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Abstract Vitamin A is essential for the formation and
maintenance of many body tissues. It is also important for
embryonic growth and development and can act as a teratogen
at critical periods of development. Retinoic acid (RA) is the
biologically active form of vitamin A and its signaling is
mediated by the RA and retinoid X receptors. In addition to its
role as an important molecule during development, RA has
also been implicated in clinical applications, both as a
potential anti-tumor agent as well as for the treatment of skin
diseases. This review presents an overview of how dietary
retinoids are converted to RA, hence presenting the major
players in RA metabolism and signaling, and highlights
examples of treatment applications of retinoids. Moreover, we
discuss the origin and diversification of the retinoid pathway,
which are important factors for understanding the evolution of
ligand-specificity among retinoid receptors.

Keywords Retinoic acid signaling - Metabolism -
Retinoids - Therapy - Evolution - Vertebrates -
Invertebrates

Introduction: the importance of vitamin A

Vitamin A (retinol) is a fat-soluble vitamin essential for the
formation and maintenance of many body tissues, such as
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skin, bone, and vasculature, as well as for the promotion of
good vision and immune function [1]. Vitamin A also plays a
role in reproduction and in embryonic growth and deve-
lopment. Vitamin A is converted to more active compounds,
such as retinoic acid (RA), through which it exerts its mul-
tiple effects on embryonic development and organogenesis,
tissue homeostasis, cell proliferation, differentiation, and
apoptosis [2, 3]. In fact, RA was one of the first morphogens
identified [4]. RA is a rapidly diffusing signaling molecule
that can specify cell identities and control gene expression
through the activation of specific nuclear receptors.

Deficiency of vitamin A (VAD) leads to blindness and
infectious diseases, whereas less severe forms of VAD
retard growth and intensify iron deficiency anemia [5].
Conversely, excess dietary vitamin A can result in toxicity
to the liver, central nervous system (CNS), musculo-skel-
etal system, internal organs, and skin [1, 4]. This so-called
hypervitaminosis A can lead to reduced mineral bone
density, and therefore increased risk for hip fracture [6],
and to malformations of the developing embryo [1].

In this review, we follow the path of retinoid metabolism
from dietary intake to RA synthesis and signaling and discuss
the different components of the pathway. We also discuss the
applications of retinoids in the clinic and finally attempt to
discover the evolutionary origins of retinoid signaling.

Retinoid metabolism and transport

Retinoid uptake and processing

Analogs of retinol, with or without biological activity, are
called retinoids. Moreover, the definition of the term reti-

noid has been expanded to also include compounds not
related to retinol structurally, but with retinoid activity [4].
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The only source of retinoids in most animals is diet-derived
as these compounds cannot be synthesized de novo.

Plants and animals can cleave carotenoids to form reti-
noids [4]. Carotenoids are responsible for the yellow, red,
orange or purple color of many vegetables, fruits, and
flowers [4]. Carotenoids can also be absorbed by and stored
in animal tissues. Of the 600 identified carotenoids, only
10% are vitamin A precursors with f-carotene being the
most potent [7]. Alternatively, animals can obtain retinol
by eating animal tissues that have already converted
carotenoids to retinoids. Due to the tendency of retinyl
esters to accumulate in the livers of mammals, birds, and
fish, retinyl esters also contribute to the dietary intake of
retinol. In animal tissues, the predominant retinoid is reti-
nyl palmitate, but other fatty acids, such as retinyl oleate
and retinyl stearate are also found [4]. The primary func-
tion of retinol and retinyl esters is to serve as precursors
for the biosynthesis of active retinoids. Retinol has six
known biologically-active isoforms: all-trans, 11-cis, 13-cis,
9,13-di-cis, 9-cis, and 11,13-di-cis with all-trans being the
predominant physiological form. Endogenous retinoids
with biological activity, although this functional distinction
is not always very clear-cut, include: all-frans RA, 9-cis
RA, 11-cis retinaldehyde, 3,4-didehydro RA, and perhaps
14-hydroxy-4,14-retro retinol, 4-oxo RA, and 4-oxo retinol
(Fig. 1a) [8-10].

The precursors of RA are converted to the various active
forms in the gut, liver, and target tissues (Fig. 2). As early
as 1930, there were reports that f-carotene can be con-
verted to retinoids in the small intestine [11], and shortly
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thereafter a central cleavage mechanism was proposed at
the 15,15 carbon double bond, which produces two
molecules of all-trans-retinaldehyde [12]. The enzymatic
activity of f,p-carotene-15,15"-monooxygenase (BCO-I)
was described independently in two laboratories in 1965,
but the cloning of the corresponding gene was only
described in this decade [4]. The first BCO-I to be cloned
was from the fruit fly Drosophila melanogaster and
chicken, and more recently the gene was cloned in human,
mouse, zebrafish, and the tunicate Ciona intestinalis [13].
Homologs of BCO have also been identified in the ceph-
alochordate amphioxus [14]. BCO-I is involved in the
production of retinaldehyde for photoreception, but its
expression in multiple tissues in vertebrates makes it pos-
sible that the retinoids it produces are also involved in other
processes (Fig. 3) [15].

A second enzyme, f3,f-carotene-9'10'-dioxygenase
(BCO-II), has been demonstrated to have a role in RA
synthesis. BCO-II cleaves other carotenoids in addition to
p-carotene, leading to the formation of f-apocarotenal and
p-ionone [4]. This is followed by the conversion of
p-apocarotenal to f-apocarotenoic acid and a stepwise
oxidation of f-apocarotenoic acid to RA in a process
involving enzymes that have yet to be identified (Fig. 3).
This alternative pathway is important as it implies that, in
tissues expressing BCO-II, RA can be produced in the
absence of “classical RA synthesis pathway” enzymes,
such as alcohol dehydrogenase (ADH), short-chain dehy-
drogenase/reductase (SDR), retinaldehyde dehydrogenase
(RALDH) [13] or certain cytochrome P450s [16]. In
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Fig. 1 Natural and synthetic retinoids. a Structures of natural retinoids and of their catabolism products. b Synthetic agonists and antagonists of

RAR and RXR
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addition to BCO-I and BCO-II, another family member has
been identified in vertebrates, retinal pigment epithelium-
specific protein 65 kDa (RPE65), which functions in the
visual cycle [13]. Putative BCO family members have
been identified by BLAST searches in echinoderms
(Stongylocentrotus purpuratus), ecdysozoans (Daphnia
pulex, Caenorhabditis elegans), lophotrochozoans (Lottia
gigantea, Capitella capitata), and cnidarians (Nematostella
vectensis) (Fig. 4). It appears therefore that BCO function
might be present in all metazoans, hence representing an
ancient pathway for retinoid synthesis [13].

In the enterocytes of the intestine, retinol is bound to
cellular retinol binding protein II (CRBP-II) (Fig. 2a).
There are two additional CRBPs, CRBP-I and CRBP-III,
that also bind retinol and are found in specific anatomic
locations in embryo and adult. The CRBPs belong to the
greater family of fatty acid binding proteins (FABPs). In
addition to vertebrates, CRBPs are found in cephalochor-
dates and echinoderms, whereas in other invertebrate
species fatty acid binding proteins and lipid binding pro-
teins may function in retinol binding [17]. The role of
CRBPs may be to determine the levels of intracellular ret-
inol accumulation and esterification [18]. Mice null for
CRBP-I appear normal and their sole phenotype is low
stores of hepatic retinyl esters [19]. The lipid droplets found
in the livers of CRBP-I null mice appear to be smaller and
less abundant than in wild-type littermates. The unaltered
serum levels of retinol in CRBP-I null mice also demon-
strated that CRBP-I does not play a role in the delivery of
retinol to retinol binding protein (RBP) prior to secretion of
retinol:RBP by the liver. Mice null for CRBP-II have
impaired retinol uptake, but when kept on a vitamin
A-enriched diet, they develop and reproduce normally
albeit with reduced retinol stores [20]. Reduction of vitamin
A in the maternal diet during gestation results in neonatal
mortality right after birth of null mice, but not of wild-type
littermates, suggesting that CRBP-II in both the mother and
the fetus are required for adequate delivery of vitamin A to
the developing fetus when the dietary intake of vitamin A is
limiting [20]. CRBP-III null mice are viable, healthy, and
display impairment of vitamin A incorporation into milk
[21]. In addition, CRBP-I and CRBP-III are able to com-
pensate for each other to maintain normal retinoid
homeostasis, but under conditions of high retinoid demand
such as lactation, the compensation is incomplete [21].

Liganded-CRBP (holo-CRBP) is responsible for the
delivery of retinol to lecithin:retinol acetyltransferase
(LRAT) for esterification [22]. It appears that the role of
CRBP-II is to solubilize the fat-soluble retinol and to
protect it from degradation as well as to direct it to LRAT
for conversion to palmitate and other retinyl esters
(Fig. 2a) [23]. LRAT is broadly expressed in tissues and at
relatively high levels in the intestine, liver, and eye in the

retinal-pigmented epithelial cells. It is responsible for the
conversion of all-trans retinol to all-trans retinyl esters.
Mice null for Irat develop normally; however, the retinal
function of these mice is impaired and slight changes in the
retina were observed compared to wild-type littermates
[24]. Null mice also had only trace levels of all-trans-
retinyl esters in the liver, kidney, and lung, but elevated
levels in adipose tissue compared to wild-type littermates
[25]. Studies in Irat null mice led to the conclusion that
LRAT is a key component of the visual cycle and is
essential for the trapping of retinoids in the retinal pig-
mented epithelial cells of the eye [24]. In times of retinoid
insufficiency, the stores of retinyl esters in the adipose
tissue of [rat—/— mice are mobilized—an activity that is
coupled with the upregulation of CRBP-III. In [rar—/—
mice, retinol is mainly absorbed into the cell as free retinol,
although retinyl esters (retinyl palmitate, retinyl linolate,
retinyl oleate) are also found in circulation, which suggests
that retinyl esters are synthesized via an acyl-CoA-depen-
dent enzymatic process in the absence of LRAT. The
acyl-CoA-dependent enzymatic activity is termed acyl-
CoAc:retinol acetyltransferase (ARAT), but its exact
molecular functions remain to be defined [26].

