which permeabilizes all cellular
membranes, and streptolysin O (SLO), which forms pores in the plasma
membrane only. By the use of antibodies against the ectodomain, and the
FLAG-epitope present in the extreme C-terminus of one construct, we
demonstrated that the SDR domain is confined to the lumenal ER
compartment, whereas the C-terminal tail (including the FLAG-epitope)
protrudes into the cytosol. Consistent with previous data, RDH5 also oriented
with the ectodomain facing the lumen, while the well-characterized cytochrome
P450, CYP2E1, displayed cytosolic orientation in agreement with the literature.
In addition, proteinase K protection analyses could confirm the lumenal
topology of CRAD1. The cell surface protein CD4 was also tested, and gave
results in line with its known orientation, thus confirming the reliability of the
technique. Given their conserved domain architecture and structure, we
conclude that most, if not all, RDHs orient the catalytic domain towards the ER
lumen (see Fig. 2B:a).
We were also interested in the mechanism(s) that mediate ER retention of
these enzymes. The previously noted mislocalization and diminished in vivo
activity of a CRAD1 mutant lacking the cytosolic tail (Tryggvason et al., 2001),
prompted us to investigate whether this sequence is sufficient for ER retention.
Thus, fusion constructs were made, consisting of CD4exo with the C-terminal
tail, and/or TMD, from CRAD1. The localization of these constructs was
evaluated by immunfluorescence microscopy, as well as the degree of terminal
glycosylation (indicative of mature proteins in the secretory pathway). The
results showed that the C-terminal TMD, but not the cytosolic tail, of CRAD1 is
necessary and sufficient for ER retention. Possible explanations for this include
interactions with other resident ER proteins, or exclusion from the lipid bilayer
of secretory vesicles. These data are also important with regard to the topology
of CRAD1, as they independently demonstrate that the C-terminal hydrophobic
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segment of CRAD1 can indeed serve as a bona fide TMD, orienting the CD4
construct with the C-terminus towards the cytosol. Thus, these data support
model a, as presented in Fig. 2B.
Interestingly still, we noted that CRAD1 mutants that completely, or partly, lack
the cytosolic tail were mislocalized intracellularly, indicating that the C-terminal
tail is necessary, albeit not sufficient, for normal ER localization. This also
raised the question, as to whether the apparent mislocalization per se was the
cause of the abolished activity. To address this question we replaced the Cterminal tail with a known adenoviral ER retention motif. As a result, the normal
ER staining pattern was restored, but the enzyme was still inactive in the
reporter assay, indicating that the cytosolic tail is necessary by some other
means for the functional activity of CRAD1. For instance, interactions involving
the C-terminal tail with other component(s) might serve to facilitate substrate
delivery, possible regulatory mechanisms, or coupling with other components
of the pathway.
Further studies were carried out to map key residues and the functional
determinants within the cytosolic tail (see paper II for details). Collectively, they
show that the proline residue (-2 in relation to the membrane) is the single most
important amino acid within this sequence. Thus, substituting this residue for
an alanine causes a 40% drop in activity, and interestingly, insertion of a single
residue in front of the proline (-1 position) renders the enzyme virtually inactive.
Extensions at the extreme C-terminus however, does not affect the activity,
suggesting that correct positioning of the proline in relation to the membrane is
important for the activity.
Taken together, these analyses demonstrate that the C-terminal region of
CRAD1 is crucial for proper localization, as well as in vivo functional activity.
The identification and characterization of putative components binding to, or
modifying, the cytosolic tail may provide additional insights into the function of
CRAD1. Given the conserved nature of the cytosolic tails in RDHs, our findings
may be generally applicable to several of these enzymes.
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PAPER III

3.3 DEVELOPMENT OF A VERSATILE REPORTER
ASSAY FOR STUDIES OF RETINOL UPTAKE AND
METABOLISM IN VIVO
The reporter system used in paper I and II, has proven very useful for studies
of RDH function in vivo. No system has been available, though, in which the
most upstream events can be addressed, primarily the cellular uptake of retinol
and the all-trans to 9-cis conversion. Attempts to reconstitute the pathway of
all-trans RA biosynthesis have failed due high background activation levels
from endogenous all-trans enzymes in tested cell lines. Instead we have
developed a functional assay based on a pathway generating 9-cis RA in living
cells. This system enables studies of many events in the pathway, including
cellular uptake of all-trans retinol, retinoid isomerization, function of binding
proteins, and analyses of the downstream enzymes. The broad dynamic range
of the system in combination with the rate-limiting nature of the most upstream
events makes it highly suitable for functional studies of this kind.
