
Proper nutrition is essential for normal growth and 
development in vertebrates, an effect beginning at 
embryonic stages. One important component of our 
food, vitamin A, regulates major embryonic growth 
and patterning decisions through its active derivative, 
retinoic acid (RA). A lack of vitamin A during develop-
ment results in congenital malformations. In humans, 
the importance of this vitamin extends into adulthood, 
when it has important roles in regulating fertility, main-
taining normal vision, and preventing neoplastic growth 
and neurodegenerative diseases. The developmental 
roles of RA have been studied using a range of verte-
brate models, including zebrafish, Xenopus laevis, chicks, 
quail and mice. These studies have uncovered highly 
pleiotropic functions, ranging from early axial pattern-
ing, regional patterning of the central nervous system, 
control of neurogenesis, regulation of limb development 
and many roles during organogenesis.

There have been long-standing questions about the 
mechanisms of RA action. Being a lipophilic molecule 
— and therefore able, in principle, to diffuse through 
cell membranes — it was the first candidate diffusible 
morphogen in vertebrates1. But does its action merely 
rely on diffusion gradients, or is the control of its sites of 
synthesis and/or metabolism also important? Another 
question relates to the molecular targets underlying 
the functions of RA in embryonic patterning and the 
control of cell differentiation. Finally, it will be impor-
tant to understand whether there are unifying events 
that explain the effects of RA on numerous stem and  
progenitor cell populations.

Here, we focus on specific areas of recent study that 
provided insights into how the wide-spread functions of 
RA signalling are brought about. After providing a brief 
history of studies of the developmental roles of RA, we 
discuss recent findings relating to the enzymatic regula-
tion of its synthesis and to its tissue-specific metabolism, 
both steps being equally important to produce refined 
patterns of RA signalling. We then relate these findings to 
advances in understanding the involvement of RA in the 
development of head structures, including the forebrain 
and the segmented hindbrain, and in the elongation of 
the body axis. Finally, we explore how RA might regu-
late fate decisions in stem cell populations, and discuss 
the levels of interaction between RA and other signals 
operating along the main embryonic axis, the secondary  
axial structures (the limbs) and during organogenesis.

A brief history of RA in development
Pioneering studies of rodents that were fed a vitamin 
A-deficient (VAD) diet described a complex neonatal 
syndrome (the VAD syndrome) affecting many organ 
systems2. In the late 1980s, RA was shown to be a ligand 
for several nuclear receptors, thereby directly control-
ling the transcriptional activity of target genes (BOX 1). 
Targeted disruption of the murine RA receptor (RAR) 
genes revealed mainly redundant roles; homozygous 
disruption of two RARs was necessary to induce abnor-
malities that recapitulate (and even add to) those of 
VAD syndrome (see ref. 3 for a review) (TABLe 1). Gene- 
disruption studies also confirmed that RARs act in vivo 
as heterodimers with retinoid X receptors (RXRs; nuclear 
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Morphogen
A substance that is active in 
pattern formation, the spatial 
concentration or activity of 
which varies and to which cells 
respond differently at different 
threshold concentrations.
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Abstract | Retinoic acid (RA) has complex and pleiotropic functions during vertebrate 
development. Recent work in several species has increased our understanding of the roles 
of RA as a signalling molecule. These functions rely on a tight control of RA distribution 
within embryonic tissues through the combined action of synthesizing and metabolizing 
enzymes, possibly leading to diffusion gradients. Also important is the switching of nuclear 
receptors from a transcriptionally repressing state to an activating state. In addition,  
cross-talk with other key embryonic signals, especially fibroblast growth factors (FGFs) and 
sonic hedgehog (SHH), is being uncovered. Some of these functions could be maintained 
throughout the life of an organism to regulate cell-lineage decisions and/or the 
differentiation of stem cell populations, highlighting possibilities for regenerative medicine.

R E V I E W S

nATuRe ReVIeWs | genetics	  VOlume 9 | July 2008 | 541

© 2008 Macmillan Publishers Limited.  All rights reserved. 

 

mailto:karenn@bcm.edu
mailto:dolle@igbmc.fr


H3H1b

H1b

H4

Me-K9
Me-K27

Me-K20

RAR–
RXR

RARE

   TATA

NCOR1
complex

NRIP1

NCOR2
complex

SMARCA4–
SMARCA2

SWI–SNF
complexes

Ligand-dependent
co-repressors

‘Core’ 
co-repressor 
complex

Histone
deacetylases

ATP-dependent 
chromatin 
remodelling

Promoter
inaccessibleStabilized

nucleosomes

Histone 
methyl-
transferases

Nature Reviews | Genetics

TAFs

Pol IIMediator
SRB

PCAF CBPp300

H3

H1b

H4

Me-K4
Ac-K9
Ac-K14

Ac-K20

RAR–
RXR

PO4

TBP

Co-activators

+ ligand
(RA)

Activated
transcription

NCOA1
NCOA2

Dissociation of
nucleosomes

Box 1 | Molecular mechanisms of retinoic acid action

Retinoic acid receptors (RARs) belong to the superfamily of 
nuclear receptors. There are three RARs in mammals (RAR 
alpha, beta and gamma), each of them existing as two main 
N‑terminal isoform variants that can differ in their 
expression patterns106 and transactivating capacity. RARs 
are ligand‑inducible transcriptional activators, which act in 
heterodimeric combinations with any of the retinoid X 
receptors (RXR alpha, beta and gamma). The RXRs are 
heterodimerization partners for several other nuclear 
receptors, including the thyroid hormone receptor (TR), 
vitamin D receptor (VDR), and peroxisome proliferator‑
activated receptor (PPAR). RXRs are able to bind the 9‑cis 
retinoic acid (9‑cis‑RA) stereoisomer, as well as other ligands 
termed rexinoids. Unlike all‑trans‑RA and some other retinoid 
derivatives107, 9‑cis‑RA cannot be detected endogenously in 
embryos or adult tissues. It is thus likely that RAR–RXR dimers 
act mainly, if not solely, by ligand binding of the RAR moiety 
(see ref. 108 for further discussion). This premise has been 
shown to be valid in vivo; neither 9‑cis‑RA nor RXR‑
selective synthetic ligands can rescue the embryonic 
defects owing to defective RA synthesis, whereas  
RAR‑selective ligands are capable of this108.

Even in the absence of ligand, RAR–RXR heterodimers 
bind to DNA sequences known as RA‑response elements 
(RAREs), and unliganded RARs recruit co‑repressors (see 
figure). Co‑repressors mediate their negative transcriptional 
effects by recruiting histone deacetylase and methyl‑transferase 
complexes, which stabilize the nucleosome structure so that DNA 
becomes inaccessible for transcription (see figure; the main histone 
lysine residues (K4–K27) undergoing methylation (Me) or 
acetylation (Ac) are indicated). Binding of RA leads to a 
conformational change of the RAR ligand‑binding domain, 
releasing the co‑repressors and recruiting co‑activators (see 
figure). Whereas some co‑activators interact with the basal 
transcriptional machinery, others induce chromatin 
remodelling, which activates transcription (see refs 109,110 
for reviews). Hundreds of genes have been reported to be 
RA‑inducible, although only ~20 were unambiguously shown  
to contain functional RAREs111. The diverse repertoire of 
RA‑regulated genes (either directly or through indirect cascades) 
underscores the pleiotropy of its effects in vivo. Furthermore,  
some RAR‑independent modes of RA action have recently been 
uncovered112. NRIP1, nuclear receptor interacting protein 1 (also 
known as Rip140); NCOR, nuclear receptor co‑repressor (NCOR2  
is also known as SMRT); SMARCA, SWI–SNF related, matrix 
associated, actin dependent regulator of chromatin, 
subfamily a (SMARCA4 is also known as BRG1; SMARCA2 is 
also known as BRM1); H, histone; NCOA, nuclear receptor 
co‑activator (NCOA1 is also known as SRC‑1; NCOA2 is 
also known as GRIP‑1), p300, E1A binding protein p300;  
P/CAF, p300/CBP‑associated factor; CBP, CREB binding 
protein; SRB, Kornberg’s mediator; Pol II, DNA polymerase II; 
TAFs, TBP associated factors; TBP, TATA binding protein.

