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Abstract
Retinoic acid (RA) is a signaling molecule synthesized from vitamin A that controls gene expression
at the transcriptional level by functioning as a ligand for nuclear RA receptors. RA plays an essential
role during embryonic development in higher animals by regulating key genes involved in pattern
formation. RA is required for induction of several Hox genes involved in patterning of the hindbrain
and spinal cord as neuroectoderm emerges from the primitive streak. Recent findings indicate that
RA is also required to ensure bilaterally symmetrical generation of left and right somites as presomitic
mesoderm emerges from the primitive streak. RA may control somitogenesis through its ability to
repress posterior ectodermal expression of fibroblast growth factor-8 (Fgf8) for a short period of time
during the late primitive streak stage when the somitogenesis clock initiates. During this tight
temporal window, RA is required to limit Fgf8 expression to the most posterior ectoderm (epiblast),
thus preventing ectopic Fgf8 expression in more anterior ectoderm including the node ectoderm and
neuroectoderm. Although Fgf8 is required for the node to impart left–right asymmetry on specific
tissues (heart, visceral organs, etc.), excess Fgf8 signaling following a loss of RA may stimulate the
node to generate asymmetry also in presomitic mesoderm, leading to left–right asymmetry in the
somitogenesis clock. These findings suggest that human vertebral birth defects such as scoliosis, an
abnormal left–right bending of the vertebral column, may be caused by a defect in RA signaling
during somitogenesis.

INTRODUCTION
Retinoic Acid Signaling

Retinoic acid (RA), the active form of vitamin A, plays a crucial role in stimulating nuclear
receptor signaling during development. However, the developmental processes regulated by
RA signaling are not well understood. This is pointed out by the recent discovery that RA
controls left–right patterning during somitogenesis (Kawakami et al., 2005; Vermot et al.,
2005; Vermot and Pourquié, 2005; Sirbu and Duester, 2006), a function that was totally
unsuspected based upon what was known about RA function up to that point. These findings
suggest that defective RA signaling may be responsible for human birth defects of the vertebral
column, a topic which is discussed further below. Thus, rigorous assessment of RA target
tissues and target genes in mammalian embryos is providing a better understanding of the role
of this important signaling molecule in human embryonic development.

The ability to unravel the mechanism of RA action during mammalian development has been
greatly enhanced by generation of mice carrying disruptions in enzymes essential for RA
synthesis. RA synthesis is a two-step process in which enzymes catalyze metabolism of the
alcohol form of vitamin A (retinol) first to an aldehyde (retinaldehyde) and then to a carboxylic
acid (RA) (Duester, 2000). RA signaling initiates when retinaldehyde is metabolized by
retinaldehyde dehydrogenase (RALDH) to RA, which serves as a ligand for nuclear RA
receptors that directly regulate gene expression at the transcriptional level (Fig. 1).
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The first step of RA synthesis, oxidation of retinol to retinaldehyde, is catalyzed by several
members of the alcohol dehydrogenase family (Adh1, Adh3, and Adh4), as shown by genetic
loss-of-function studies in mice (Molotkov et al., 2002). The first step is also catalyzed by
several members of the short-chain dehydrogenase/reductase (SDR) family (Napoli, 1999;
Gallego et al., 2006). Mouse gene knockout studies have demonstrated that the second step of
RA synthesis, oxidation of retinaldehyde to RA, is catalyzed by three members of the aldehyde
dehydrogenase (ALDH) gene family known as RALDHs, Raldh1 (Fan et al., 2003), Raldh2
(Niederreither et al., 1999; Mic et al., 2002), and Raldh3 (Dupé et al., 2003; Molotkov et al.,
2006); which are also referred to as Aldh1a1, Aldh1a2, and Aldh1a3, respectively. These three
RALDH genes control most, if not all, RA synthesis during embryogenesis, and they have been
conserved during vertebrate evolution (Table 1). Degradative oxidation of RA to 4-oxo-RA
and other metabolites that are more easily excreted is initiated by several cytochrome P450
(CYP) genes known as Cyp26a1, Cyp26b1, and Cyp26c1, which display unique tissue-specific
expression patterns during mouse embryogenesis (MacLean et al., 2001; Tahayato et al.,
2003).