This extended reporter system relies on an endogenous isomerase activity
recognized in HEK293A, and COS-1 cells. This means, that upon addition of
all-trans retinol to the medium of these reporter-expressing cells, this substrate
was readily converted into 9-cis retinol, which supported further processing into
9-cis RA (see Fig. 5C). In contrast, JEG-3 cells completely lacked isomerase
activity, and may thus serve as a control, ruling out the possibility that
isomerization would be artificially induced by any experimental procedures.
When testing retinoids corresponding to the different reaction products of the
pathway, we clearly noted that the isomerase reaction was the rate-limiting
step. Thus, all-trans retinol gave a dose-dependent activation in the range of
0.1-1.0 µM, whereas the downstream retinoids induced high activation already
at the lowest tested concentrations.
Since the major physiological carrier of retinol in plasma is RBP, we asked
whether the reporter cells could take up retinol from this physiological source.
Indeed, addition of purified holo-RBP to HEK293A reporter cells resulted in a
dose-dependent activation of the reporter gene, and showed intermediate
activation around the physiological concentration of RBP (50 µg/ml). As
discussed in section 1.1.3, the mechanism of cellular uptake of retinol is not
clear at present, as both receptor-dependent and independent mechanisms
have been proposed. The ability of holo-RBP to serve as a precursor implies
that the uptake might involve a receptor for RBP. On the other hand, a pool of
free retinol, in equilibrium with the RBP-bound form, might explain the
activation. In an attempt to distinguish between these possibilities, we preincubated holo-RBP with a three times molar excess of a monoclonal anti-RBP
antibody that blocks the interaction of RBP with its proposed membrane
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receptor p63/RPE65. When applied in the reporter assay, we found that the
specific antibody, but not control Ig, efficiently inhibited the cellular uptake of
retinol from holo-RBP. These results strongly argue for a receptor-dependent
mechanism. However, overexpression of the putative receptor p63/RPE65 did
not potentiate the activity, indicating that it is not involved in the uptake, or that
it is not a limiting factor in this system.
Another protein implicated in the uptake of retinol is CRBPI. The holo-form of
this binding protein has also been suggested to serve as a physiological
substrate for all-trans RDHs and LRAT. To study its function(s) we titrated the
levels of CRBPI by means of co-transfections with the reporter components.
Using “free” retinol, the reporter activity was gradually decreased with
increasing levels of CRBPI. Interestingly, RBP-mediated activation was not
affected in the same way by elevated CRBPI levels. Moreover, HPLC analyses
showed that the content of all-trans retinol was greatly increased in cells
overexpressing CRBPI, whereas the retinyl ester levels were seemingly
unaffected. Together, these data suggest that CRBPI drives the uptake of
retinol by mass-action, but “traps” this precursor, and thus inhibits esterification
and isomerization.
How overexpression of CRBPI has differential effects on the uptake of “free”
versus RBP-bound retinol is difficult to explain, yet it is intriguing. Given that the
uptake from holo-RBP, but not that of “free” retinol, seems to depend on a
surface receptor, this discrepancy may reflect the channeling of retinol through
distinct cellular uptake pathways. In the case of retinol delivered by RBP, it
could mean that uptake occurs via endocytosis, which would separate retinol
from the cytosolic compartment and CRBPI. Retinol taken up by free diffusion,
on the other hand, would mostly end up in a complex with CRBPI in the
cytosol. The mode of cellular retinol uptake has important implications with
regard to possible regulatory functions, as well as compartmentalization of the
downstream enzymes of the RA generating pathway. Moreover, it is possible
that alternative uptake routes may play distinct roles, so that the bulk CRBPIdependent uptake of postprandial retinol would be directed mainly to
esterification and storage, whereas RBP mediated uptake would be triggered
during fasting conditions by cells that are active in retinoid metabolism.