receptors that bind the 9-cis-RA stereoisomer)4 (BOX 1). 
However, owing to the relative difficulty in obtaining 
compound mutants, few molecular studies have been 
conducted on these models.

several experimental approaches have been used to 
investigate functions of retinoid signalling during early 
embryogenesis. These were performed in various spe-
cies, using both gain-of-function approaches (to study 
stage-specific or region-specific effects of excess RA 

signalling) and strategies to decrease retinoid signal-
ling (for example, through dietary VAD, through loss 
of function or pharmacological inhibition of synthesiz-
ing enzymes or RARs, and through dominant-negative 
RARs). RA was shown to regulate embryonic anterior–
posterior (AP) patterning, in particular by controlling 
the expression of specific homeobox genes (Hox genes)5,6. 
It has sequential functions within the embryonic neural 
tube: it first acts by diffusing from adjacent mesoderm 
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Homeobox gene
(Hox gene). A member of the 
family of genes involved in 
patterning the animal body 
axis during development. In 
vertebrates, Hox genes are 
clustered together on defined 
chromosomes and their 
sequential expression (both 
over time and along the 
embryonic axis) is related  
to the position on the 
chromosome.

to regulate growth and patterning of the posterior 
hindbrain and spinal cord7,8 (see below), and is later 
produced by specific brachial and lumbar spinal cord 
motor-neuron progenitors, in which case it controls 
the generation of limb-innervating motor neurons (see 
refs 9,10 for reviews). RA has also been implicated as a 
putative morphogen controlling AP patterning and digit 
specification in tetrapod limbs1, and in regeneration of 
urodele amphibian limbs11. Additional functions of RA 
have been shown for many developing tissues or organ 
systems, including the facial region and forebrain12–14, 
the eye15,16 and the inner ear17. RA also controls heart 
morphogenesis and differentiation18, and is involved 

in the development of several organs undergoing bud-
ding morphogenesis, the best studied being the lung19, 
kidney20 and pancreas21.

RA metabolic pathways
The canonical synthesis pathway. The canonical path-
way for embryonic RA synthesis has been elucidated 
over the last decade, mainly through gene-targeting 
studies of several murine enzymes. This pathway is used 
by placental embryos, for which maternal (plasmatic) 
retinol is the major source of retinoids, and by oviparous 
(for example, avian) species that store retinol in the egg 
yolk. Through yolk sac or placental transfer, retinol is 

Table 1 | Phenotypes resulting from targeted disruption of murine genes encoding proteins of the retinoid signalling pathway

gene stage	of	lethality Main	structures	and	organs	affected Refs

Null mutants for an individual gene*

Rara Early postnatal Testis (degeneration of seminiferous tubules) 119

Rarb Viable Axial skeleton (vertebral transformations), eye (persistent retrolenticular membrane), lung 
(abnormal alveoli septation)

120,121

Rarg Early postnatal Axial skeleton (vertebral transformations), prostate and seminal vesicles (metaplasia), eye 
(absent Harderian glands)

122

Rxra E13.5–E16.5 Heart (myocardial hypoplasia), eye (shortened ventral retina, thicker cornea, persistent 
retrolenticular membrane), placenta (disorganized labyrinthine zone)

123–125

Rxrb Partial postnatal lethality Testis (abnormal spermatogenesis, lipid accumulation in Sertoli cells) 126

Adh7 Partial postnatal lethality Not determined 25

Rdh10‡ E13.5–E14.5 Otic vesicles (hypoplastic and/or ectopic), eye (absent ventral retina), posterior branchial 
arches (absent), forelimbs (hypoplastic), lung, pancreas (absent), kidney (hypoplastic)

26

Raldh2 E9.5–E10.5 Heart (impaired looping and myocardial differentiation), posterior hindbrain (abnormal 
patterning) and branchial arches (absent), forebrain, otic and optic vesicles (hypoplastic), 
forelimb buds (absent), somites (compacted and asymmetric)

18,29, 
33,35, 
37,38

Raldh3 Neonatal Eye (shortened ventral retina, persistent retrolenticular membrane, absent Harderian 
gland), nasal region (choanal atresia)

28

Cyp26a1 Neonatal Caudal region (severely truncated with spina bifida), axial skeleton (vertebral 
transformations), anterior hindbrain (abnormal patterning)

56,57

Cyp26b1 Neonatal Maxillary-mandibular region and palate, limbs, male gonads 58

Compound null mutants for two genes

Rara;Rarb Neonatal Axial skeleton (vertebral transformations and malformations), hindbrain (abnormal 
patterning), lung (agenesis and hypoplasia), outflow tract and large vessels (including 
persistent truncus arteriosus), kidney and female genital tract

101,120, 
121, 127, 

128

Rara;Rarg E18.5 and earlier Craniofacial skeleton (severe deficiencies), axial skeleton (vertebral transformations 
and malformations), limbs (reduction defects), eye (coloboma, persistent retrolenticular 
membrane, abnormal cornea), Harderian and salivary glands (absent), hindbrain (abnormal 
patterning), outflow tract and large vessels (including persistent truncus arteriosus), kidney 
and genital tract

101,102, 
127

Rarb;Rarg Neonatal Axial skeleton (vertebral malformations), eye (shortened ventral retina, persistent 
retrolenticular membrane, sclera and iris defects), limbs (interdigital webbing)

101,120, 
127

Rarg;Rxra§ E13.5–E16.5 Heart, outflow tract and large vessels, eye (increase of Rxra–/– defects, coloboma) 4

Rxra;Rxrb E9.5–E10.5 Caudal region (truncated), nasal region, posterior branchial arches (truncated), placenta 
(absence of labyrinthine zone)

125

Raldh1;Raldh3 Neonatal Eye (severely shortened ventral retina, absent cornea, sclera, iris) 15,16

Raldh2;Raldh3|| E9.5–E10.5 Forebrain, nasal region, optic vesicle (highly hypoplastic) 13,16

Cyp26a1; 
Cyp26c1

E9.5–E10.5 Forebrain, midbrain, branchial arches (reduced), hindbrain (expanded), cranial neural crest 
(deficient)

62

*The following null mutations are viable: Rxrg, Rbp4, Adh1, Adh4, Crbp1, Crbp2, Crbp3, Crabp1, Crabp2, Raldh1, Cyp26c1. ‡Mutation generated by N-ethyl-N-
nitrosourea (ENU) mutagenesis. §See ref. 4 for additional descriptions of Rara;Rxra and Rarb;Rxra double mutants. ||Raldh1;Raldh2 double mutants are described  
in ref. 71; they are indistinguishable from Raldh2 mutants. Adh, alcohol dehydrogenase; Crbp, cellular retinol binding protein; Cyp26, cytochrome P450 26;  
E, embryonic day; Raldh, retinaldehyde dehydrogenase; Rar, retinoic acid receptor; Rdh10, retinol dehydrogenase 10; Rxr, retinoid X receptor.
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Neural tube
A cylindrical structure formed 
by dorsal midline closure of the 
neural plate (the embryonic 
neuroepithelium), and that will 
give rise to the brain and the 
spinal cord.

Mesoderm
One of the three embryonic 
germ layers that is generated 
during gastrulation. It is a 
mesenchymal cell population 
found between the embryonic 
ectoderm and endoderm,  
and its derivatives include  
the trunk skeleton, muscles, 
heart, dermis and various 
organ tissues.

taken up by retinol binding protein (RBP) 4, which is 
expressed in the embryonic visceral endoderm from pre-
gastrulation stages (fIG. 1). Although the existence of a 
cell-surface RBP receptor that mediates uptake of reti-
nol has been known since the 1970s, only recently has 
it been identified as the product of Stra6 (stimulated by 
retinoic acid gene 6), a gene originally cloned in a screen 
for RA-inducible genes22 (fIG. 1). Stra6 exhibits complex 
expression patterns during development, probably 
indicating tissues to which retinol is preferentially deliv-
ered23. Homozygous mutations of human STRA6 have 
recently been found to cause a malformative syndrome 
associating anophthalmia, heart defects, lung hypoplasia 
and mental retardation24 — the first example of a retin-
oid signalling pathway mutation causing developmental 
abnormalities in humans.