In vitro studies have shown that RA serves as a ligand for two families of nuclear receptors
that bind DNA as heterodimers and directly regulate gene expression (Kastner et al., 1994;
Mangelsdorf et al., 1994). Those studies demonstrated that RA functions as a high-affinity
ligand for RA receptors (RAR-α, RAR-β, and RAR-γ) and a low-affinity ligand for their
heterodimer partners, the retinoid X receptors (RXR-α, RXR-β, and RXR-γ). Recent in vivo
studies demonstrated that ligand binding to just the RAR portion of the RAR/RXR
heterodimers is sufficient and necessary to rescue a lethal defect in RA synthesis, and that
ligand binding to RXR is unnecessary (Mic et al., 2003). When RA binds to the RAR partner
of the RAR/RXR heterodimers that are bound to a regulatory DNA element, this stimulates a
cascade of events resulting in displacement of transcriptional corepressors and recruitment of
coactivators that induce transcription from a nearby promoter (Germain et al., 2002).

SPATIOTEMPORAL CONTROL OF RA SYNTHESIS DURING EARLY MOUSE
EMBRYOGENESIS

In contrast to the great explosion of information regarding how RA receptors control
transcription, we are just now beginning to understand what regulates synthesis of the ligand
needed to trigger RA receptor activity. RA is not produced by all cells of the body at all stages
of development, but is instead produced in a unique spatiotemporal pattern. Several classes of
retinoid-binding proteins are involved in the control of RA synthesis and signaling (Noy,
2000) (Fig. 2). Retinol is transported in the blood at μM levels via serum retinol-binding protein
(RBP) and is made available to all cells (including embryonic cells by maternal transfer) for
potential conversion to RA (Soprano and Blaner, 1994). Some cells also express cellular RBP
(CRBP), which facilitates uptake of retinol into cells and conversion to retinyl esters for storage
(Yost et al., 1988; Molotkov et al., 2004). Some cells also express cellular RA-binding protein
(CRABP), which shuttles RA from the cytoplasm to the nucleus, where RA receptors are
located (Sessler and Noy, 2005).

RA synthesis is controlled both spatially and temporally. Oxidation of retinol to retinaldehyde
in mammalian tissues appears not to be tissue-restricted, as it is catalyzed by several widely-
expressed alcohol dehydrogenases and short-chain dehydrogenases/reductases (Molotkov et
al., 2002). Also, retinol oxidation is reversible and multiple enzymes have been reported to
participate in the reduction of retinaldehyde to retinol (Gallego et al., 2006). In contrast,
oxidation of retinaldehyde to RA is irreversible, and all three RALDHs identified as catalysts
for this reaction are expressed in dynamic nonoverlapping spatiotemporal patterns, indicating
that this step is tissue-restricted and time-restricted (Haselbeck et al., 1999; Mic et al., 2002;
Niederreither et al., 2002a; Molotkov et al., 2006). Thus, as all cells have access to retinol via
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the circulatory system, it is probable that all cells can establish an equilibrium between retinol
and retinaldehyde via one or more of the first-step enzymes; but only cells expressing one of
the RALDHs can oxidize the available retinaldehyde to RA. The unique expression patterns
of the three RALDHs suggest that each enzyme controls distinct RA signaling functions.

Conversion of retinol to RA occurs at relatively low levels, but RA has been detected in whole-
body extracts of mid-gestation mouse embryos at approximately 25 nM using HPLC analysis
(Mic et al., 2003). RA activity has also been detected using sensitive RA-reporter assays, which
can localize activity within the embryo. A transgenic RA-reporter mouse strain (RARE-lacZ),
which contains lacZ linked to an RA response element (RARE), indicates that RA signaling
activity is first observed in embryos at 7.5 days of embryonic development (E7.5; late primitive
streak stage) and is localized to the trunk from E7.5–E8.5 (Rossant et al., 1991). Studies
performed in this laboratory using a bioassay in which embryo explants are cultured on a lawn
of F9 cells stably expressing RARE-lacZ have shown that RA signaling activity is undetectable
in mouse embryos at E6.5, but that RA is detectable in the trunk from E7.5 to E8.5 (Ang et al.,
1996). This suggests that endogenous RA synthesis initiates in the mouse at E7.5. The RA
biosynthetic enzyme RALDH2 is first expressed at E7.5 in trunk paraxial mesoderm and, by
E8.5, it displays expression in paraxial and lateral plate mesoderm that appears similar to the
pattern of RA localization using the RARE-lacZ RA-reporter (Mic et al., 2002). Studies on
Raldh2−/− embryos carrying RARE-lacZ have shown that Raldh2 is responsible for all RA
signaling activity seen in the embryo up to E8.5 (Molotkova et al., 2005), but that at later stages
Raldh1 and Raldh3 begin to generate RA in the eye, olfactory pit, and kidney (Mic et al.,
2002; Molotkov et al., 2006).