The existence of an enzymatic activity generating 9-cis retinol, as well as the
physiological significance of 9-cis RA, is controversial. However, the data
presented here provide solid evidence for an all-trans to 9-cis isomerase. Given
the recent identification of RPE65 as being the 11-cis generating isomerase,
and that this protein did not potentiate the activity of our system, it now appears
that some other component, possibly homologous to RPE65, may carry out the
isomerization of all-trans into 9-cis retinol.
In summary, the extended reporter system presented here provides a useful
tool for studies of RA generation in living cells, and the necessary means for
testing candidate components involved in retinol uptake and isomerization.
Expression cloning, or siRNA mediated knockdown strategies are readily
compatible with this assay, and can be employed in the retinoid isomerasenegative and positive cell lines, respectively.
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PAPER IV

3.4 ANALYSIS OF CRAD1 EXPRESSION AND THE
GENERATION OF RETINOID RECEPTOR LIGANDS
IN DEVELOPING MOUSE TISSUES
As discussed in section 1.5, several tissues depend on RA, both during
embryonic development and physiological processes in the adult organism.
Numerous enzymes have been implicated in RA biosynthesis, although their
exact biological roles and tissue distribution are in many cases unknown. In this
work we have analyzed the localization of CRAD1 in E14.5, 16.5 and 18.5
mouse embryos by immunohistochemistry, and for correlation, identified sites
of active retinoid receptor ligand production, by means of explant culture
assays.
Immunohistochemical staining of E14.5 embryos revealed highest expression
of CRAD1 in heart and adrenal glands. In addition, expression was detected in
the choroid plexus and various muscle derivatives, including skeletal muscle,
muscles in the tongue and smooth muscles surrounding the esophagus.
Expression was also found in different epithelia, including the alveolae of the
lungs, and bronchi, craniofacial ectoderm, epithelia of the fore and hind gut, the
respiratory epithelium, and the umbilical cord.
Analyses at E18.5 showed a somewhat different staining pattern for CRAD1. At
this stage, highest expression was seen in developing kidneys, heart, small
intestine, and muscle derivatives such as skeletal muscle and the diaphragm.
In contrast to E14.5, the lungs of E18.5 embryos only showed weak staining.
CRAD1 seemed absent in the liver, except for intense staining of a structure in
the central part of the liver, likely to represent a hepatic bile duct. We also
noted that CRAD1 displays a temporally and spatially restricted expression
pattern in developing kidney and adrenal gland. Thus, the expression in the
adrenal glands was high at E14.5, whereas the kidneys showed weak or no
immunostaining. In contrast, analyses at E18.5 revealed strong expression of
CRAD1 mainly in the epithelium of the collecting ducts in the kidney, whereas
the adrenal glands were almost devoid of CRAD1 staining. At E16.5, the
expression of CRAD1 was intermediate in both the kidney and adrenal gland.
To evaluate the potential role of CRAD1 in the generation of 9-cis RA at these
sites, we analyzed the presence of retinoid receptor ligands in explants derived
from these tissues. Thus, a combination of reporter assays were employed
(see Fig. 5A), which either detect all-trans RA and 9-cis RA (RAR-based), or 9cis RA and some fatty acids (RXR-based). Conditioned medium from the
explant cultures were added to cells expressing the respective reporter
systems, followed by relative quantification.
Analysis of E14.5 embryos resulted in very weak activation levels. Medium
from the liver explant cultures gave induction of the RXR-based assay, but
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neither medium from liver nor heart could induce of the RAR-based system,
indicating that the activating ligand(s) in the liver likely represent some type of
non-retinoid compounds, e.g. fatty acids. However, it should be stressed that
the relatively small yield of heart tissue from these embryos, makes detection
of retinoid ligands very difficult at this stage.
Studies of tissues from E18.5 embryos revealed significant retinoid dependent
RAR induction by medium from brain, heart, lung and kidney/adrenal gland
explant cultures. The RXR-based assay indicated that activating ligands were
present in the same tissues. Since 9-cis RA gives a stronger induction of the
RAR-based system, as compared to the RXR-based, the relative degree of
activation of the respective systems can give an indication of the ligand
composition.