The absorbed retinoids are secreted into the lymph either
as chylomicrons or as unesterified retinol [4]. Chylomicrons
consist of aggregates of triacylglycerol and phospholipids
packed together with carotenoids, retinyl esters, small
amounts of retinol, cholesteryl esters, and a few apolipo-
proteins [4]. The chylomicrons are then secreted from the
enterocytes into the intestinal lymph (Fig. 2a) [27]. The
chylomicrons enter the general circulation, where they are
reduced to chylomicron remnants. The retinyl esters are part
of the chylomicron remnants [27], which are transported
either to target tissues or to hepatocytes for storage [4].

Hepatic retinoid metabolism

In the liver, the retinyl esters are hydrolyzed to retinol,
which is then bound to RBP (Fig. 2a). RBP belongs to the
lipocalin protein family and is able to bind to and protect
retinol from being metabolized, due to a special hydro-
phobic pocket [28]. The liver is the main site of RBP
synthesis [29], and it has been shown that RBP recycles
extensively between the liver, the plasma, and extra-
hepatic tissues [4]. The first demonstration of retinol
complexed to RBP came as early as 1968 [30]. The levels
of retinol bound to RBP are under strict regulation and are
maintained at a steady state of 2 pM regardless of the daily
vitamin A intake fluctuations. In severe VAD, the retinyl
esters are depleted and the retinol:RBP levels also drop.
Mice null for RBP have been generated and exhibit
various phenotypes [31]. The finding that rbp—/— mice
were viable was surprising given that RBP is the sole
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known specific carrier for retinol in the circulation of adult
animals and embryos. The null mice are fertile with
impaired function of the retina. In addition, the retinol
levels observed in the blood of rbp—/— mice are ten times
less than those of wild-type littermates, and in the liver
there is increased storage of retinyl esters [31]. By
5 months of age, rbp—/— mice accumulate much higher
stores of retinol than their wild-type littermates, and their
hepatic stores do not change after a short-term exposure to
a VAD diet. Thus, RBP is required for mobilization and
storage of retinol. The visual impairment of rbp—/— mice
is not due to a developmental retinal defect, but probably
related to retinol uptake, as the null mice regain their vision
after 5 months when kept on a diet sufficient in vitamin A,
although blood levels of retinol remain low [31].

The retinol:RBP complex is secreted into the plasma for
delivery to target tissues (Fig. 2a) [32]. Most of the reti-
nol:RBP is associated with transthyretin (TTR) to prevent
elimination by the kidney [4]. TTR is a serum protein
found in a 1:1 association with RBP and has also been
suggested to play a role in retinol delivery to tissues. Mice
null for TTR were found to be viable and healthy without
any developmental defects. Plasma levels of retinol and
RBP are practically zero in the ttr—/— mice compared to
wild-type littermates. The hepatic levels of retinyl esters
and of retinol are the same in the #fr—/— mice and their
wild-type littermates indicating that TTR is not involved in
retinol uptake or storage. Levels of retinol and retinyl
esters in the testes, kidney, spleen, and eye of tfr—/— mice
were normal indicating that retinoid delivery to these tis-
sues is not TTR dependent. Injected hRBP appeared
rapidly in the kidneys of TTR-null mice supporting a role
for TTR in inhibition of glomerular filtration of RBP in the
kidney [22].

A large portion of the unesterified retinol is delivered to
the hepatic stellate cells (Fig. 2a) [4]. In vitamin A suffi-
cient states, the chylomicron remnant retinyl esters are
converted to retinol and stored in lipid droplets in the liver
[4]. In fact, over 80% of the total retinol and retinyl esters
in vertebrates are stored in the liver (Fig. 3). Hepatic
stellate cells have high levels of CRBP-I and LRAT, which
are key for the storage of retinyl esters as evidenced in
studies of mice null for CRBP-I or LRAT [19, 24]. Some
retinyl esters are stored outside the liver as lipid droplets in
interstitial cells and in organs such as the lung, kidney, and
intestine [4]. Extra-hepatic storage may be important for
the supply of retinol to tissues with high retinoid demand.

In addition to retinol and retinyl esters, a number of
retinoids are found in plasma at nanomolar concentrations.
These retinoids include all-trans RA, 13-cis RA, 13-cis-
4-oxo RA, all-trans-4-oxo RA, and all-trans retinoyl-
p-glucuronide (Figs. la, 3) [4]. These retinoids, with
the exception of all-trans retinoyl-f-glucuronide, are

Fig. 2 Metabolism of vitamin A and transcriptional activation.
a Dietary intake of retinoids and absorption in the intestine. In the
intestine, retinoids are converted to retinol, which is bound by CRBP.
This retinol is further processed to retinyl esters and exported into the
circulation, where the retinyl esters are taken to the liver. In
hepatocytes of the liver, retinyl esters are converted to retinol and
bound to RBP for transport to target cells. In stellate cells of the liver,
retinol is converted to retinyl esters for storage. In the bloodstream,
the retinol:RBP complex is bound to TTR to avoid elimination by the
kidney and to ensure delivery to target tissues. b Retinol is delivered
to target cells in a complex with RBP and TTR and uptake occurs via
the STRAG6 receptor. In the target cell, free retinol is oxidized to
retinaldehyde by ADH/SDR enzymes in a reversible reaction. A
second, irreversible oxidation is catalyzed by RALDH and converts
retinaldehyde to RA, which is bound by CRABP. RA enters the
nucleus, where RAR/RXR heterodimers are bound to RAREs and
associated with a co-repressor complex. Binding of RA induces a
conformational change of the RAR/RXR heterodimer that results in
release of co-repressors and recruitment of co-activators and initiation
of transcription. RA is degraded and eliminated by CYP26 enzymes.
ADH Alcohol dehydrogenase, BCO-I f3,f-carotene-15,15'-monooxy-
genase, CRABP cellular retinoic acid binding protein, CRBP cellular
retinol binding protein, CYP26 cytochrome P450 family 26, HAT
histone acetyltransferase, HDAC histone deacetylase, LRAT leci-
thin:retinol acetyltransferase, NCoA co-activator complex, NCoR
co-repressor complex, RA retinoic acid, RALDH retinaldehyde
dehydrogenase, RAR retinoic acid receptor, RARE retinoic acid
response element, RBP retinol binding protein, REH retinyl ester
hydrolase, RNA pol Il ribonucleic acid polymerase II, RXR retinoid X
receptor, SDR short-chain dehydrogenase/reductase, SMRT silencing
mediator of retinoic acid and thyroid hormone receptor, STRA6
stimulated by retinoic acid gene 6, TTR transthyretin

transported in plasma bound to albumin, and their plasma
levels fluctuate with vitamin A intake. Although it is not
known whether these retinoids reflect catabolism products
or have biological functions, their in vitro activity leads to
the assumption that they have functional roles [4]. How-
ever, the work of Niederreither et al. [33] provides genetic
evidence that during mouse development (in vivo) these
retinoids (e.g. all-frans-4-oxo-RA) are inactive breakdown
products and not biologically active compounds.

Retinoids and target tissues
Cellular uptake

Holo-RBP delivers retinol to target tissues, where retinol
undergoes multiple enzymatic reactions to products
including active retinoids [8] (Fig. 2b). The existence of a
specific cell surface receptor for RBP on retinal pigment
epithelium and intestinal epithelial cells was shown in the
1970s, and since then there has been accumulating evi-
dence for the existence of the RBP receptor in other tissues
and cell types, such as the placenta, choroid plexus, testis,
and macrophages [34]. This cell surface RBP receptor
binds specifically to RBP and, in addition, mediates retinol
uptake from holo-RBP [34]. The receptor was finally



From carrot to clinic

1427

A Circulation

D
; p-carotene | BCO-I
€ 5 ——| — Retinal
. ¢
m’i\w& a4
; Retinol
ﬂ i
\_..\ n
t Retinyl
ol .
e T\ Intestine /
e

Circulation

Target tissues

Target tissues

B
STRAG
ADH/SDR l L CRBPZ
@ —
RALDH
paracrine - = -

#
%:&Q‘/ \

REH

Target gene w

Nucleus

identified in 2007 as stimulated by retinoic acid gene 6
(STRAG6) [34]. STRAG is a widely expressed multitrans-
membrane protein and meets all criteria for a RBP
receptor, namely, it mediates cellular uptake of retinol and
is localized in cellular locations expected of the RBP
receptor in native tissues [34]. STRAG is broadly expressed

in the murine embryo, but in the adult its expression
becomes more restricted [35]. In mouse mammary epi-
thelial cells, STRA6 expression can be upregulated by
Wntl and retinoids. In addition, STRA6 mRNA levels are
upregulated in mammary gland tumors and human colo-
rectal tumors [35]. Importantly, while the absence of RBP