LOSS OF RA AFFECTS PATTERNING OF EMBRYONIC TISSUES EMERGING
FROM THE PRIMITIVE STREAK

Prior to genetic studies on RA-synthesizing enzymes, which allowed genetic elimination of
RA, studies on the embryonic effects of a loss of RA were performed that used vitamin A
deficiency to remove the precursor of RA (Maden et al., 1996; Dickman et al., 1997; White et
al., 1998) or introduced inhibitors of RA synthesis such as disulfiram or citral (Marsh-
Armstrong et al., 1994; Stratford et al., 1996). These early studies indicated that RA was
essential for development of several organs including the hindbrain, spinal cord, heart, forelimb
buds, and eye. Since then, genetic loss-of-function studies on RA-synthesizing enzymes have
demonstrated that Raldh2−/− embryos are quite useful for studying the function of RA signaling
during early mammalian embryogenesis, as they completely lack RA activity in posterior
mesoderm, neuroectoderm, and endoderm during late primitive streak stages (Niederreither et
al., 1999; Mic et al., 2002; Molotkova et al., 2005). Raldh1 and Raldh3 gene knockouts have
been useful for investigating RA signaling in the eye, olfactory pit, and kidney (Dupé et al.,
2003; Fan et al., 2003; Molotkov et al., 2006). These studies have demonstrated that Raldh2
is the only RA-generating enzyme in mammalian embryos during the primitive streak stage
(gastrulation), and that Raldh1 and Raldh3 begin contributing to RA synthesis in specific
tissues after gastrulation has ended.

The overall picture of RA function in early embryos is that it plays an essential role in several
patterning events. The effects of RA on anteroposterior patterning of neuroectoderm have been
well documented. Studies on hindbrain development indicate that RA induces Hox genes
needed for rhombomeric segmentation of neuroectoderm emerging from the primitive streak
(Marshall et al., 1994). Several studies have demonstrated that RA plays an essential role in
anteroposterior patterning of the central nervous system (Niederreither et al., 2000; Begemann
et al., 2001; Dupé and Lumsden, 2001; Maves and Kimmel, 2005). The mechanism of RA
action in the hindbrain is designed to establish expression of Hoxb1 and vHnf1 (a repressor of
Hoxb1) on opposite sides of the rhombomere 4/5 boundary in order to obtain rhombomere 4–
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specific expression of Hoxb1 (Hernandez et al., 2004; Sirbu et al., 2005). The hindbrain utilizes
the RA-degrading function of Cyp26 genes to establish a boundary of RA activity at a certain
point along the anteroposterior axis of the hindbrain that undergoes a positional shift as time
proceeds (Sirbu et al., 2005). In the spinal cord, several studies have concluded that RA is
needed to establish dorsoventral patterning of neuroectoderm emerging from the primitive
streak (Del Corral et al., 2003; Novitch et al., 2003; Wilson et al., 2004; Molotkova et al.,
2005). RA is thus required, along with sonic hedgehog (SHH), for expression of Pax6 and
Olig2 that function to generate motor neurons in the ventral horns of the spinal cord.

RA also plays a role in patterning of mesodermal tissues emerging from the primitive streak.
RA is required to initiate forelimb budding in mouse (Niederreither et al., 2002b; Mic et al.,
2004) and zebrafish (Grandel et al., 2002). However, it is unclear what role RA signaling plays
in limb bud development as its originally-proposed role in anteroposterior patterning (Tickle
et al., 1982) has not been supported by other studies, which instead indicate that RA exists in
a proximodistal gradient in the limb bud (Mic et al., 2004; Yashiro et al., 2004). Thus, the
function of RA in limb bud initiation remains unclear, as do(es) the RA target gene(s)
controlling limb development. It is also known that a loss of RA affects another mesodermal
tissue, the somites, resulting in smaller somites compacted along the anteroposterior axis
(Niederreither et al., 1999). Recent studies indicate that RA is also involved in patterning of
somites as discussed below.