For instance, conditioned medium from kidney/adrenal gland explants induced
the RAR- and RXR-based reporter systems to a similar degree. These results
are consistent with generation of 9-cis RA, or a combination of fatty acids and
RA isomers. Interestingly, several components with preference for cis-retinoids
have now been found in the developing kidney. In addition to CRAD1 and
RXRs, several RalDHs show distinct expression in the kidney, including the
recently identified enzyme RalDH4, which exhibits a marked preference for 9cis retinal over the all-trans isomer. Thus, CRAD1, together with these other
components, could potentially support a pathway of 9-cis RA signaling during
kidney development.
In contrast to the kidney/adrenal gland, brain explants gave high RXR
activation, and low RAR activation, indicating presence of mainly non-retinoid
ligands, and only low levels of all-trans and/or 9-cis RA. We also noted that the
expression of CRAD1 was weak or absent in the brain at this stage.
When analyzing E18.5 heart explants, both reporter systems showed induction
in the same range, suggesting that heart tissue, in similar to kidney/adrenal
gland, may produce 9-cis RA. CRAD1 is highly expressed in the heart, as
described above, and so are RalDH activities. Moreover, knockout studies
show that heart development critically depends on RXR activation, as RXRαdeficient embryos die in midgestation (around E14.5) from cardiac failure due
to hypoplasia of the ventricle chambers and muscular septal defects. Taken
together, the spatial and temporal co-localization of CRAD1 with other
necessary components of the pathway, along with the detection of retinoid
receptor ligands, indicates a potential role for this cis-specific enzyme in 9-cis
RA generation in the developing mouse kidney and heart.
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4 GENERAL DISCUSSION
The principles underlying hormonal effects of retinoids were established more
than a decade ago with the identification of the nuclear retinoid receptors.
However, an important issue yet to be resolved is how the potent retinoid
receptor ligands are generated. The questions that need to be answered
include how cellular uptake and metabolic activation of retinol occurs, and
importantly, how these events are controlled at the cellular level. The details of
these cell biological mechanisms remain largely unknown because of
limitations in the techniques traditionally used to study retinoid metabolism.
Until now, more than twenty different RDHs have been identified and implicated
in retinoid activation pathways. As discussed in section 1.3.3.1, genetic
evidence for such functions in vivo is limited to only a few of these enzymes.
Thus, further genetic dissection, as well as functional characterization, is clearly
needed to determine the biological roles and cellular functionality of the
individual RDHs.
Solid genetic data from human is so far restricted to the enzymes active in the
visual cycle. Consequently, these are the most well characterized components,
with defined biological roles. Such data has given valuable information with
regard to both functional and structural features of these enzymes. For
instance, our analyses of RDH5 mutants, associated with fundus albipunctatus,
confirmed that diminished synthesis of visual chromophore was the most likely
explanation for this disease (Lidén et al., 2001). In addition, the genetic data
from one patient indicated that mutant RDH5 could exert trans-dominant
negative effects on functional variants of the enzyme, implying that RDH5
exists in multmeric complexes. By combining these data with biochemical work
and co-expression in the reporter system, we could indeed demonstrate that
RDH5 occurs as homodimers, providing a possible explanation for the
molecular pathology in this patient.
Interesting genetic data has also been presented for two novel zebrafish RDHs,
demonstrating a crucial role for these enzymes in gut development (Nadauld et
al., 2004; Nadauld et al., 2005). Unfortunately, the expected high degree of
redundancy among RDHs may give very mild phenotypes in knockout mice
lacking individual enzymes. Moreover, the chromosomal organization of
densely located RDHs, makes it virtually impossible to create double or
multiple RDH knockouts. Perhaps instead, knockdown approaches, making
use of transgenic expression of siRNA that target multiple RDHs, may provide
the necessary means to perform genetic analyses of RDHs in the future.
A striking feature of retinoid signaling is that the common precursor of the
active retinoids, all-trans retinol bound in different forms to plasma RBP,
chylomicrons and lipoproteins, is present in micromolar concentrations,
whereas the concentrations of RA necessary for retinoid receptor activation is a
1000-fold lower. It is therefore likely that target cells have mechanisms that
control the levels of active retinoids (i.e. RA) via regulated cellular uptake
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and/or biosynthesis. To enable studies of such cellular mechanisms, we have
developed a reporter system that has been applied in various settings
throughout the papers presented in this thesis.