1428

M. Theodosiou et al.

RPE65 REH
RPEGS Retinyl esters
BCO-II ‘
ﬂ-iOHGIIC Retinol
v all-trans; 9-cis; 11-cis; 13-cis; EERT
11,13-di-cis; 11, 13-di-cis
+ ADHISDRH
B-apocarotenoic BCO-I
acid | Retinaldehyde | —l
v RALDH"l
@ Retinoic acid (RA)
all-trans; 9-cis; 1 3-cis;
»| 4-oxo; 3,4-didehydro;

all-trans-4-oxo retinaldehyde;
all-trans-4-oxo retinol;

13-cis-4-0x0;
all-trans-4-oxo;

CYP26"

Y

Fig. 3 Biochemical pathway of retinoids. Endogenous retinoids are
boxed and the major physiological endpoints of the metabolic
pathway are indicated in gray circles. The enzymes responsible for
conversion of the retinoids are indicated. The asterisks indicate that
certain enzymes of the CYP family can catalyze the synthesis or
degradation of RA in vitro. ADH Alcohol dehydrogenase (ADHI,

in mice and humans gives rise to relatively mild pheno-
types, the phenotypes observed for STRA6 absence are
more severe suggesting that STRA6 might have other roles
in mediating retinoid signaling beyond being a receptor for
RBP [36]. Mutations in STRA6 have also been associated
with Matthew—Wood syndrome, a disease associated with
severe microphthalmia, pulmonary hypoplasia, and cardiac
defects [37]. Outside of vertebrates, only the cephalo-
chordate amphioxus possesses putative stra6, rbp, and ttr
homologs suggesting that amphioxus might possess a
vertebrate-like retinol transport system (Fig. 4).

Retinol processing

In the target tissue, retinol either associates with CRBP or
serves as a substrate for several cytosolic and microsomal
enzymes termed retinol dehydrogenases (RDH) that oxi-
dize retinol to retinaldehyde (also called retinal) (Figs. 2b
and 3) [22, 38]. These retinol dehydrogenases are members
of the ADH or SDR families [38]. Retinol metabolism is
catalyzed by the ubiquitously expressed ADH3 as well as
by the tissue-restricted ADH1 and ADH4. All three can
oxidize all-trans retinol to all-frans retinaldehyde with
ADH4 being the most efficient. In contrast to vertebrates
that have multiple ADHs, invertebrates have only one
ADH, typically ADH3 (Fig. 4) [17].

all-trans-3 4-didehydro RA; all-trans-B-glucuronide Oxidized metabolites
S-409¢cDH-RA; l 4-OH RA;
14-0H-4, 1 4-retro retinol; Phase 1 4-ox0 RA;
p-cryptoxanthin; T i P conjugation 18-OH RA;
lutein — ((FEscptiono reactions 3,6-epoxy RA;
target genes 5,.8-epoxy RA

3, 4), BCO-I B,B-carotene-15,15'-monooxygenase, BCO-II f3,-caro-
tene-9’,10'-dioxygenase, CYP26 cytochrome P450 family 26, LRAT
lecithin:retinol acetyltransferase, RA retinoic acid, RALDH retinalde-
hyde dehydrogenases (RALDHI, 2, 3, 4), REH retinol ester
hydrolase, RPEG65 retinal pigment epithelium-specific protein
65 kDa, SDR short-chain dehydrogenase/reductase

Mice null for Adh3, which is ubiquitously expressed
during development, display reduced viability and growth
defects, which can be rescued by dietary supplementation
with retinol. This indicates that, in the absence of ADH3,
other retinol-oxidizing enzymes can carry out its function,
provided that retinol levels are sufficiently high [39].
Adh3 null mice die when kept on a VAD diet indicating
that, in cases of limited retinol supply, other retinol
dehydrogenases cannot compensate for the absence of
ADH3 [39].

There is no obvious phenotype associated with the loss
of Adhl and Adh4. However, the absence of Adhl and
Adh4 becomes evident when the respective null mice are
fed with an excess of vitamin A (for ADH1) or subjected to
a VAD diet (for ADH4) [40]. When large doses of retinol
are administered to Adhl—/— mice, the mice are more
sensitive to vitamin A toxicity [41]. The same toxicity was
also observed in Adh3—/— mice on the same diet compared
to wild-type littermates, but with a less severe phenotype
than for Adhl—/— mice. These findings correlate well with
the expression profiles of ADHs in the liver, the major
detoxification organ, where ADH4 is absent and ADH1 is
expressed at higher levels than ADH3 [40].

Absence of both Adhl and Adh4 does not have additive
effects. The compound null mice are not more sensitive
to vitamin A toxicity than the Adhl—/— mice, and in
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different metazoans. Using vertebrate sequences for each component,
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The best hits were then used for reverse BLAST searches of the
respective vertebrate genomes to verify the association of a given
sequence with the protein family of the RA signaling component in
question. Hatched boxes indicate that representatives of a given
protein family might exist in a given animal group, but that our
BLAST analyses were not conclusive. For example, for CRBP and
CRABP, the hatched boxes indicate that members of the fatty acid
binding protein family have been identified, and, for RXR, the
hatched boxes highlight that this protein is absent from the assayed
species, but present in other members of this phylum. The species are:
Branchiostoma floridae (amphioxus), Caenorhabditis elegans (nem-
atode worm), Capitella capitata (annelid worm), Ciona intestinalis

VAD states they do not display higher lethality than the
Adh4—/— mice suggesting separate roles for these two
ADHs in retinoid metabolism [40]. Based on these studies,
ADHI1 is responsible for the reduction of vitamin A tox-
icity by facilitating the conversion of retinol to RA,
whereas ADH4 is responsible for reducing the negative
effects of VAD by ensuring that retinol metabolism to RA
occurs at sufficiently high levels to provide ligand to the
receptors. The function of ADHI slightly overlaps with
that of ADH3 in providing protection against vitamin A
toxicity, and the function of ADH4 overlaps with that of
ADH3 in providing protection from VAD [40]. It can
therefore be concluded that Adhl and Adh4 are necessary
only in extreme vitamin A conditions such as excess or
deficiency, whereas Adh3 functions as the ubiquitous ADH.

In addition to ADHs, SDRs also function in the oxida-
tion of retinol to retinaldehyde (Fig. 3) [40]. While ADHs
are cytosolic, SDRs are microsomal. The oxidation of
retinaldehyde to RA is a cytosolic process and ADHs may
function in RA synthesis, whereas the retinaldehyde
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(sea squirt), Daphnia pulex (water flea), Drosophila melanogaster
(fruit fly), Homo sapiens (human), Lottia gigantea (gastropod snail),
Mus musculus (mouse), Nematostella vectensis (sea anemone), Rattus
norvegicus (rat), Saccoglossus kowalevskii (acorn worm), Strongylo-
centrotus purpuratus (sea urchin). ADH Alcohol dehydrogenase
(ADHI, 3, 4), BCO BCO-I (B,f-carotene-15,15’-monooxygenase) or
BCO-II (f,-carotene-9’,10'-dioxygenase) or RPE65 (retinal pigment
epithelium-specific protein 65 kDa), CRABP cellular retinoic acid
binding protein, CRBP cellular retinol binding protein, CYP26
cytochrome P450 family 26, LRAT lecithin:retinol acetyltransferase,
RALDH retinaldehyde dehydrogenases (RALDHI, 2, 3, 4), RAR
retinoic acid receptor, RBP retinol binding protein, REH retinol ester
hydrolase, RXR retinoid X receptor, SDR short-chain dehydrogenase/
reductase, STRA6 stimulated by retinoic acid gene 6, TIR
transthyretin

produced by SDRs may also be required for processes other
than RA synthesis [40]. SDRs have not been the subject of
extensive genetic studies as to their possible role in RA
synthesis, with RDHS and RDH10 being the only SDRs,
for which genetic studies have been undertaken. Mice null
for Rdh5 are viable, but suffer a delay in dark adaptation
consistent with a proposed role within the visual cycle in
metabolism of 11-cis retinol to 11-cis retinaldehyde [40].
Therefore, although RDHS is important for vision, it does
not play an evident role in vivo in RA synthesis. In con-
trast, RDH10 is important for embryonic RA synthesis,
functioning in embryonic patterning and morphogenesis,
and its loss results in embryonic lethality [42, 43]. Like
ADHs, SDRs are widely distributed in metazoans (Fig. 4).
Although their ability to bind retinoids needs to be exper-
imentally assessed, the presence of apparent homologs of
ADHs and SDRs in cnidarians, ecdysozoans, lophotroch-
ozoans, ambulacrarians, and chordates suggests that ADH/
SDR-dependent retinol processing might be an evolution-
ary conserved process.
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Retinaldehyde processing

Following the oxidation of retinol to retinaldehyde by
ADH or SDR enzymes, the next step in RA synthesis is the
irreversible oxidation of retinaldehyde to RA (Fig. 2b).
This reaction can be performed by retinaldehyde dehy-
drogenases (RALDHs) (Fig. 3) [32]. Vertebrates generally
have three RALDHs of the ALDHIA class (named
ALDHI1A1 or RALDHI1, ALDH1A2 or RALDH2, and
ALDH1A3 or RALDH3) and one RALDH of the ALDHS
class (called RALDH4). Rodents have an additional
ALDHIA enzyme called ALDH1A4 in rat and ALDHIA7
in mouse [44]. For the synthesis of active retinoids, a
variety of cytochrome P450s (CYPs) have also been
implicated, at least in vitro. For example, CYP1A1, 1A2,
2B4, 2C3, and 2J4 have been shown to catalyze the oxi-
dation of retinaldehyde to RA [1].