Two sequential reactions are required to transform 
retinol into retinaldehyde and RA. Retinol to retinalde-
hyde conversion is catalyzed by two enzyme families, 
the cytosolic alcohol dehydrogenases (ADHs) and  

microsomal retinol dehydrogenases (RDHs) (fIG. 1). 
Gene-knockout studies initially suggested that this reac-
tion occurs ubiquitously in the embryo, and is principally 
due to ADH7 (previously known as ADH3)25 (TABLe 1). 
Recently, however, mutation of murine RDH10 has been 
shown to cause lethal developmental abnormalities that 
are characteristic of a RA-deficiency phenotype26. This 
finding has changed our view of the control of embryonic 
RA synthesis, demonstrating a first level of regulation 
that is due to the presence of RDH10 in specific tissues, 
which will be primed for RA synthesis by the accumula-
tion of retinaldehyde26,27. some degree of RA activity per-
sists in Rdh10 mutants26, indicating that other enzymes 
such as ADH7 are able to generate retinaldehyde,  
although at low levels.

The final step in the pathway is the oxidation of reti-
naldehyde into RA, and it is well established that this step 
leads to tissue-specific patterns of RA synthesis (fIG. 1). 
It is carried out by three retinaldehyde dehydrogenases 
(RAlDH1, RAlDH2 and RAlDH3; the corresponding 
genes are named Aldh1a1–3), mutations in two of which 
(RAlDH2 and RAlDH3) result in early embryonic or 
neonatal lethal phenotypes28,29. RAlDHs display distinct 
expression patterns, which closely correlate with the 
dynamics of RA signalling, as observed, for instance, 
by the activity of murine RA-responsive reporter trans-
genes30,31. RAlDH2, the first to be expressed, is induced 
in the primitive streak and mesodermal cells during 
gastrulation, and is restricted to the posterior embry-
onic region32. Following mesodermal differentiation, 
RAlDH2 remains restricted to prospective cervical and 
trunk levels (although eventually it is induced within 
head tissues; see below). Analysis of knockout mice 
demonstrated that RAlDH2 is responsible for almost 
all RA production during early embryogenesis. Its defi-
ciency affects many developing systems, including the 
forebrain, hindbrain, heart, forelimbs and somites14,18,33–38, 
which are similarly affected in other species by dietary 
VAD39 or by using aldehyde dehydrogenase inhibi-
tors12,40. RAlDH3 has specific functions at later stages of 
eye and nasal development28 (see below). RAlDH1 loss 
of function mutants are viable, and so far this enzyme 
has only been demonstrated to act (partly redundantly 
with RAlDH3) during eye development15,16.

Alternative routes for RA production. Recent progress 
in characterizing the enzymes involved in alternative 
pathway(s) for RA synthesis has shed light on an ances-
tral pathway used in early chordates, and possibly in non-
chordate organisms (see ref. 41 for review). This is also 
the main pathway used by species such as marine fishes, 
for which retinaldehyde and carotenoids are the main 
retinoids stored in the egg42. A beta-carotene cleaving 
enzyme beta, beta-carotene 15,15′-monooxygenase 1  
(Bcmo1; also known as Bcox) has been cloned in 
zebrafish43 that display restricted expression patterns 
during development, and when knocked-down by 
morpholino injection leads to typical RA-deficiency 
phenotypes43. Thus, similarly to RDH10 in the mouse26, 
a single enzyme is vital to ensure retinaldehyde pro-
duction in zebrafish, although from a different storage 
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Figure 1 |	Regulation	of	retinoid	signalling	in	embryonic	cells.	Retinoid sources 
comprise circulating maternal retinol in placental species and carotenoid stores in 
the yolk of oviparous species. Retinol is taken up by embryonic retinol binding 
protein 4 (RBP4), transferred intracellularly by the receptor protein stimulated by 
retinoic acid 6 (STRA6), and transformed into retinaldehyde, mainly by retinol 
dehydrogenase 10 (RDH10). Cleavage of beta-carotene by beta-carotene oxygenase 
(BCO) enzyme(s) directly generates retinaldehyde. Retinaldehyde dehydrogenases 
(RALDH1 to RALDH3) then generate retinoic acid (RA), which acts within the nucleus 
as a ligand for nuclear receptors (heterodimers of RA receptors (RARs) and retinoid X 
receptors (RXRs); see BOX 1) to regulate transcriptional activity of target genes. 
Binding proteins for retinol (cellular retinol binding proteins; CRBPs) and retinoic 
acid (cellular retinoic acid binding proteins; CRABPs) are involved in this pathway. 
All-trans-RA (formula depicted in figure) is the major in vivo RAR ligand, whereas  
the 9-cis-RA stereoisomer acts in vitro as a RXR ligand, although its in vivo presence  
is debated. In cells expressing cytochrome P450 26 (CYP26) enzymes, RA is 
transformed into more polar compounds (4-hydroxy-RA and 4-oxo-RA), which are 
subject to further metabolism and elimination. Not only can RA act in an intracrine 
manner in cells that synthesize it, but there is evidence for non cell-autonomous 
(paracrine) effects on neighbouring cells or tissue layers (dashed arrow). ADH, 
alcohol dehydrogenase; RARE, RA-response element.
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Visceral endoderm
An extra-embryonic tissue — 
unrelated to the definitive 
endoderm lineage — that 
nourishes the vertebrate 
embryo.

Anophthalmia
Lack of eye development.

Primitive streak
A longitudinal cleft formed on 
the surface of the amniote 
early embryo by a convergence 
of cells. At the onset of 
gastrulation, epiblast cells 
migrate towards and into the 
streak, and consequently 
acquire a mesodermal cell fate.

Somites
segmental structures, 
consisting of epithelial blocks  
of tissue surrounding a cavity 
called the somitocoele, which 
are formed sequentially in the 
paraxial (presomitic) mesoderm 
and give rise to the sclerotome 
(precursors of the axial 
skeleton) and dermomyotome 
(precursors of the dermis of the 
back and skeletal muscles).

Morpholino
Chemically modified, antisense 
oligonucleotides that are 
mainly used in zebrafish and  
X. laevis to inhibit either the 
translation or splicing  
of mrNAs.

Cytochrome p450
A member of the large  
family of haem-containing 
enzymes, usually acting as 
monooxygenases and involved 
in the metabolism of many 
endogenous and exogenous 
compounds, as well as in 
hormone biosynthesis and 
breakdown.

Glaucoma
Pathological condition resulting 
from abnormally elevated 
pressure in the liquid that fills 
the anterior chamber of the 
eye (the aqueous humour).

Teratogenic
A molecule that causes 
malformation of an embryo.