The initial findings that RDH5 and CRAD1 mutants lacking the cytosolic tail
were inactive in the cellular reporter assay, but readily active in a traditional in
vitro assay (Tryggvason et al., 2001), clearly illustrated the need for relevant
assays when addressing cell biological aspects of RDH function. Further
studies have verified the lumenal topology of RDHs, and defined domains
necessary for subcellular localization and enzymatic function (Lidén et al.,
2005). The lumenal topology has several important cell biological implications.
For instance, the cofactor NAD+ must be transported from the cytosol into the
lumen by unknown mechanism(s), or produced in the lumen by biochemical
pathways yet to be discovered. Similarly, the substrates need to be transported
into the ER lumen, and the product, retinal, is somehow translocated to the
cytosol to support formation of RA by RalDHs. Since 9-cis RA biosynthesis can
be reconstituted in different cell lines, using the reporter system, we conclude
that these functions are carried out by general cellular mechanisms, in common
to many cell types. Interestingly, the cytosolic enzyme ADH4, reported to
oxidize 9-cis retinol in vitro, was much less efficient than the microsomal RDHs
in intact cells, despite the fact that it is localized in the same compartment as
the RalDH (Tryggvason et al., 2001). This could mean that ADH4 mainly
functions as a retinal reductase in vivo, and/or that the cytosolic milieu per se
does not support efficient retinol oxidation, due to e.g. its co-factor composition.
Analyses of CRAD1 showed that the C-terminal TMD harbors an ER retention
motif, and that the cytosolic tail, particularly its proline residue, plays a distinct
role in the functional activity of the enzyme. ER retention could potentially be
mediated by biophysical means, e.g. by exclusion of the TMD(s) from the lipid
bilayer of secretory vesicles, or by specifically interacting with ER resident
proteins. The requirement of an intact cytosolic tail indicates that interaction(s)
with, or modifications by, other component(s) is also necessary for the
functional activity of the enzyme. Whether the same, or distinct, binding
protein(s) mediate ER retention and functional activity is not clear. However,
the fact that extensions of the cytosolic tail do not interfere with the activity
indicates that the interaction(s) occur laterally, and may perhaps involve only
the residues closest to the membrane. In fact, membrane proteins are the most
likely candidates for such interactions with RDHs. As mentioned above, RDHbinding protein(s) might mediate regulatory mechanisms that spatially and
temporally control the activity of the enzymes. Another possibility is that
interactions are necessary for proper substrate and/or co-factor delivery, or to
physically link these enzymes with other components of the pathway to
facilitate efficient throughput. Thus, the identification and characterization of
such binding protein(s) should provide important information regarding the
function and regulation of RDHs.
The mode of cellular retinol uptake is also likely to impact on how the
downstream processing occurs. CRBPI may play a role in the uptake by
accumulating retinol by simple mass-action. Furthermore, CRBPI may support
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delivery of retinol to LRAT, as implied by biochemical and genetic data, but it is
not necessary for RDH function, nor is it essential for cellular uptake, as
evident from studies of CRBPI null mice (Ghyselinck et al., 1999; Matt et al.,
2005). Moreover, if retinol ends up in the cytosolic compartment following
uptake, it implies that it must somehow be imported into the ER lumen where
oxidation by the RDHs takes place. As for uptake of retinol from holo-RBP,
receptor-dependent uptake has been proposed as an alternative to the free
diffusion model. Although the putative receptor(s) remain to be
identified/verified, some indirect evidence has accumulated supporting this
mode of uptake (see section 1.1.3), including our studies using a monoclonal
antibody that specifically inhibited RBP-mediated retinol uptake into living cells
(Lidén and Eriksson, 2005). Apart from demonstrating the uptake per se, these
data also show that the uptake is functionally relevant, and indeed supports a
cellular pathway generating RA. As previous work has shown (see above),
holo-RBP may be taken up via endocytosis. This would place retinol in the
lumenal compartment of intracellular vesicles, restricting the contact with
cytosolic binding proteins, and perhaps allowing access of lumenal enzymes of
the pathway, notably RDHs, by retrograde transport and fusion of vesicles with
the ER. Further investigations are clearly needed to resolve these issues.