RALDHI1 is expressed in the dorsal retina of embryos
and in several epithelial tissues in the adult [45]. This
protein has been proposed to function in dorsoventral
patterning of the eye and axonal path finding of retinal
ganglion cells [40]. The dorsal retina of raldhl—/—
embryos display only minor effects suggesting that
RALDHI is not essential for RA synthesis but may instead
be involved in the catabolism of excess retinol. In contrast,
overexpression of RALDH1 in Xenopus embryos does lead
to premature RA synthesis indicating that RALDHI can
function in RA synthesis in vivo [40].

RALDH2 expression occurs in multiple embryonic and
adult tissues. Overexpression of raldh2 in Xenopus embryos
leads to high levels of RA strongly suggesting a function for
raldh? in RA synthesis in vivo [45]. During mouse
embryogenesis, RALDH?2 expression is first detected at the
same time as RA, at E7.5, and until midgestation it is
localized in mesenchymal tissues, such as the proximal limb
bud, trunk mesoderm, lung bud mesoderm, and heart [40].
The raldh2—/— mice die at midgestation, around day
E8.75, due to defects in heart development. In addition,
raldh2—/— embryos exhibit shortening of the anteroposte-
rior axis, and the limb buds do not form due to lack of RA,
as evidenced by reduced Hox expression in the mutants
[46]. More recently, effects of RALDH?2 deficiency on the
development of the hindbrain and neural crest have been
described [47]. The raldh2—/— embryos can be “rescued”
to a considerable extent with external administration of RA,
and this finding led to the conclusion that the function of
RALDH?2 is to provide RA for development [46].

RALDH3 is expressed in mouse and chicken retina,
lens, and olfactory pit as well as in the ureteric buds and
surface ectoderm adjacent to the developing forebrain [40].
RALDH3 has been demonstrated to oxidize retinaldehyde
to RA in vitro [40]. Mice null for RALDH3 have defects in
nasal and ocular development and die shortly after birth,

due to respiratory distress [48]. The defects observed in
RALDH3 mutants are in fact similar to those observed in
VAD fetuses or mice lacking retinoid receptors indicating
the importance of RALDH3 for RA synthesis [48].

RALDH4 is expressed in mouse liver and kidney and
displays a preference for processing 9-cis retinaldehyde over
all-trans retinaldehyde [49]. The expression of RALDH4 in
fetal liver and expression in the adult kidney suggest that it
could play a role in 9-cis RA biosynthesis [49].

Recently, RALDH-like genes have been identified in the
genomes of various invertebrate phyla including cnidari-
ans, arthropods, nematode and annelid worms, mollusks,
acorn worms, amphioxus, and ascidian tunicates (Fig. 4)
[50, 51]. These findings indicate that ALDH enzymes
capable of synthesizing RA have originated before the
protostome—deuterostome split and might even have been
present earlier in metazoan evolution [17].

Newly synthesized RA is bound to cellular RA binding
proteins types I and II (CRABP-I and CRABP-II) and can
then either enter the nucleus to activate transcription
(autocrine) or be transported to a nearby target cell (para-
crine) (Fig. 2b). CRABPs are expressed in tissues sensitive
to RA [52]. CRABP-II binds to all-trans RA with lower
affinity than CRABP-I and both bind 9-cis RA with lower
affinity than all-frans RA [8]. CRABP-II has been sug-
gested to act as a facilitator of RA uptake and metabolism
as well as to be a co-regulator of RA signaling [53]. In the
absence of ligand, CRABP-II is found in the cytosol and in
the presence of RA it quickly translocates to the nucleus,
where the complex associates directly with retinoid
receptors and mediates ligand transfer from binding protein
to the receptor [54].

CRABP-I and CRABP-II double null mice are physio-
logically normal with the sole phenotype being postaxial
forelimb polydactyly. Mice null for both CRABPs do not
have altered sensitivity to teratology following retinoid
administration [55]. It appears therefore that both CRABP-I
and CRABP-II are redundant components of the RA sig-
naling pathway [55] suggesting that their functions can be
carried out by other family members, such as FABPS (see
“Non-canonical retinoid receptors”). Outside vertebrates,
evidence for putative CRABPs is scarce. CRABP-like pro-
teins of invertebrates, such as ascidian tunicates, amphioxus,
annelids, nematodes or arthropods (Fig. 4), are members of
the greater FABP family [56] without exhibiting a strong
phylogenetic association with vertebrate CRABPs [17]. It is
hence conceivable that RA binding of FABPs was acquired
specifically in the lineage leading to extant vertebrates.

Retinoic acid degradation

The balance between synthesis and catabolism allows the
control of the levels of RA in cells and tissues. Catabolism
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of RA to oxidized metabolites, such as 4-hydroxy RA and
4-oxo RA, occurs mainly through enzymes of the CYP26
family and is thought to be initiated by hydroxylation of the
C4 or C18 position of the f-ionone ring of RA (Fig. 3)
[57]. In vertebrates, there are generally three CYP26
enzymes, called CYP26A1, CYP26BI1, and CYP26CI.
Similarly, other CYPs, such as CYP1A2, 2A4, 2A6, 1B1,
2B1, 2B6, 2C3, 2C7, 2C8, 2C9, 2D6, 2E1, 2E2, 2Gl,
3A4/5, 3A6, 3A7, and 4Al11 have been implicated in
the catabolism of RA in vitro [58, 59]. Given that in most
cases this implication was inferred from in vitro data, it
is still difficult to assess the in vivo relevance of these
observations.

The first CYP26 to be cloned was CYP26A1 from
zebrafish in 1996, and shortly thereafter the human gene
was cloned by the same group [60, 61]. In zebrafish,
CYP26A1 is expressed in the hindbrain, pharyngeal arches,
pectoral fin, and neural retina [62]. It is also expressed
during gastrulation and in a defined pattern in epithelial
cells of the regenerating caudal fin in response to exoge-
nous RA [60]. When transfected into COS1 cells, it results
in the metabolism of all-trans RA into more polar metab-
olites, such as 4-oxo RA and 4-hydroxy RA [60]. The
human CYP26A1 is similarly responsible for the metabo-
lism of all-frans RA to polar metabolites, such as 4-oxo
RA, 4-hydroxy RA, 18-hydroxy RA, 5,6-epoxy RA, and
5,8-epoxy RA [61]. In certain human tumor lines, the
expression of CYP26A1 is induced in the presence of RA.
It was also found that RA-inducible metabolism correlates
with CYP26A1 expression implicating this enzyme in RA
metabolism [61]. In the mouse, CYP26A1 is expressed in
the rostral neural plate and tail bud. In the chick, CYP26A1
is expressed in the hindbrain, mesoderm, and endoderm
[62]. In Xenopus, CYP26A is found in the circumblasto-
poral ring and dorsal animal hemisphere, and its
overexpression results in anteriorization [63]. Disruption of
the murine CYP26A1 gene results in embryonic lethality.
The CYP26A1 null mutants die during mid- to late gesta-
tion and display a number of morphogenetic defects, which
closely resemble those observed in RA teratogenicity [64].
The most prominent defects were spina bifida and trunca-
tion of the lumbosacral region and, in very extreme cases,
sirenomelia (also called mermaid tail) [64]. In addition,
mutants displayed defects, such as abnormal patterning of
the rostral hindbrain and posterior transformations of the
cervical vertebrate, which correlates with the major sites of
CYP26A1 expression, which are the rostral neural plate
and the embryonic tail bud.

CYP26B1 was identified shortly after CYP26A1 and
was shown to metabolize all-frans RA to the polar
metabolites 4-oxo RA, 4-hydroxy RA, and 18-hydroxy-all-
trans RA [65]. The expression pattern of CYP26B1 in the
cerebellum and pons of the brain is different from that of

CYP26A1, even though the two enzymes have similar
catalytic activity [65]. In the developing mouse, CYP26B1
is expressed in the distal region of the developing limb bud.
Mice null for CYP26B1 exhibit severe limb malformations
[62]. The absence of CYP26B1 also results in the induction
of proximodistal patterning defects in the developing limb
characterized by expansion of proximal identity and
restriction of distal identity as well as pronounced apop-
tosis and delayed chondrocyte maturation [62]. In the
chick, CYP26B1 is expressed in the tail bud, anterior
mesenchyme, heart, vasculature, eye, limb bud, hindgut,
and the hindbrain in rhombomeres [62]. In zebrafish,
CYP26B1 is expressed in the hindbrain, diencephalon,
midbrain-hindbrain boundary, cerebellum, and pharyngeal
arches [62].

A third CYP26 enzyme, CYP26C1, was identified more
recently [66]. Transiently transfected cells expressing
CYP26C1 are able to metabolize all-trans RA to polar
metabolites similar to those generated by CYP26A1 and
CYP26B1. In the developing mouse embryo, CYP26CI1 is
expressed in prospective thombomeres 2 and 4, the first
branchial arch, and along the lateral surface mesenchyme
adjacent to the rostral hindbrain at early developmental
stages. By midgestation, weak expression is detected in the
cervical mesenchyme and in the maxillary component of
the first branchial arch. Based on the observed expression
pattern, CYP26C1 functions to protect the hindbrain, first
branchial arch, developing ear, and tooth buds from RA
exposure during embryonic development [62]. In chick,
CYP26Cl is expressed in cranial mesoderm, rhombomeres,
and neural crest [62]. In zebrafish, CYP26C1 is found at
the presumptive hindbrain during the segmentation phase.
At the 2-somite stage, it is expressed in thombomeres 2-4
(r2-4), then as development progresses, it is detected in
r2-6 and the pharyngeal arches in the 6-somite stage. After
24 h of development, gene expression is also detected in
the telencephalon and diencephalon, and expression later
extends to the eye, otic vesicle, and midbrain. By 48 h of
development, expression is restricted to the otic vesicles,
pharyngeal arches, and pectoral fins and overall expression
levels are decreased [62]. In Xenopus, CYP26C1 expres-
sion was shown to be restricted to the anterior region of the
neurula with expression extending to restricted sets of
cranial nerves at the tadpole stage [63].