Rhombomeres
segmental units transiently 
found in the hindbrain 
neuroepithelium, that adopt 
distinct molecular and cellular 
properties, restrictions in cell 
mixing, and ordered domains 
of gene expression.

source. Bcmo1 homologues are found in all vertebrates 
(see ref. 44 for the human homologue), and also in 
invertebrates such as Drosophila, and its primary 
function is to generate retinaldehyde in photorecep-
tor cells. Currently, there is no evidence for a function 
of BCmO1 during development of amniote species, 
although specific expression has been reported in the 
chick embryo45. This suggests that beta-carotene might 
have been the source of retinoids in marine chordate 
and vertebrate ancestors, with the function of carotene-
cleavage enzymes becoming less prominent in species 
in which retinal, stored in the yolk, became the major 
form of retinoids. Interestingly, a second beta-carotene 
cleavage enzyme, beta-carotene 9′,10′-dioxygenase  
(BCDO2), is expressed in vertebrates46 and it cata-
lyzes the asymmetric cleavage of beta-carotene into 
beta-apocarotenoic acid, which can be transformed  
into RA without any involvement of RAlDHs47. 
Another candidate for RA synthesis has been identified 
in the chicken48. The cytochrome P450 1B1 (CyP1B1) 
enzyme is expressed in many embryonic tissues cor-
responding to sites of RA production, and in vitro it 
can catalyze the conversion of retinol to retinaldehyde 
and RA48. Cyp1b1 does exhibit specific expression 
during mouse development49; however, mutations of 
this gene are viable in mouse and human, leading to a 
specific phenotype, congenital glaucoma50. Whether the 
CyP1B1 and BCDO2 enzymes might contribute to RA 
synthesis in mammals awaits further investigation.

Tissue-specific RA metabolism. The complex, region- 
specific effects of excess RA in various species underscore 
the importance of tightly controlling its distribution.  
Although the regulation of its synthesis is clearly 
important, an additional level of control exists in the 
form of specific RA-metabolizing enzymes (fIG. 1). 
Cytochrome P450 26 A1 (CyP26A1) was first identified 
as a RA-inducible gene product, the prototypic member 
of a cytochrome P450 subfamily able to transform RA 
into more polar derivatives (4-OH and 4-oxo RA)51. 
Two additional enzymes with similar activity were then 
cloned (CyP26B1 and CyP26C1)52,53. Although it has 
been debated whether CyP26 product(s) are active 
retinoids (in particular, because 4-oxo-RA is able to 
bind RARs54), in vivo data point to a role in the removal 
of bioactive RA from specific tissues55. All three cyto-
chrome P450 26 (CyP26) genes have distinct expression 
domains during embryogenesis, and targeted disruption 
of two of these (Cyp26a1 and Cyp26b1) leads to develop-
mental abnormalities that are a phenocopy of some the 
known teratogenic effects of excess RA56–58. As discussed 
below, a main function of CyP26 enzymes might be to 
protect several proliferative or progenitor and/or stem 
cell zones from the differentiating effects of RA.

Early developmental functions
Evidence for RA gradient(s): the hindbrain case. The 
involvement of RA in patterning the segmented hind-
brain (or rhombencephalon) has been intensively 
studied over the last two decades, and this topic has 
been reviewed recently7,59. RA is necessary for the  

specification of posterior rhombomere identities, and 
some RA-regulated gene targets have been character-
ized, including specific Hox genes. There has been much 
debate as to whether RA acts through a concentration 
gradient to specify rhombomeric fates. Because RA is a 
small lipophilic molecule, it was postulated as a candi-
date morphogen in vertebrates following the discovery 
of differential concentrations within the developing 
chick wing bud1 — however, further work dismissed 
a concentration-dependent role in this system (see 
below).

In the hindbrain, RA is not produced in the neuroepi-
thelium, but is generated by RAlDH2 in the presomitic 
mesoderm (fIG. 2a) and in somites, from which it might 
diffuse rostrally along the neurectoderm. The three CyP26 
enzymes are dynamically expressed in prospective brain 
neurectoderm. Cyp26a1 shows the earliest expression 
in the rostralmost neuroepithelium, with a boundary 
located in the pre-segmental hindbrain, first at the level 
of the prospective rhombomere boundary r3–r4, and 
then retreating anteriorly to the r2–r3 boundary60,61. 
Cyp26b1and Cyp26c1 are induced slightly later, with 
dynamic patterns that eventually localize to the r5–r6 
boundary60. Cyp26a1 and Cyp26c1 are also co-expressed 
in the rostral head mesenchyme62. Thus, theoretically, RA 
could form a diffusion gradient at pre-segmental stages, 
with a source emanating from the posterior hindbrain 
mesoderm and a ‘sink’ resulting from CyP26A1 activity 
in the rostral neurectoderm7. An alternative — although 
not exclusive — model is that the dynamic patterns of 
CyP26 expression create shifting boundaries of RA 
activity, leading to segmental target-gene regulation. 
Indeed, the dynamics of Cyp26a1 and Cyp26c1 expres-
sion during the formation of murine rhombomeres 2 
and 4 have been correlated with effects on the regulation 
of the Hoxb1 and Hnf1 (ref. 61).

Remarkably, three recent zebrafish studies have led 
to different models of RA action within the hindbrain. 
using morpholino knockdowns and pharmacological 
inhibition of RAlDH or CyP26 enzymes, Hernandez 
et al. provided data for a ‘gradient-free’ model, in which 
RA activity would be restricted by the segmental action 
of CyP26 enzymes60. In another study, which looked 
at the timing of hindbrain gene expression in embryos 
with excess or reduced RA signalling, maves and 
Kimmel concluded that the increase of RA levels over 
time would lead to the induction of successive poste-
rior rhombomeric determinants63. Finally, by locally 
interfering with RA signalling using bead implantation 
combined with mathematical modelling, White et al. 
proposed a model explaining how a robust RA gradient 
can be generated along the prospective hindbrain8. This 
would occur from the late gastrula stage and involve a 
progressive, fibroblast growth factor (FGF)-mediated, 
inhibition of Cyp26a1 rostral expression. Thus, the RA 
gradient would itself be entrained to the FGF gradient. 
An appealing aspect of this model is that it predicts 
the establishment of a gradient even in the absence of 
a localized source of RA (that is, conditions in which 
RA is initially uniformly distributed)8. Thus, it can be 
reconciled with data that intuitively argued against a  
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simple gradient model, that is, the partial rescue of 
hindbrain molecular abnormalities in mouse Raldh2–/– 
mutants that are deficient for RA synthesis when exog-
enous RA is provided in a uniform (systemic) manner 
by maternal administration35.

Forebrain development: to have and to have not. As 
mentioned above, the rostralmost tissues at the gastrula 
and neurula stages are believed to be devoid of RA signal-
ling, owing to the presence of CyP26A1 — and, eventu-
ally, the presence of CyP26C1 (fIG. 2a). Administration of 
exogenous RA at such stages leads to drastic phenotypes, 
with complete anencephaly or severe microcephaly6. 
molecularly, a reduction or loss of markers of telencephalic 
or diencephalic development is observed6. elegant 
experiments in X. laevis have demonstrated that these 
effects result from an inappropriate activation of RARs, 
which normally function as transcriptional repressors  
in anterior regions. Relieving RAR-mediated repres-
sion by expressing a dominant-negative co-repressor  
generated rostral defects similar to those caused by 
excess RA64. Conversely, enhancing RAR-repressing 
function, by using a synthetic ligand that stabilizes the 
RAR-repressive conformation, resulted in expansion of 
anterior neural markers and rostral head structures64. 
In the vertebrate gastrula, induction of head structures 
involves the simultaneous inhibition of the bone mor-
phogenetic protein (BmP), Wnt and nodal signalling 
pathways through the local synthesis of natural antago-
nists such as cerberus, dickkopf and noggin65,66. During 
this process, RARs in rostral embryonic tissues must 
function as repressors, probably to prevent activation of 
target genes that determine posterior cell fates (fIG. 2a).

How are rostral cells protected from RA that has 
diffused from more posterior embryonic tissues and/or 
even small amounts of RA stored in the egg or deliv-
ered transplacentally? loss of CyP26A1 function in 
mice56,57 or zebrafish67 does not lead to head defects, 
except for subtle anteriorization of some rhombomeric 
markers. This reflects a functional redundancy with 
CyP26C1, as the lack of both activities in compound 
mouse mutants leads to a microcephalic phenotype, 
with a wide anterior shift of endogenous RAR activ-
ity62. Furthermore, both mouse and zebrafish Cyp26a1 
mutants are hypersensitive to exogenous RA admin-
istration, which causes loss of anterior brain regions 
at doses that are innocuous to wild-type embryos60,68. 
Thus, the presence of two RA-metabolizing enzymes 
in anterior gastrula cells might have been maintained 
throughout vertebrate evolution to prevent any source 
of RA from switching RARs from a repressing to an 
activating form.