Understanding the mechanism(s) of uptake will certainly provide clues of how
retinol is delivered to the activating enzymes, and perhaps how these
processes regulate the pathway.
The work presented in this thesis has mainly focused on components involved
in the generation of cis-retinoids. As for the visual chromophore, 11-cis-retinal,
its biosynthesis is well characterized, now also encompassing the isomerase,
RPE65. Less is known about the pathway generating 9-cis RA. In fact, the
presence and relevance of this retinoid in physiology is still a matter of debate
owing to the difficulties in detecting endogenous 9-cis RA, as well as the fact
that RXR in many cases functions as a ligand-independent co-receptor. Our
efforts to search for retinoid receptor ligands in the mouse embryo provided
some clues of where 9-cis RA generation may occur (paper IV). Although such
analyses do not exclusively detect 9-cis RA, these data together with the
expression profiles of activating enzymes and receptors are consistent with
localized 9-cis RA synthesis in developing mouse heart and kidney. Moreover,
the presence of cis-specific enzymes per se, representing all the metabolic
events necessary for 9-cis RA biosynthesis, strongly argues for a physiological
role of this ligand. In light of this, our recent demonstration of an isomerase
activity capable of converting all-trans into 9-cis retinol, supporting 9-cis RA
generation, is intriguing (Lidén and Eriksson, 2005). Overexpression of the 11cis generating isomerase, RPE65, did not produce more 9-cis retinol, indicating
that perhaps a homologous enzyme performs this conversion instead. It is also
unknown whether this activity, in similar to RPE65, utilizes all-trans retinyl ester
as substrate in the reaction. Notably, overexpression of CRBPI in this system
seemed to partially inhibit isomerization, but did not affect steady state retinyl
ester levels. Screening strategies using this system might reveal the identity of
this 9-cis generating isomerase, enabling more focused studies on 9-cis RA
signaling in vivo.
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5 CONCLUDING REMARKS
The biochemical pathways generating RA may be viewed as series of signal
transduction events, ultimately leading to nuclear receptor activation and a
physiological response. Considering the 1000-fold higher concentration of the
precursor, as compared to the active ligands, it appears most likely that target
cells have means to control these events. However, the pathway operating in
the eye may not be subject to such regulation since it serves to continuously
regenerate the visual chromophore. In the studies presented in this thesis, we
have used genetic, biochemical and functional cellular methods to explore
different aspects of retinol uptake and activation, and have reached the
following conclusions:


RDH5 and CRAD1 are anchored to the ER membrane by two TMDs,
with their catalytic domains facing the ER lumen. Both enzymes seem to
form functional homodimers, and monomers may under certain
conditions be subject to trans-dominant negative effects exerted by coexpressed mutant enzyme.



The C-terminal region of CRAD1 mediates ER retention, and is important
for the functional activity of the enzyme. We propose that this region is
involved in interactions with other component(s), which may regulate the
enzyme, or by other means control the activity.



We have noted two distinct modes of retinol uptake in cells expressing
the reporter system, RBP-mediated uptake, which seem to involve a cell
surface receptor; and uptake of “free” retinol by mass-action, facilitated
by CRBPI. Screening strategies may identify potential receptor(s).



An enzymatic isomerase activity, converting all-trans into 9-cis retinol, is
expressed in some tested cell lines, and supports a pathway of 9-cis RA
generation. Together with the presence of other cis-specific components,
these findings argue for a physiological role of 9-cis RA. Screening
strategies using this system may identify this isomerase.



CRAD1 is highly expressed at midgestation and later in the developing
mouse kidney and heart, and may contribute to 9-cis RA generation at
these sites.

During the last two decades several activities representing most events of the
retinol activation pathways have been identified at the molecular level. The
upcoming challenge will be to explore the cellular mechanisms that integrate
and regulate these functional events. The cellular assays discussed in this
thesis provide useful tools for such studies. Similarly, reporter strategies may
be employed in transgenic mice to study various aspects of retinoid signaling at
the physiological level.
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