In general, the expression patterns of the three CYP26s
are non-overlapping suggesting individual roles for each
enzyme in RA catabolism [67]. This hypothesis is sup-
ported by the observation that both CYP26A1 and
CYP26C1 activities are needed for correct anteroposterior
patterning and production of migratory neural crest cells
[68]. A recent triple knockdown of CYP26A1, CYP26BI1,
and CYP26C1 in zebrafish further demonstrated the
importance of combinatorial CYP26 activity in hindbrain
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development as RA-responsive genes that are normally
restricted to nested domains in the posterior hindbrain were
expressed in the entire hindbrain [69].

CYP26s, like other major components of the RA
signaling cascade, can also be found outside the verte-
brates. CYP26s have initially been described in ascidian
tunicates, cephalochordates, hemichordates, and echino-
derms [50, 51]. More recent analyses have indicated the
existence of CYP26 orthologs in lophotrochozoans, such as
L. gigantea and C. capitata, but failed to identify CYP26s
in ecdysozoans [44, 50]. It appears therefore that CYP26s
were present in the last common ancestor of bilaterians and
might have selectively been lost in the ecdysozoan lineage.
The biochemical activity of these apparent orthologs as
well as their in vivo function will have to be carefully
assessed before any firm conclusions can be drawn.

Retinoid-dependent signaling
Canonical retinoid receptors

The effects of RA are mediated through its binding to
retinoid receptors, which are members of the nuclear
receptor family. The retinoid receptors share the same
modular structure as other nuclear receptors with the
main modules being the DNA binding domain (DBD),
which confers sequence-specific DNA recognition, and a
ligand-binding domain (LBD), which also harbors a ligand-
dependent activation function AF-2 and a major dimer-
ization interface [70]. Retinoid receptors can be divided
into two subgroups, RA receptors (RARs) and retinoid X
receptors (RXRs). In vertebrates, there are generally three
RARs and three RXRs (a, f8, and y) with RARs binding to
all-trans RA and 9-cis RA, and RXRs binding to 9-cis RA
with high affinity, but not to all-trans RA. Although RXR
was originally identified as an orphan receptor that
responded specifically to retinoids [71], RXR is the hete-
rodimeric partner of a number of nuclear receptors, such as
RAR, thyroid hormone receptor (TR), vitamin D receptor
(VDR) or peroxisome proliferator-activated receptor
(PPAR) [72]. This fact raises the question whether RXR is
a silent or an active transcription partner in such hetero-
dimers. Through the study of RAR/RXR heterodimers, it
was determined that RXR activity is silenced in the
absence of RAR ligand and this is referred to as “RXR
subordination”, a phenomenon also observed in other RXR
heterodimers [73].

The transcriptional activation by RAR is dependent on
the formation of the RAR/RXR heterodimer, which occurs
on two interfaces: (1) the LBD interface, which is inde-
pendent of the DNA binding activity of the complex, and
(2) the DBD interface, which is involved in the recognition

of response elements on DNA. The dimerization interface
found in the LBD further stabilizes, but does not change,
the binding repertoire directed by the DBDs [74, 75]. The
precise heterodimerization surfaces of RAR and RXR in
the DBD were determined by extensive structure—function
analyses [76, 77]. Within the RXR protein, the second zinc
finger forms a surface that interacts with the second zinc
finger of RAR bound to a retinoic acid response element
(RARE) on the target DNA [76]. The DNA response ele-
ment for RAR/RXR consists of two or more degenerate
copies of the (A/G)G(G/T)TCA or of the more relaxed
(A/G)G(G/T)(G/T)(G/C)A half-site motif organized in
direct repeats or palindromes normally separated by a
nucleotide spacer [78]. In addition to DR5 (direct repeat
with a five-nucleotide spacer), RAR/RXR heterodimers are
able to regulate transcription from DR2 (two nucleotide
spacer) and DR1 (one nucleotide spacer) elements [79, 80].
When bound to DR2 and DR5 elements, the 5’ half-site is
occupied by RXR and the 3’ half-site by RAR [77, 81, 82].
In contrast, when bound to DR1 elements, the polarity of
the heterodimer is inverted (5-RAR-RXR-3’) and the
complex is unresponsive to RA stimulation, probably due
to the inability of RAR ligands to induce the dissociation of
co-repressors [83].

RARa was cloned in 1987 independently by the Evans
and Chambon laboratories [84, 85]. Mice null for RAR«
display some of the features of vitamin A deficiency with
decreased viability, growth deficiency, and male sterility,
due to degeneration of the seminiferous epithelium as well
as other congenital malformations, such as webbed digits
[86]. Most of the defects of RARa null mice can be
reversed by treatment with RA.

RARJ was cloned by the Dejean laboratory and shown
to be a RAR by the Dejean and Chambon laboratories
[87, 88]. So far, five transcriptional variants have been
described for RARf, expressed from different promoters
(P1, P2, and P3) [89, 90]. In the developing mouse embryo,
RARJ expression is spatially and temporally restricted in
various structures suggesting a role for RARf; in morpho-
genesis. RARf—/— mice exhibit a selective loss of
striosomal compartmentalization in the rostral striatum
[91]. The RARS—/— mice also display locomotor defects,
which are correlated with dopamine signaling implicating
retinoids in the regulation of brain function [92]. In addi-
tion, RARf32—/— mice (mice null for isoform 2 of RARf)
display abnormalities in the vitreous humor of the eye, an
effect that is more pronounced in RAR$2/RARY2 null mice
suggesting a role for RARS2 in the formation of vitreous
body [86]. RARS is also the paradigm for RAR regulation
as it is both a direct target of RA and highly activated by
treatment with exogenous retinoids.

The third RAR, RARY, was identified during the char-
acterization of the murine RARa and RARf and was found
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to be highly expressed in the skin [93, 94]. RARy null mice
display some defects associated with VAD, which can be
rescued with RA treatment, indicating that RARy mediates
some of the retinoid functions in vivo [95]. Congenital
defects establishing a link between RA and axial patterning
were also observed, such as webbed digits, homeotic
transformations, and malformations of cervical vertebrae
[95]. In more recent studies, conditional mutants for RARYy
expression in cartilage were generated to study the role of
RARs in growth plate formation and skeletal growth [96].

The observations made with the single RAR knockout
mice suggest a high degree of functional redundancy
among the RARs. In contrast, the double knockout mice
generated more dramatic phenotypes leading to reduced
viability [97, 98]. The RAR double mutants die either in
utero or shortly after birth and display a number of con-
genital abnormalities associated with VAD [86].

RXRs were identified and cloned by several independent
groups [71, 99]. Mouse knockouts have been generated for
all three RXRs [3]. The inactivation of RXRa is lethal
during embryogenesis [86]. RXRx—/— mice exhibit hypo-
plastic development of the ventricular chamber of the heart
and ocular malformations, defects that were also observed
in VAD models, lending support to the idea that RXRa is
involved in retinoid signaling in vivo [100]. Treatment of
these embryos with vitamin A, which normally had tera-
togenic effects on limb development, has no effect on
RXRo—/— mice thus implicating RXRa in the teratogenic
response to RA [101]. RXRo also plays a role in
RA-induced cleft palate as shown in a study where preg-
nant wild-type and RXRo—/— mice were treated with
teratogenic doses of RA at midgestation [102]. The
knockout for RXRf resulted in 50% embryonic lethality at
or before birth [103]. The surviving offspring appear nor-
mal, but the males are sterile due to oligo-astheno-
teratozoospermia and failure of spermatid release [103].
RXRy-deficient mice appear to be normal [104], but are
resistant to thyroid hormone, which is consistent with
RXRy expression in the thyrotrope cells of the anterior
pituitary gland [105]. Compound knockouts for the various
RXRs showed that one copy of RXRa is sufficient to
perform most of the functions of the RXRs [104].

While vertebrates generally have three RAR and three
RXR paralogs (except teleost fish that have more), only one
RAR has been identified in invertebrate chordates, such as
ascidian tunicates and cephalochordates [44, 50]. More
recent analyses of the genomes of protostomes and deu-
terostomes led to the identification of putative RARs in sea
urchins, hemichordates, mollusks, and annelids (Fig. 4)
[44, 50] lending further support to the hypothesis that
RA signaling was already present in Urbilateria, the last
common ancestor of protostomes and deuterostomes
[44, 50]. In contrast, RXR, likely due to its property as a

heterodimeric partner for multiple nuclear receptors, has
been identified in virtually all metazoan species analyzed
[44, 50], and its presence is therefore not diagnostic of the
presence of RA signaling in a given taxon.