Following this initial phase, RA becomes manda-
tory for proper growth of the forebrain. This was first 
established in the chick, in which local inhibition of RA 
signalling affected development of the forebrain and 
other frontonasal derivatives12. Forebrain defects are also 
observed in VAD quail embryos, the study of which 
indicated biphasic roles for RA in the modulation of 
early AP positional signalling from the axial mesendo-
derm and, later, in enabling the survival of frontonasal 
mesenchyme and forebrain neurectoderm69. Although 
RAlDH3 was initially considered as the main RA- 
producing enzyme in the frontonasal region12, stud-
ies in knockout mice revealed a prominent role for 
RAlDH2 (fIG. 2b). This enzyme is only transiently 
present in the rostralmost forebrain neurectoderm and 
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Figure 2 |	sequential	phases	of	retinoic	acid	requirement	during	development	of	
head	structures.	a | In the early gastrula, retinoic acid (RA) acts as a regionally 
restricted, posterior signal. The presence of cytochrome P450 26 A1 (CYP26A1)  
and CYP26C1 in anterior tissues is required to prevent any activation of RARs and 
maintain them in a repressing state, most likely to prevent any interference with 
signals from the anterior visceral endoderm. b | At the neural plate stage, 
retinaldehyde dehydrogenase 2 (RALDH2) is transiently expressed in the rostral 
forebrain neuroepithelium and surface ectoderm and generates RA, which is required 
for the proper growth of the telencephalic, diencephalic and optic vesicles through 
complex interactions with other regional signals that include dorsal Wnts, fibroblast 
growth factor 8 (FGF8) in the anterior neural ridge (ANR), and sonic hedgehog (SHH) 
produced by the prechordal plate and ventral neuroepithelium. Eventually, the 
presence of RALDH3 (not shown) in the ventral facial ectoderm, including the optic 
and nasal regions, supersedes (although it temporally overlaps with) the function of 
RALDH2. For details, see refs 13–16. Hox, homeobox; NKx2-1, NK2 homeobox 1.
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Neurectoderm
region of the definitive 
embryonic ectoderm that 
undergoes neural induction 
and forms a columnar 
neuroepithelium or neural 
plate.

Mesenchyme
Describes populations of  
cells that are not part of an 
epithelial sheet. In the early 
embryo, most (although not  
all) mesenchymal cell 
populations are derived  
from the mesoderm.

in adjacent surface ectoderm at early somite stages14,70, 
but loss of its function leads to severe hypoplasia of the 
telencephalon, rostral diencephalon and optic vesicles14,71. 
Compound Raldh2;Raldh3 mutants show more drastic 
forebrain and optic deficiencies13,16.

molecular studies have been conducted on these 
mutants and on VAD quail embryos13. lack of RA 
affects both the distribution of AP and dorso–ventral 
(DV) regional markers. In the VAD quail, several deter-
minants of the anterior telencephalon, such as empty 
spiracles homologue 1 (Emx1) and Emx2, are shifted 
posteriorly, suggesting that RA is required to restrict 
anterior forebrain identity13. Absence of retinoids also 
results in a thickened dorsal forebrain neuroepithelium, 

correlating with expanded dorsal markers (including 
Wnt1), whereas ventral determinants such as nK2 
homeobox 1 (Nkx2-1) are downregulated. Abnormal 
distributions of regional determinants for the optic 
vesicle were also observed, possibly suggesting a mis-
specification of the prospective retinal pigmented 
epithelium into neural retina13. These alterations have 
been in part confirmed in mouse Raldh2;Raldh3 dou-
ble mutants13,14, although they are developmentally 
arrested at an earlier stage than the avian VAD model. 
Altogether, the retinoid-deficiency phenotypes might 
result from alterations in the production of, or the cel-
lular response to, several signals regulating forebrain 
development, which include anteriorly produced FGF8 
and ventrally acting sonic hedgehog (sHH) (fIG. 2b). 
Further analyses of mouse mutants revealed combina-
torial roles of Raldh2 and Raldh3 in the development of 
the nasal region13,28, and of Raldh1 and Raldh3 during 
eye morphogenesis15,16.

RA counteracts caudal FGF signals to regulate neuro-
genesis and mesoderm segmentation. RA is also needed 
during elongation of the embryonic body axis to con-
trol several events, including mesodermal segmenta-
tion and differentiation, neurogenesis, and regional 
patterning of the developing spinal cord. The progres-
sive generation of trunk tissues involves a population 
of stem cells that is adjacent to the regressing primitive 
streak, and exposure to FGF signals (mainly FGF8 
expressed in a caudal to rostral gradient) is required to 
maintain this population72. The corresponding region 
must be actively depleted of RA, and this is achieved 
through the presence of CyP26A1 (refs 56,57,67). 
On the other hand, somitic mesoderm is the source 
of signal(s) necessary for neuronal differentiation to 
proceed, and more specifically for the induction of 
genes involved in the determination of ventral spinal- 
cord cell types73. A combination of experiments per-
formed on caudal chick embryonic explants and in 
VAD quail embryos has implicated RA as the somite-
derived signal controlling these events72 (see ref. 74 for 
a review). In this process, RA is specifically produced 
by RAlDH2, which exhibits a dynamic expression 
during early somitogenesis and is found in the newly 
formed somites and the rostral presomitic mesoderm 
(Psm)38 (fIG. 3). FGF-dependent induction of Wnt8 in 
the caudal neuroepithelium might serve as a relay to 
elicit RA synthesis in neighbouring Psm, providing 
a mechanism to control the timing of the FGF–RA  
differentiation switch75.

The first indications that the FGF and RA signals 
have mutually inhibitory effects on each other came 
from experiments performed on chick embryos72,74. 
Perturbations of these relationships have important 
consequences, not only with respect to spinal cord 
development, but also for the process of mesodermal 
segmentation. In both avian and mouse models of 
RA deficiency, an anteriorization of the FGF8 caudal 
gradient is seen37,38,72. This abnormality explains why 
RA-deficient embryos develop abnormally small 
somites, as another known function of the FGF gradient  
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Figure 3 |	Molecular	interactions	controlling	growth	and	differentiation	of	the	
elongating	embryonic	axis.	Retinoic acid (RA) is produced by mesoderm-derived 
tissues, including the somites and rostral presomitic mesoderm. It acts both within the 
newly formed neural plate to positively regulate early determinants of neurogenesis, 
and in the presomitic region where it is necessary to maintain a bilateral synchrony of 
the oscillatory ‘waves’ of gene expression that control somitogenesis. This role in the 
presomitic region seems to be crucial at presomite or early somite stages, when it 
might counteract possible destabilizing influences of asymmetric signals (not shown), 
regulating left–right embryonic patterning. Caudally to the node, a ‘stem/progenitor’ 
cell population is maintained by fibroblast growth factor 8 (FGF8) signalling, and there 
is evidence for mutual negative feedback between the RA and FGF signals to control 
the location of the stem and differentiating regions. The caudal stem region must be 
devoid of RA signalling through the action of cytochrome P450 26 A1 (CYP26A1).  
For details, see refs 37,38,40,72,74,78,82.
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Gastrula
Vertebrate embryo at the 
gastrulation stage.

Neurula
Vertebrate embryo at the 
neurulation (formation of  
the neural plate) stage.

Frontonasal
Describes the anteriormost 
region of the embryonic face,  
in which nasal and ocular 
structures will develop.

Axial mesendoderm
Midline embryonic cells prior 
to the segregation of 
mesoderm and definitive 
endoderm, these cells will give 
rise to the notochord and floor 
plate of the neural tube, and 
produce several molecules 
involved in neural induction or 
patterning, including sHH.