Non-canonical retinoid receptors

Recently, the possibility that retinoid signaling could be
mediated by receptors other than the RAR and RXR couple
has been raised. For example, one of the established roles
of RA is the maintenance of skin integrity. However,
experiments in knockout mice suggest that this effect of
RA is not RAR-mediated [106]. RA was previously
reported to be a ligand for the PPARf/d orphan receptor
[107, 108], which was shown to induce differentiation and
which displays anti-apoptotic activities mediated by regu-
lation of the PDK-1/Akt survival pathway in keratinocytes
[109, 110]. RA delivery to PPARf3/0 by FABP5 occurs in a
similar fashion as CRABP-II delivery of RA to RAR. Since
the binding affinity of CRABP-II/RAR to RA is much
higher than that of FABP5/PPARf3/6, in most cell types the
classical RAR pathway will be predominantly activated
[106]. In contrast, in cells with a high FABP5 to CRABP-II
ratio, the PPARf/6 pathway will be activated, hence
abolishing the RA-triggered upregulation of RAR target
genes. This RA signaling through PPARf/ leads to anti-
apoptotic activities that overcome the growth-inhibitory
activities of RAR. It appears therefore that, under certain
circumstances, RA can serve as a physiological ligand for
PPARS/o [111].

One of the RA receptor-related orphan receptors
(RORJp) has also been proposed to be regulated by RA
[112]. RORs are evolutionarily close to RARs and are
thought to be involved in the regulation of genes that
control the integration of sensory input as well as circadian
rhythm [112]. The crystal structure of the rat RORS LBD
indicates that all-trans RA and several other retinoids bind
to this receptor [112]. Moreover, incubation of ROR§ LBD
with all-frans RA or the synthetic retinoid ALRT1550
results in quantitative binding and complete replacement of
stearate from the Escherichia coli host that co-purified with
the RORfS LBD [112]. The in vivo relevance of this
observation is still unclear, and further studies are required
to determine its significance.

The chicken ovalbumin upstream promoter-transcription
factors (COUP-TFI and II) are amongst the most conserved
nuclear receptors. COUP-TFs play a role in organogenesis,
angiogenesis, neuronal development, metabolic homeosta-
sis, cell fate determination, and circadian rhythm [113,
114]. Recently, the crystal structure of the COUP-TFII
LBD was determined, and it was demonstrated that COUP-
TFII can be activated by micromolar concentrations of RA
[115]. In cell culture experiments, both 9-cis RA and
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all-trans RA can serve as low affinity ligands for COUP-
TFII [115]. However, the high concentrations of all-trans
RA and 9-cis RA that are required to activate COUP-TFIL
make it unlikely that RA would be a physiological ligand
for COUP-TFII. Thus, the relevance of this finding needs to
be reexamined to determine its significance in vivo.

The possibility that RA might bind to and mediate
effects of these three nuclear receptors opens up new
avenues for understanding the diversity of effects of RA
signaling in vivo.

Retinoid receptor ligands

RARs are able to bind both all-frans RA and 9-cis RA with
similar high affinity although the kinetics of binding can
differ for each RAR paralog. Kinetic studies in vitro and in
whole cells suggest that there could be differences in the
interactions of the RAR paralogs with the endogenous
ligands under physiologic conditions [116].

In addition to RA, RARs are also activated by a number
of physiologically-occurring retinoids, such as all-frans-4-
oxo RA, all-trans-4-oxo retinaldehyde, all-trans-4-oxo ret-
inol, and all-trans-3,4-didehydro RA [117]. All-trans retinol
binds to all three RARs with a 4- to 7-fold lower affinity than
all-trans RA, and this is not due to its metabolism to RA or
to other active compounds [118]. All-trans-4-oxo RA binds
to and activates RARS and is a modulator of positional
specification in early embryos [119]. Another active retinoid
is 4-oxo retinol, which is also able to bind to RARs and
activate their transcription [9]. Treatment of Xenopus
embryos at the blastula stage with 4-oxo retinol causes axial
truncation showing that this compound is a biologically
active retinoid, presumably because of the ability of 4-oxo
retinol to bind to and activate RARs [9]. The retinol
metabolite 14-hydroxy-4,14-retro retinol was also shown to
be active in vivo [10]. Another recently identified and
characterized retinoid is the 9-cis-substituted RA metabolite
S-4-0x0-9-cis-13,14-dihydro-RA  (S-409cDH-RA) [120].
The endogenous levels of S-409cDH-RA were found to be
higher than those of all-frans RA in mice and rats, and the
compound is able to activate transcription of RAR target
genes [120]. In vivo, S-409cDH-RA induces morphological
changes in the chicken wing bud similar to those induced
by all-frans RA [120]. Additional RAR ligands include
p-cryptoxanthin and lutein, which act as RAR ligands in a
yeast two-hybrid system and bind RA with lower affinity
than all-trans RA [121].

The importance of retinoids has led to the development
of paralog-specific agonists and antagonists [122]. One of
the most widely known and used pan-RAR (i.e. targeting
all three RAR paralogs) agonists is (E)-4-[2-(5,5,8,8-tet-
ramethyl-5,6,7,8-tetrahydro-2-naphthalenyl)-1-propenyl]
benzoic acid (TTNPB) (Fig. 1b) [123]. TTNPB is an

arotenoid, an aromatic retinoid, in which the RA structure
is fixed in the cisoid geometric structure [124]. The tera-
togenic potency of TTNPB is threefold higher than that of
all-trans RA in mice, rats, and rabbits [125]. TTNPB binds
to RARs with less affinity than all-frans RA, but two fac-
tors contribute to the potency of TTNPB compared to all-
trans RA: (1) the lower binding affinity for CRABPs, and
(2) the decreased catabolism [126]. A variant of TTNPB,
(E)-4-[2-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-2-naph-
thalenyl)-1-propenyl]benzoic acid (3-methyl TTNPB), is
able to bind and activate both RARs and RXRs. Known
pan-RAR antagonists include BMS009, BMS493, and
BMS614 (Fig. 1b) [127]. Whereas BMS009 and BMS493
act as inverse RAR agonists by enhancing co-repressor
interactions with RARs, BMS614 acts as an antagonist by
inhibiting co-activator recruitment [127].

The natural in vivo ligand for RXR still remains elusive.
RXRo was found to bind 9-cis RA, an isomerization
product of all-frans RA, which was subsequently shown to
have high affinity for all three RXR subtypes [128, 129].
However, the biological significance of 9-cis RA as the in
vivo RXR ligand remains controversial as no significant
levels of 9-cis RA could be detected in vivo in different
vertebrates [130]. However, 9-cis RA was shown to be
functional in other organisms, such as in the CNS of the
mollusk Lymnaea stagnalis, where the presence of both
all-trans RA and 9-cis RA has been shown [131]. Simi-
larly, 9-cis RA was detected along with all-frans RA in
locust embryos suggesting a functional role for retinoids
in insects [132]. In addition, 9-cis RA has been detected in
regenerating limb blastemas of both urodele amphibians
and fiddler crabs suggesting a role in limb regeneration in
both vertebrates and crustaceans [133, 134]. It would
appear therefore that the question of whether 9-cis RA is a
natural endogenous ligand for RXR is one that will con-
tinue to be debated, but based on current information, it
would appear that 9-cis RA is detectable and functional at
least in certain ecdysozoans and lophotrochozoans as well
as during amphibian regeneration. Excepting the regener-
ating blastemas of amphibians, vertebrates generally show
very small levels of endogenous 9-cis RA that are too low
to activate RXRs. Adding to this debate is the fact that
oleic acid was found in the LBD of mammalian RXRx
when heterodimerized to RAR« suggesting that this fatty
acid might be an endogenous ligand for RXR [135].
Moreover, the fatty acid docosahexaenoic acid (DHA) has
been shown to bind mammalian RXRo and to activate
RXR-dependent transcription [136]. Since RXRs are
heterodimeric partners of several nuclear receptors that
participate in fatty acid biosynthesis, metabolism, and
transport of vertebrates, it is conceivable that the natural
ligand of vertebrate RXRs is indeed a fatty acid [137].
However, since DHA does not activate RXR-dependent
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transcription in amphioxus, fatty acid-dependent activation
of RXRs might represent a vertebrate-specific innovation
[138].

Since RAR ligands are usually potent teratogens and
RXR ligands are non-teratogenic, research turned to syn-
thetic compounds that recognize only RXR in order to
decipher the functions of RXRs [139]. The most potent of
these so-called rexinoids are SR11217 and SR11237,
which recognize and activate only RXR homodimers.
Similar compounds include bexarotene [123] and
LG100268 (Fig. 1b) [140]. Compounds that are antagonists
of RXR homodimers, but agonists of specific RXR het-
erodimers, have also been described [127] and have
allowed a better understanding of the relationships between
each partner in the heterodimeric complex and a reassess-
ment of the transcriptional activity of RXRs [141].

Target genes

Some of the first RAR target genes to be discovered include
RARSp itself, laminin BI, CRBP, and CRABP [142]. The
mouse CRBP-I promoter was shown to possess a DR2
response element, which confers RA inducibility [80].
While the mouse CRBP-II promoter contains DR1 and DR2
response elements [79], the human CRBP-II gene is regu-
lated through a DRS5 response element [143]. Moreover,
proteins involved in RA metabolism, such as CYP26, are
also directly regulated by RA [62, 142]. Some of the most
well-known target genes of RARs are the Hox genes. Hox
genes are key players in the patterning of the anteroposte-
rior axis during development [144]. Administration of
excess RA to developing embryos has profound effects on
axial patterning and specification of regional identities in a
number of structures such as the CNS, axial skeleton, and
limbs [50, 145-147]. This is accompanied by repatterning
of Hox expression domains suggesting a specific role for
Hox gene products as molecular transducers of the mor-
phogenetic signals of retinoids [50, 145-147]. Functional
RARESs have been identified in the Hox clusters of verte-
brates, such as mice, chicken, frogs, and zebrafish [148] as
well as in the single Hox cluster of amphioxus [149, 150].
Recently, a functional RARE has also been described in the
regulatory region of the HoxI gene of the ascidian tunicate
Ciona intestinalis [151]. This suggests that direct regulation
of Hox genes by RA is a feature common to all chordates.