Telencephalon
rostral (anterior) region of  
the forebrain, which gives rise 
to most of the cerebral 
hemispheres, including the 
cerebral cortex.

Optic vesicle
evagination of the forebrain 
neuroectoderm, from which 
both the neural and pigmented 
layers or the retina will develop.

Cardiac crescent
Paired, crescent-like cell 
populations in the anterior 
lateral mesoderm, which later 
fuse along the midline to form 
the embryonic heart tube.

Sertoli cells
Columnar, somatic cells of the 
testis seminiferous epithelium, 
which are responsive to fsH 
(follicle-stimulating hormone; a 
pituitary hormone) and in turn 
produce various hormones and 
proteins, including glial cell 
derived neurotrophic factor 
(GDNf).

Mesonephros
The mid-region of the 
embryonic kidney that arises 
within the intermediate 
mesoderm between  
the pronephros and the 
metanephros (the definitive 
kidney). The gonad develops 
on the medial surface of this 
transient tissue, which also 
contains the primordia for the 
male (mesonephric) and  
female (paramesonephric or 
Müllerian) sex ducts.

is to act as a ‘determination wave-front’, setting the 
location of intersomitic boundaries and thus control-
ling somite size76. Whether FGF activity is necessary 
for the positioning of the RA-responsive domain in the 
Psm is less clear. Conditional FGF receptor 1 (Fgfr1) 
mouse mutants, in which FGF signalling is abolished 
in the Psm, show no alteration of Raldh2 expression or 
of the domain of RA activity as assessed by the use of a 
reporter transgene77. There might be some redundant 
effects of FGF and Wnt signalling to regulate the extent 
of RA activity77, but further work will be required to 
substantiate this hypothesis.

Another important function of RA signalling relates 
to the control of the bilateral symmetry of somitogen-
esis. In three models with pharmacologically blocked 
(in zebrafish and the chick) or genetically blocked (in 
the mouse) RA synthesis, a common outcome was that, 
after the formation of a few somite pairs, somitogenesis 
proceeded in an uncoordinated manner along the left 
and right sides of the embryo37,38,40,78 (fIG. 3). The chain 
of events leading to the breaking of left–right symme-
try in somitogenesis is not elucidated, although a clear 
outcome is the desynchronization of the cycling waves 
of gene expression of various genes from the notch and 
Wnt signalling pathways, that control the timing of 
mesoderm segmentation (see refs 76,79 for reviews). 
The perturbation of the FGF8 gradient that is observed 
in RA-deficient embryos could contribute to the  
asymmetric somite phenotype, as FGF8 does act in  
the left–right axis-determination pathway80–82.

Retinoids and early heart development. Another 
important role of RA signalling relates to early heart 
development. A recent study performed in zebrafish 
concluded that this signal is necessary to restrict the 
cardiac progenitor cell pool. Indeed, zebrafish embryos 
lacking RAlDH2 function, or treated with a pan-RAR 
antagonist, exhibit an expansion of the bilateral cell 
populations expressing nK2 transcription factor 
related, locus 5 (nkx2.5) or myosin light polypeptide 
7 regulatory (myl7; also known as cardiac myosin 
light chain 2), which are early markers of myocardial 
progenitors prior to the fusion of the cardiac crescent 
into a heart tube83. Fate-mapping analysis suggests that, 
under RA deficiency, uncommitted lateral mesodermal 
cell populations are driven to become myocardial pro-
genitors as opposed to other fates such as pharyngeal, 
fin or pancreatic structures83. It is unclear, however, 
whether such a function is conserved throughout 
vertebrates. early Nkx2.5 expression is unaltered in 
the cardiac crescent of Raldh2 mouse mutants84, and 
X. laevis embryos treated with a pan-RAR antagonist 
exhibit only a slight enlargement of the precardiac 
Nkx2.5 domain85. Additional analyses in these species, 
as well as in the chick embryo86, are required to solve 
this issue.

studies that were performed on murine Raldh2–/–  
mutants18 and VAD avian embryos 87 have ascribed 
several functions for RA in the embryonic heart, 
relating to regional AP patterning and/or growth of 
posterior chambers (the atria and sinus venosus), to 

looping morphogenesis, and to regulation of myocardial- 
progenitor differentiation. more recent work demon-
strated that the heart phenotype of Raldh2–/– mutants 
is mainly the result of an abnormal development of the 
second heart field (sHF)84. The sHF is a population of 
undifferentiated cardiac precursor cells originating from 
the pharyngeal mesoderm and lying medial to the car-
diac crescent (also termed first heart field) (see ref. 88 

for a review). The gene for the Isl1 transcription factor 
(Isl1) marks cardiac progenitor populations of the sHF, 
and, when mutated, disrupts embryonic heart loop-
ing89. expression of Isl1, along with other sHF markers 
such as T-box 1 (Tbx1) and Fgf8, is caudally expanded 
in Raldh2–/– embryos, indicating that RA is normally 
required to restrict the sHF84. Additionally, the left and 
right sHF populations do not properly merge along the 
dorsal mesocardium. As a result, the deployment of 
sHF cells within the heart tube is highly compromised, 
especially in the outflow-tract region. explant studies 
indicated that differentiation of sHF cardiac progeni-
tor cells is compromised under Raldh2 deficiency. This 
might result from improper growth factor signalling: in 
the mutant embryos, the FGFs that are produced by the 
sHF (FGF8 and FGF10) are abnormally located and fail 
to signal within the heart tube, and several BmP genes 
are downregulated84.

RA‑regulated growth and patterning
Unravelling interactions with other signalling path-
ways. Considering the complex roles of RA in stem 
cells, germ cells (BOX 2) and organ growth, how can 
such pleiotropic effects on widely disparate systems be 
understood? An emerging theme is that retinoid sig-
nalling needs to be coordinated with other embryonic 
signals, including FGFs and sHH, and that such interac-
tions occur repeatedly during development. This is the 
case, for instance, during elongation of the rostrocaudal 
axis, development of secondary axial structures (the 
limbs), forebrain outgrowth, and in many organogenic 
processes. A consistent function of RA is to limit the 
extent of stem and/or progenitor cell populations, and 
to trigger specification and/or differentiation events. 
These actions often occur in an antagonistic manner 
with FGFs. This is seen during embryonic axis exten-
sion in the caudal region of the embryo — in this case, 
the effects of RA can be blocked by ectopically express-
ing FGF in the differentiating region. This finding led to 
the suggestion that RA has inhibitory cross-regulatory  
interactions with the caudal FGF-expressing zone, 
thereby limiting its size72 (see refs 74,82 for reviews). 
Alternatively, RA might drive stem cell differentiation 
independently of FGFs, and the expansion of the Fgf8-
expressing caudal region in RA-deficient embryos37,38,72 
might be simply because fewer stem cells are differen-
tiating in the ‘transition’ zone (fIG. 3). In either case, the 
caudal stem zone must be actively protected from the 
differentiating effects of RA by the action of CyP26A1. 
loss of this function56,57, or overriding it by exposure to 
teratogenic RA levels, arrests caudal development, and 
imbalances in RA–FGF signalling might contribute to 
congenital human malformations such as spina bifida.
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Antagonistic effects of RA and FGFs also take place 
during limb bud development, which has long been 
studied as a model system to characterize signals that 
regulate growth and patterning90. Here, RA is produced 
by RAlDH2 prior to limb bud outgrowth in the flank 
mesoderm, and during budding in the proximal-most 

limb bud cells (fIG. 4a). Thus RA is able to antagonize 
FGFs, including FGF4, FGF8 and FGF10, which are 
produced in the apical ectodermal ridge and in the 
distal mesenchyme (also known as the progress zone) 
and are necessary for sustained limb bud growth and 
maintenance of distal progenitor cells. The presence 
of RA is also necessary for the proper induction of 
Shh in posterior limb bud cells, which act as a sig-
nalling centre (the zone of polarizing activity, ZPA) 
to regulate AP patterning and digit specification90,91. 
Forelimb development is severely compromised in 
Raldh2–/– mouse mutants, correlating with an absence 
or poor induction of Shh in the rudimentary buds36. 
exogenous RA administration can significantly res-
cue forelimb growth, but is unable to achieve proper 
Shh posterior restriction and hence leads to AP digit- 
patterning defects36. It has long been debated whether a 
posteriorly enriched RA concentration gradient might 
be involved in ZPA induction1. Current evidence 
instead indicates that RA is present throughout the 
pre-bud mesenchyme, and cooperates with posteriorly 
restricted factors such as HAnD2 (heart and neural 
crest derivatives expressed transcript 2)92 to position 
the ZPA (fIG. 4a). Furthermore, CyP26B1 function in 
distal limb bud mesenchyme is necessary for proper 
growth and proximodistal patterning58, demonstrating 
the importance of a tightly regulated RA distribution 
along the limb proximodistal axis.