RARs also regulate a number of factors involved in
metabolism, for example the 17f-hydroxysteroid dehydro-
genase EDH17B2, which is implicated in steroidogenesis,
the alcohol dehydrogenase ADH1C, and the liver bile acid
transporter NTCP [142]. Over the last few decades, over 500
genes have been put forth as being regulatory targets of RA.
In some cases, direct regulation was demonstrated driven by
liganded RAR/RXR heterodimers bound to RAREs. In most

cases, though, the regulation of the proposed gene target is
indirect occurring through intermediate transcription factors
or non-classical associations of receptors with other pro-
teins. Of the target genes suggested, 27 were found to be
direct targets of the classical RAR/RXR-dependent RARE
pathway and another 100 are good candidates for being
direct targets [4]. Moreover, a microarray-based screen in
zebrafish embryos identified both positive and negative RA
targets in vivo [152]. This screen identified genes previously
reported to be regulated by RA as well as novel
RA-responsive genes, such as Dhrs3a (a member of the SDR
family), which functions to limit RA signaling in the CNS
by catalyzing the reduction of retinaldehyde to retinol [152].
Finally, using a chromatin immuno-precipitation on chip
(ChIP on chip) approach in MCF-7 breast cancer cells, Hua
et al. recently identified genomic RAR targets [153]. With
this ChIP on chip analysis, Hua et al. [153] defined a total of
1,413 genes that were significantly regulated by either RA or
paralog-specific RA agonists. Analysis of the distribution of
RAR binding sites showed that the vast majority of these
novel RAREs are located either in introns or in so-called
promoter-distal intergenic regions located at a distance from
the actual RA target gene [153].

Non-genomic signaling

Non-genomic retinoid signaling is independent of gene
transcription mediated by RAR/RXR heterodimers. While
some of these actions are the result of RA binding to ret-
inoid receptors, non-genomic effects of RA can also occur
in the absence of retinoid receptors. An example for the
first category is the RA-dependent regulation of a type of
homeostatic synaptic plasticity in neurons, a process that
requires dendritically-localized RARo and that is inde-
pendent of transcription [154, 155]. It has been shown that
unliganded RAR« is actively exported from the nucleus
and that in the cytoplasm RARa acts as an RNA-binding
protein that associates with mRNAs, such as the mRNAs
encoding glutamate receptor 1 (GIuR1). This association
results in repression of GluR1 translation. RA binding to
RARu reduces its association with the GluR1 mRNA and
relieves translational repression [154, 155].

RARJ has also been implicated in mediating non-
genomic actions of RA [156]. In Xenopus cell culture, RA
has been shown to act through RARS to induce a rapid
increase in the frequency of spontaneous transmitter
release at developing neuromuscular synapses [156]. This
process is mediated by changes in intracellular Ca®" levels,
which are triggered by the phospholipase Cy (PLCy) and
phosphatidylinositol-3-kinase (PI3K) signaling pathways
and by v-src sarcoma (SRC) tyrosine kinase activation
[157]. The PI3K signaling pathway has also been impli-
cated in conveying non-genomic, RAR-mediated RA
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signals in SH-SYS5Y neuroblastoma cells, where rapid
activation of the PI3K signaling pathway is required for
RA-induced differentiation [158].

RARa, RARp, and RARy are also involved in the reti-
noid-dependent repression of AP-1, which leads to
inhibition of AP-1-dependent cell proliferation without
requiring transcriptional activation [159]. The activity of
the transcription factor NFxB is also regulated non-ge-
nomically by RA, probably in a RAR-dependent manner.
NFxB is an important component of the immune and
inflammatory systems and deregulation of NFxB is a fea-
ture of chronic inflammatory diseases, atherosclerosis and
some cancers [160]. In mice, NFxB activity is repressed by
RA and elevated in a VAD background [161]. Moreover,
RA decreases lipopolysaccharide-induced activation of
NFxB and transcription of its target genes, while VAD
mice exhibit a stronger NFxB response after lipopoly-
saccharide challenge [162]. The defective immune and
inflammatory responses under VAD conditions might
hence be mediated by NFxB deregulation [4].

Non-genomic effects of RA can also occur in the
absence of retinoid receptors. For example, in human
bronchial epithelial cells, rapid activation of cAMP
response element-binding (CREB) protein by RA is inde-
pendent of RAR/RXR [163]: RA activates CREB in cells,
in which the RAR/RXR heterodimers are silenced with
small interfering RNAs or deactivated by antagonists
[163]. In addition, RA-dependent induction of CREB
requires protein kinase C (PKC), extracellular regulated
kinase (ERK), and p90 ribosomal S6 kinase (RSK) activity
[163]. RA might also modulate the activity of PKC. It has
been suggested that the PKC protein contains a RA binding
site and that the RA-dependent modulation of PKCux
activity is controlled by competitive binding of PKCu to
all-trans RA and acidic phospholipids [164].

A recent study in the adult mollusk L. stagnalis has
demonstrated yet another candidate mechanism for the
non-genomic actions of RA. Using central neurons from
adult animals, Farrar et al. [165] showed that RA-induced
positive growth cone turning was maintained even in the
presence of actinomycin D, an inhibitor of transcription,
thereby showing that this process is independent of tran-
scription. This RA-dependent process requires local protein
synthesis and Ca®" influx suggesting that these chemo-
attractive effects of RA involve a novel, localized mecha-
nism that is independent of retinoid receptor activity, at
least in the nucleus [165].

Evolution of retinoid-dependent signaling

The continuous sequencing of metazoan genomes has led
to the proposal that RA signaling is not a chordate

innovation, but has its origins much earlier in bilaterian
evolution, as evidenced by the discovery of key compo-
nents of the RA genetic machinery in the genomes of sea
urchins, acorn worms, annelids, and mollusks (Fig. 4) [13,
44, 50, 51, 147]. In examining the available information
from different bilaterian animals, certain conclusions can
be drawn. In comparison to the vertebrate RA signaling
complement, the cephalochordate amphioxus, of all
invertebrates, appears to have the most vertebrate-like set
with putative RA storage, mobilization, and transport
components being present. The importance of RA signaling
during amphioxus development supports this hypothesis: in
amphioxus, RA controls regional patterning of the pha-
ryngeal endoderm [166-168], patterning, and neuronal
specification in the CNS [169, 170], and anteroposterior
distribution of sensory neurons in general ectoderm [171].
Tunicates, which constitute the other invertebrate chordate
group, appear to have lost at least the retinoid mobilization
and transport components. Moreover, the appendicularian
tunicate Oikopleura dioica has lost its RA signaling com-
plement almost in its entirety, with only RXR being present
[50, 51]. At least in ascidian tunicates, RA signaling
appears to be active with roles in specification of ectoderm
and endoderm [172, 173], development and morphogenesis
of anterior CNS [50, 174] and adhesive organs (palps)
[173, 175], and in whole body regeneration [176].
Outside the chordate lineage, evidence for functional
roles of RA signaling becomes scarcer. Although the basic
components for synthesis and degradation of endogenous
RA as well as the retinoid receptors RAR and RXR are
present in ambulacrarians (such as hemichordates and sea
urchins) and lophotrochozoans (such as annelids and
mollusks), molecular evidence for a functional RA path-
way remains elusive. Nonetheless, it has been shown that
RA treatment results in delay of embryonic development of
the sea urchin Paracentrotus lividus [177], and in the
mollusk L. stagnalis RA is apparently involved in neuronal
differentiation and neurite outgrowth [178]. Based on these
effects of RA in mollusks, it has been hypothesized that, if
this action of RA on neurons is mediated by a functional
RAR/RXR heterodimer, this function of RA signaling
might be conserved between mollusks and vertebrates,
because in vertebrates it is well established that the RA
pathway controls neuronal specification, differentiation,
and outgrowth. This role for RA in neuronal survival and
outgrowth might thus have already been present in the last
common ancestor of protostomes and deuterostomes.

Retinoids in disease and therapy

The role of retinoids in carcinogenesis and disease pro-
cesses as well as their therapeutic value has been the
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subject of extensive study starting with the studies of
Wolbach and colleagues in 1925 [179, 180], who were the
first to showcase retinoids as anti-cancer agents. Retinoids
are thought to be effective chemopreventors, due to their
anti-proliferation, pro-differentiation properties. Since
those early studies, a wealth of preclinical, clinical, and
epidemiologic data have suggested a role for retinoids in
cancer prevention and treatment [181, 182].

The most well-known implication of RARs in disease is
APL (acute promyelocytic leukemia), which is caused by
translocations of the RAR« gene [183]. In APL, the DBD
and LBD of the RAR« gene are fused with the N-terminus
of the PML (promyelocytic leukemia) gene and result in a
fusion protein called PML-RARa [184, 185]. The fusion
protein interferes with normal retinoid-mediated transacti-
vation through its ability to either homodimerize or
heterodimerize with RXR or PML through its coiled-coil
domain [186-188]. PML-RARx remains RA-responsive,
and treatment with RA results in partial remissions in APL
patients. The RA treatment therapy allows the reactivation
of normal signaling pathways that are disrupted in tumor
cells [122]. While the major cause of APL is the translo-
cation and fusion of the RARw« gene with PML, other
translocations are also involved. These include the NPM-
RAR«a, NuMA-RARo, PLZF-RAR¢, and the Stat5-RAR«
translocations [189]. These proteins have varying respon-
ses to all-trans RA treatments. A follow-up to a
randomized study showed that treatment of APL with all-
trans RA and chemotherapy is better than chemotherapy
alone [190]. In fact, the use of all-trans RA has rendered
APL the most curable subtype of acute myeloid leukemia
in adults [191]. PML-RARu transgenic mice develop leu-
kemias that recapitulate the features of APL in humans
[192]. Although the studies in knockout mice did not
uncover a role for RAR in myeloid development, retinoid-
deficient embryos develop leukopenia and treatment of
their myeloid ex vivo with all-frans RA increases myeloid
growth indicating that RAR can at least indirectly modulate
myeloid development [193].

Histopathological studies have shown that downregula-
tion of RARa during tumor progression coincides with loss
of response to RAR ligand [194] and that loss of RARS is
associated with a variety of malignancies [195]. Various
studies led to the conclusion that RARf may act as a solid
tumor repressor, which is supported by the fact that RARpS
expression is lost from many neoplasmic tissues, such as
non-small cell lung carcinoma (NSCLC), squamous cell
carcinomas of head and neck or breast cancer [196-198].
Two RARp isoforms (RARS2 and RARp4) have been
shown to have antagonistic roles in the development of
lung cancer [199]. RARs have also been linked to skin
diseases, a finding that is supported by studies in knockout
and transgenic mice [200]. Moreover, exposure to UV light

reduces the levels of RARy and RXRo and results in loss of
RA induction of RAR target genes [200].

RA is thought to inhibit tumor growth by inhibiting
uncontrolled cell proliferation, inducing apoptosis of
abnormal cells, and promoting normal cell proliferation
[182]. Thus, epidemiological studies show that lower
vitamin A intake results in higher risk to develop cancer,
which is in agreement with what is observed in laboratory
animals with VAD, which display increased susceptibility
to chemical carcinogens [195]. VAD in experimental ani-
mals has been associated with a higher incidence of cancer
and with increasing susceptibility to chemical carcinogens.

Pioneering efforts showed retinoids to be effective
inhibitors of tumorigenesis of the skin and in the respira-
tory, mammary, buccal, and stomach epithelia of rodents
[201]. In a phase I trial of all-frans RA for the treatment of
solid tumors, patients experienced side effects normally
associated with retinoid treatments, such as skin reactions
and nausea as well as transient elevations of liver enzymes
and triglycerides [202]. In preclinical studies, 9-cis RA was
shown to be effective in the chemoprevention of mammary
and prostate cancer. Retinoids, and 13-cis RA in particular,
have been shown to be effective for the prevention of head
and neck cancer. Large studies, such as the CARET
(f-carotene and retinol efficacy trial) and ATBC
(a-tocopherol, f-carotene) cancer prevention trials, suggest
that retinoids reduce tumor occurrence and mortality in
non-smokers, show some evidence of benefit for former
smokers, and reveal an elevated risk of lung cancer in
smokers. RA therapy has also been shown to improve the
survival of children with neuroblastoma by suppressing
residual disease after chemotherapy and now forms an
important part of the treatment for the disease [203].

Synthetic retinoids, such as TAC-101 (Taiho Pharma-
ceutical, Tokyo, Japan) and tazarotene (AVAGETM)
(Allergan, Irvine, CA) (Fig. 1b), also entered phase I trials
for the treatment of solid tumors. TAC-101 was associated
with hypertriglyceridemia, myalgia, and arthralgia in a
dose-escalation study; however, no dose-limiting toxicities
were reported [204]. In a separate dose-escalation study,
tazarotene was also associated with dry skin, cheilitis,
headache, and hypertriglyceridemia, and in heavily pre-
treated patients anemia and thrombocytopenia were also
reported [204]. In more recent studies, tazarotene has been
shown to have chemopreventive efficacy against anti-basal
cell carcinomas [205]. In addition, tazarotene has been
proposed to act as an anti-neoplastic agent, when used in
conjunction with rexinoids [206].

Current uses of tazarotene include the treatment of
psoriasis of the skin, which represents one of the better-
established target tissues for retinoid therapy [204]. RA
treatment of xeroderma pigmentosum results in a reduction
of new and recurrent skin tumors [207]. Accutane™ and
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Retin A™ (13-cis RA) are used for the treatment of cystic
acne, and etretinate is an efficient substance for the treat-
ment of psoriasis (Fig. 1b). In addition to cystic acne,
13-cis RA has also been tested as a therapeutic agent in
other diseases. In an early phase I study, patients suffering
from head and neck malignancies treated with 13-cis RA
experienced intense headaches, urethritis, and dermatitis
[204]. In combination with ifosfamide and cisplatin, 13-cis
RA was used in a phase I/II study in patients with advanced
or recurrent squamous cell carcinoma of the head and neck
with a response rate of 72% [204]. In combination with
interferon o and cisplatin, 13-cis RA has demonstrated
activity in advanced squamous cell carcinoma and recur-
rent cervical cancer [204]. It is clear from these and other
studies that 13-cis RA has potential for the treatment of
advanced cancers.

Preclinical studies have shown that rexinoids targeting
RXRs have the same chemopreventive potential as reti-
noids, but without the toxic effects of the Ilatter.
Upregulation of RXRo is associated with malignant
transformation, and RXR paralogs are overexpressed in
more than 66% of human breast cancer and in situ lesions
[208]. Overexpression of RXRa results in sensitization of
tumors to the anti-growth effects of rexinoids both in vitro
and in vivo as well as in induction of cellular differentia-
tion and control of aberrant cell growth [209]. In contrast,
ablation of RXRa results in hyperplasia of the prostate
epithelium and skin [208]. Rexinoids have also been
reported to potentiate the apoptotic and anti-proliferative
effects of PPAR ligands on breast cancer cell lines [210]
and have been shown to reduce insulin resistance in obese
and diabetic mice, an effect that can be enhanced by
combination treatment with PPARy agonists [211, 212].
Finally, rexinoids, when paired with cAMP elevating
drugs, such as phosphodiesterase inhibitors, exert anti-
leukemic effects [213, 214].

A new rexinoid NRX194204 (NuRx Pharmaceuticals,
Irvine, CA) with anti-inflammatory and growth inhibitory
properties has been tested for its ability to prevent and/or
treat lung and breast cancer in vivo and was found to
reduce both size and number of adenocarcinomas [215]. In
addition to its effects in lung tumors, this rexinoid is also
effective in the prevention and treatment of mammary
tumors [215], and phase I clinical trials have been initiated
for this compound. Recent studies have also shown that
rexinoids, when combined with a selective estrogen
receptor modulator (SERM), have emergent properties that
effectively kill breast cancer cells. Targretin (bexarotene)
(Fig. 1b) is already approved by the FDA for treatment of
cutaneous T cell lymphoma, due to its ability to induce a
50% inhibitory response in patients with minimal toxicity
when administered orally or topically [208]. Bexarotene
was also shown to suppress both estrogen-dependent and

estrogen-independent tumor development in mouse models
[216, 217]. In another study, using mouse xenograft models
with human melanoma cell lines, bexarotene was tested
alone or in combination with TTNPB or rosiglitazone (a
PPARy agonist) for the treatment of melanoma and was
shown to be able to reduce tumor size [218].

The rexinoid LG100268 (Ligand Pharmaceuticals, San
Diego, CA) (Fig. 1b) has been shown to inhibit cell sur-
vival pathways involving PI3K and NFxB [219]. When
used in conjunction with the SERM arzoxifene, LG100268
was shown to promote apoptosis in a rat model of estrogen-
dependent breast carcinoma and in human breast cancer
cells in culture [219]. In addition, a dramatic reduction in
tumor volume occurs in tumor-bearing rats after three
courses of treatment with LG100268 and arzoxifene. These
results open up new avenues in chemoprevention with the
ability to administer high doses of drugs for short-term use
with high potency and minimal side effects.

Despite promising results in preclinical studies, in clin-
ical studies rexinoids do not perform up to expectations for
the treatment of lung and breast carcinomas. In a clinical
study of bexarotene in patients with metastatic breast can-
cer, the rexinoid showed limited activity with only a 20%
partial response in women with hormone-refractory or
chemotherapy-refractory disease [208]. In a more recent
phase III trial, bexarotene was used in combination with
more classical chemotherapy agents, such as cisplatin or
carboplatin, where it failed to meet primary end points in
advanced non-small cell lung carcinoma, but it did increase
the overall survival of certain patient subgroups (i.e. males,
smokers, and patients with stage I'V disease) [208]. The key
to understanding the seemingly conflicting results of pre-
clinical and clinical studies may lie in deciphering the
downstream targets of RXR action in vivo.

Cumulatively, these data demonstrate that retinoids and
their receptors play critical roles in development and
homeostasis of a variety of tissues and that perturbation of
either the ligand or receptor function can have both disease
and therapeutic implications. Future experimental work
will have to address the intricate relationship(s) between
the receptors and their ligands. Moreover, further com-
parative analyses of the gene networks controlled by RAR
and RXR will help to decipher the evolution of the RA
signaling cascade and the functions of RA in different
species. This will in turn provide new insights into the
structure and function of the vertebrate pathways, which
might ultimately lead to the development of new paralog-
specific ligands with implications in a clinical setting.
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