Cross-regulations governing organogenesis. Additional 
roles of RA in regulating organ growth occur in numer-
ous instances during development. Within the embry-
onic forebrain, RA acts regionally to allow telencephalic 
and optic vesicle outgrowth12–14. It also acts locally in 
the branchial arch region, where its deficiency disrupts 
growth of the posterior arches93 with numerous conse-
quences on their derivatives, including the large ves-
sels and heart outflow tract (fIG. 4b). RA is produced by 
RAlDH2 in the branchial arch mesenchyme (fIG. 4b), 
and can signal to both the endoderm and ectoderm of 
the arches93,94. lack of RA also affects organogenesis 
in more posterior foregut regions, leading to a lack 
of stomach outgrowth and of lung development19,95. 
In vivo and ex vivo approaches have demonstrated a 
sustained requirement for RA during lung develop-
ment, both to initiate primary lung budding and for 
subsequent branching morphogenesis19,95. There is 
evidence that RA is similarly required for budding and 
branching morphogenesis of the kidney from the uret-
eric bud20 (K.n., P.D. and C. mendelsohn, unpublished 
observations).

The molecular events that are controlled by RA are 
far from being completely elucidated. However, it is 
becoming clear that complex interactions take place 
between the signals that regulate growth and pattern-
ing of the various structures. Recent work has high-
lighted two levels at which RA interferes with other 
pathways: first, by being responsible for the induction 
(or sometimes the repression) of genes encoding other 
growth factors or signalling molecules; and second, by 
allowing an efficient cellular response to such signals.  

Box 2 | Retinoic acid controls meiotic onset in murine germ cells

Mammalian germ cells enter meiosis at different time points in males and females.  
In females, germ cells initiate the meiotic prophase prenatally (at approximately 
embryonic day (E) 13.5 in the mouse), whereas male germ cells only enter meiosis 
several days after birth113. A retinoic acid (RA)‑responsive gene, Stra8 (stimulated by 
retinoic acid 8), is induced in germ cells of both sexes shortly before meiotic onset, 
and is necessary for triggering entry into meiosis114. Administration of RA to cultured 
mouse embryonic testes induces premature expression of Stra8 and other premeiotic 
markers, whereas RA receptor (RAR) antagonists downregulate these markers (while 
maintaining the stem cell marker Oct4) in ovaries115,116. The Cyp26b1 (cytochrome 
P450 26 B1)	gene is differentially expressed in murine male and female developing 
gonads. Initially it is expressed in somatic cells of the undifferentiated gonads in both 
sexes, but it is maintained only in sertoli cells of the testis from E12.5 onwards115. 
Germ cells from Cyp26b1–/– male mutants undergo premature entry into meiosis at 
E13.5, after which they arrest at the pachytene stage and eventually exhibit 
abnormal apoptosis115,117. Interestingly, meiosis also occurs prematurely in Cyp26b1–/– 
female germ cells115.
These results implicate RA as the ‘meiosis‑inducing substance’ postulated from  
earlier work (see ref. 113 for a review). In both sexes, RA produced by RALDH2 
(retinaldehyde dehydrogenase 2) and eventually RALDH3 in mesonephros tissues can 
reach germ cells as soon as they colonize the genital ridges (see figure). However, 
owing to CYP26B1‑mediated catabolism, RA is unable to act on germ cells in the 
undifferentiated gonad. Only after Cyp26b1 has been downregulated in the female 
gonad can RA stimulate Stra8, in order to initiate meiosis. The persistence of 
Cyp26b1 expression in Sertoli cells of the male gonad, on the other hand, prevents 
germ‑cell entry into meiosis. Thus, CYP26B1 behaves as the previously postulated 
‘meiosis‑inhibiting factor’ in the embryonic testis113. Postnatally, Cyp26b1 is no 
longer expressed by Sertoli cells. RA‑synthesizing enzymes are found in these  
cells, whereas several CYP26 enzymes are present in the cells surrounding the 
seminiferous tubules118. Hence, CYP26 enzymes could create a barrier isolating  
the seminiferous tubules from circulating RA, and RA synthesized within the tubules 
could regulate meiosis during the cycles of spermatogenesis.
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unlike the antagonistic effects of RA and FGFs in the 
embryonic caudal region or the limb bud, RA was 
often found to have a positive effect during organ 
outgrowth on the local induction (or the maintenance 
of appropriate levels) of FGF(s) involved in these 
processes. In the case of the lung buds, RA deficiency 
prevents Fgf10 expression, thereby disrupting the  
budding process19,95 (fIG. 4b). Fgf8 is decreased in  
the branchial arch ectoderm and endoderm93, and in the  
frontonasal ectoderm14, of Raldh2–/– mutants. In  
the developing lungs, RA was proposed to act on 
regional determinants such as Hoxa4, Hoxa5, Tbx4 
and Tbx5, which in turn would stimulate Fgf10 expres-
sion19. In the branchial region, Hoxa1 and Hoxb1 might 
similarly mediate the RA-dependent induction of Fgf8 
(ref. 93). We suggest that distinct sets of regulatory mol-
ecules are induced by RA, depending on the particular 
structure in which it is being produced, leading to  
organogenesis-specific programmes that share as one 
common outcome a growth-stimulatory effect that 
is due to the local production of FGFs. Interestingly, 
through this growth-promoting effect, RA would also 
be able to act in a sustained manner on resident stem cell  
populations in order to control their differentiation.

Apart from FGFs, cross-regulatory interactions with 
other signalling pathways are much more variable, 
depending on the structure and the morphogenetic 
event(s). For instance, in the RA-deficient embryonic 
forebrain many pathways, including sHH, BmP and 
Wnt, are misregulated13,14. Decreased levels of Shh 
expression have been described in the RA-deficient 
foregut endoderm19 and in the ventral forebrain13; how-
ever, these are only partial and/or regionally restricted, 
for example, in the diencephalic ‘zona limitans’, a struc-
ture separating the prethalamus and thalamus. Within 
the forebrain (and within other embryonic regions; 
P.D., unpublished observations), an important conse-
quence of defective RA signalling is the downregulation 
of sHH downstream target genes, such as the ventral 
determinants Nkx2-1 and Olig2 (oligodendrocyte line-
age transcription factor 2), even in regions where Shh 
expression is unaffected14. Hence, RA also acts down-
stream from sHH on as yet unidentified effector(s), this 
function being vital for an optimal cellular response 
to sHH (fIG. 2b). Additional interactions have been 
described (for instance, within the foregut, absence of 
RA leads to hyperactivation of transforming growth 
factor beta (TGFβ) signalling96), indicating complex 
cross-talk between signals that regulate organ growth 
and differentiation. Although normally all these com-
ponents are required, experimentally high quantities 
of one component can to some extent induce a pro-
gramme of organ morphogenesis. This is seen in the 
limb bud, in which either RA or sHH administration 
can induce the entire programme of digit formation, 
or in the RA-deficient foregut, for which exogenous 
FGF10 suffices to restore lung budding19,95. This under-
scores an important capacity for ‘organ homeostasis’ 
— in which administration of a single missing factor 
can to a large extent restore the regulatory loops and 
rescue abnormal development.
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Figure 4 |	Retinoic	acid‑dependent	molecular	interactions	control	organ	growth.	
a | The limb was historically the first developing system in which retinoic acid (RA) was 
postulated to act as a putative anterior–posterior (AP) morphogen1. Eventually, it  
was found that RA acts in concert with posteriorly restricted determinants to induce a 
functional ‘zone of polarizing activity’ (ZPA) that secretes SHH36,90. Once the ZPA 
interactions with the apical ectodermal ridge (AER) have been established, RA synthesis 
remains confined to the proximal limb margin from which it probably acts on cell 
differentiation. The distal proliferating region must be devoid of RA signalling through 
the action of cytochrome P450 26 B1 (CYP26B1)58. b | Overview of the main 
RA-dependent events in the embryonic pharyngeal and foregut region. RA is produced 
by retinaldehyde dehydrogenase 2 (RALDH2) in the mesoderm of the foregut and the 
posterior branchial arches. RA signalling is necessary for the outgrowth of the posterior 
(3rd to 6th) branchial arches, the lung buds and the stomach19,93. Lack of RA prevents, or 
severely downregulates, expression of specific FGFs that control outgrowth of these 
structures19,95. In the case of the lungs, absence of RA also leads to a hyperactivation of 
transforming growth factor beta (TGFβ) signalling96. Neural crest cells from the 
posterior hindbrain normally colonize the branchial arches (dashed arrows), and a 
subpopulation (the ‘cardiac’ neural crest) further migrates towards the heart outflow 
tract, where they participate to its septation into aorta and pulmonary artery. Under RA 
deficiency these cells do not migrate according to normal segmental patterns, and lack 
of septation of the outflow tract (persistent truncus arteriosus) ensues18,93. SHH, sonic 
hedgehog; HAND2, heart and neural crest derivatives expressed transcript 2.
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Seminiferous tubules
Coiled tubes within the testis, 
containing an epithelium 
composed of somatic sertoli 
cells and germ cells at various 
stages of differentiation.

Spina bifida
A congenital malformation that 
is due to a lack of closure of 
the caudal region of the neural 
tube, resulting in a protrusion 
of the lumbosacral spinal cord 
outside of the body.

Branchial arches
Also known as pharyngeal 
arches. A series of paired 
segmental structures that are 
positioned on either side of the 
developing pharynx and are 
composed of ectoderm, 
mesoderm and neural crest 
cells. In mammals, the 
branchial arches contribute to 
pharyngeal organs and to the 
connective, skeletal, neural and 
vascular tissues of the head 
and neck.

Subventricular zone
A neurogenic region that lines 
the ventricles of the adult 
brain.

Olfactory bulb
rostralmost portion of the 
mammalian brain, which 
receives inputs from the 
sensory olfactory axons.

Hippocampus
A neurogenic region of the 
forebrain that has important 
functions in learning and 
memory.

Embryoid bodies
Cell aggregates formed when 
embryonic stem cells are 
grown in suspension culture, 
and in which various cell types 
can be induced according to 
the culture conditions.

Retinoids and adult stem cell populations. There is firm 
evidence implicating RA as one of the signals acting on 
progenitor cell populations in the embryonic neuroepi-
thelium — and probably on other progenitor and/or 
stem cell populations83. However, a major question 
related to human health concerns its role(s) in adult stem 
cell populations, and the possibility of using retinoids to 
alter the behaviour of stem cells. Active RA signalling 
was detected in distinct progenitor populations in the 
subventricular zone of the murine brain at midgestation, 
and in the subventricular zone, olfactory bulb and hippoc-
ampus of the adult brain31,97. These regions correspond to 
neural stem cell (nsC) niches (reviewed in ref. 98), and 
the RA-activated cells within the adult subventricular 
zone were shown to correspond to slowly dividing pre-
cursors in the radial glia31. Although growth factors such 
as FGFs and epidermal growth factors (eGFs) enhance 
nsC self-renewal and maintenance, RA is also believed 
to drive neuronal differentiation, as seen both in the 
embryonic neural tube and in cell culture systems99. 
Culturing subventricular zone-derived neurospheres 
with the RA-synthesis inhibitor diethylaminobenzalde-
hyde (DeAB) reduces neurosphere formation and the 
expression of radial glia markers, suggesting that RA 
signals in a distinct subset of progenitor cells to maintain 
a proliferative population31. One might speculate that, in 
humans, disruption of these populations owing to altered 
RA signalling might be linked to age-related neurode-
generative disorders. Although in vitro results serve as a 
starting point to understanding how changes in the bal-
ance of trophic (FGF and eGF) versus RA-differentiating 
effects on nsCs might be altered with ageing, they will 
require confirmation in whole-animal models.

The role of RA in inducing neuronal differentiation 
could potentially be used in the treatment of neuro-
degenerative disorders such as Parkinson disease: 
specific neuronal cell types could be produced using 
combinations of RA and growth factors or neuro-
trophins. endogenous levels of Raldh2 are reduced in 
spinal-cord samples from humans with amyotrophic 
lateral sclerosis and vitamin A deficiency induces 
signs of Alzheimer disease in animal models, suggest-
ing further possible clinical applications of RA-based 
therapies (see ref. 10 for a review). For example, when 
embryonic stem cells are cultured as embryoid bodies, 
RA uniformly induces a population of RC2+, PAX6+ 
radial glial cells100. RA-driven production of radial 
glia might be a potent method to generate large num-
bers of neuronal progenitors in vitro, with obvious  
applications in the prospect of stem cell therapy.

Conclusion
What are the next key questions in retinoid biology? We 
might ask what guides the transition from proliferative 
stem cell signalling to organ outgrowth. Another chal-
lenge will be to understand at the molecular level how RA 
can regulate different signalling pathways and target genes 
in various tissues and at different time points. There is 
limited knowledge about genes that are directly regulated 
by RA during development. elucidating the repertoire of 
direct versus indirect RA targets will benefit from in silico 
and transcriptomic approaches, especially once data sets 
can be compared for different tissues and stages of devel-
opment. At the cellular level, the RA-dependent events 
leading to lineage and/or differentiation decisions need 
to be better characterized, in both neural and non-neural 
populations. One limitation regarding in vivo approaches 
is the early lethality of embryos that are severely defi-
cient in RA signalling (such as Raldh2–/– or compound 
Rar mouse mutants29,101,102). later events can be studied 
by ex vivo approaches (for example, culture of wild-type 
explants in the presence of RAR antagonists), and should 
be complemented by the creation of conditional mouse 
mutants with tissue- and/or stage-specific RA depletion. 
mice could also be created with distinct fluorescent 
markers for RA-producing and RA-responsive cells,  
allowing in vivo tracing and cell-sorting strategies.

Characterizing RA-dependent events in cell-fate 
decisions and morphogenetic growth has implications 
that extend beyond the field of developmental biology. 
Indeed, retinoids hold promise for use in growth factor 
and stem cell-based therapy. One potential application 
could be found in the heart. selective inactivation of 
RXR alpha in the epicardium reduces FGF and Wnt 
signalling, affecting myocardial growth and coronary 
artery formation103. Reactivation of these RA-regulated 
pathways, either through re-expression of downstream 
components of retinoid signalling or by administering 
growth-factor targets, might be a way to stimulate 
cardiomyocyte regeneration in the failing adult heart. 
Proof of concept for this approach has been shown in 
the nervous system, in which reintroduction of RAR 
beta expression in peripheral nerves reactivates their 
capacity for regeneration104. The loss of tissue regenera-
tive capacity in adult vertebrates could involve loss of 
expression of components of the retinoid pathway that 
induce Fgf expression105. Characterizing regenerative- 
enabling changes lost with evolution might allow organ 
proliferative capacity to be reinstated through gene 
or growth-factor therapy, a paradigm applicable to a  
variety of organs and pathological situations.
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