RA REGULATION OF THE SOMITOGENESIS CLOCK
Somitogenesis is the developmental process whereby trunk paraxial mesoderm exiting the
primitive streak is sequentially segmented along the anteroposterior axis into left and right
paired epithelial structures known as somites that later fuse to form vertebrae and skeletal
muscles. Bilateral symmetry is evident in the arrangement of somites, which form as two
symmetrical columns simultaneously on the left and right sides of the embryonic axis in a strict
temporal cycle known as the somitogenesis clock. In mouse, the somitogenesis clock results
in the formation of one new pair of somites approximately every 2 hr (Giudicelli and Lewis,
2004). Rhythmic somite formation has been proposed to rely on a “clock and wavefront”
mechanism, in which a molecular oscillator dependent upon Notch and Wnt signaling controls
rhythmic transcription of genes along the presomitic mesoderm (Pourquié 2003; Aulehla and
Herrmann, 2004). In this model, as presomitic mesodermal cells migrate anteriorly away from
the primitive streak (which is a source of Wnt ligands), they experience alternating cycles of
high Notch and low Wnt signaling followed by low Notch and high Wnt signaling.
Complementary cyclic expression of Notch signaling inhibitors (lunatic fringe; Lfng) and Wnt
signaling inhibitors (Axin2) further enhance alternating cycles of Notch and Wnt signaling to
generate the somitogenesis clock (Aulehla et al., 2003; Dale et al., 2003).

Recent studies demonstrated that a loss of RA leads to a loss of left–right bilateral symmetry
in mouse, chick, or zebrafish embryos, such that one side has fewer somites than the other
(Kawakami et al., 2005; Vermot et al., 2005; Vermot and Pourquié, 2005; Sirbu and Duester,
2006). The effect of a loss of RA on somite left–right patterning is depicted in Fig. 3. In contrast
to wild-type embryos, presomitic mesoderm in RA-deficient embryos displays left–right
asymmetric expression of Hes7 and Lfng required for Notch-dependent oscillator function
during somitogenesis (Kawakami et al., 2005; Vermot et al., 2005; Vermot and Pourquié,
2005). Thus, a loss of RA allows left–right asymmetry to occur in presomitic mesoderm, where
it normally does not occur. On the other hand, lateral plate mesoderm in Raldh2−/− mouse
embryos still maintains normal left–right asymmetry of key genes, including Nodal and
Pitx2 (Niederreither et al., 2001). Thus, RA acts as a buffer to prevent left–right asymmetry
from occurring in presomitic mesoderm, while not interfering with the normal process of left–
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right asymmetry that is needed in lateral plate mesoderm for heart tube looping, gut looping,
etc.

Further insight into the mechanism of RA action during somitogenesis came from the discovery
that RA generated by Raldh2 in the presomitic mesoderm acts in the adjacent neuroectoderm
and node ectoderm to ensure that left and right somite pairs form in synchrony (Sirbu and
Duester, 2006). This suggests that RA controls a signaling event that travels from
neuroectoderm (and node ectoderm) back to the presomitic mesoderm. As fibroblast growth
factor-8 (Fgf8) mRNA was found ectopically in the neuroectoderm and node ectoderm of
Raldh2−/− embryos rather than being limited to more posterior ectoderm (epiblast) adjacent to
the primitive streak, it was proposed that excessive FGF signaling from ectoderm to mesoderm
may be responsible for the somite defect (Sirbu and Duester, 2006). This hypothesis is
supported by two observations. First, the somite determination front normally occurs in
presomitic mesoderm just anterior to the Fgf8 expression domain in the primitive streak, and
perturbation of FGF signaling results in a shift in somite position along the anteroposterior axis
(Dubrulle et al., 2001); as a conditional knockout of Fgf8 in the late primitive streak does not
affect somitogenesis, other Fgf genes expressed in the primitive streak may also control the
somite determination front (Perantoni et al., 2005). Second, as Fgf8 sends a signal to the node
that is required for left–right asymmetry in the lateral plate mesoderm that is normally needed
for heart tube looping, etc. (Meyers and Martin, 1999), it is possible that excessive FGF8
signaling to the node during RA deficiency may result in left–right asymmetry occurring in
the presomitic mesoderm, where it should normally not occur (Fig. 4).

WHAT ARE THE RELEVANT TARGET TISSUES AND TARGET GENES
DURING RA SIGNALING?

There have been numerous reports of potential RA target genes that may be relevant for
development of various tissues, but many such genes may lack physiological relevance as they
were based upon studies in cell lines or animals treated with unphysiologically high doses of
RA (Balmer and Blomhoff, 2002). Indeed, many of these genes do not have recognizable
RAREs in their promoter/enhancer regions, and of those that do, only a fraction of these RAREs
are conserved among human, mouse, and rat homologous genes (Balmer and Blomhoff,
2005). A subset of Hox genes (genes on the 3′ ends of the Hox gene complexes) still represent
the most convincing examples of genes directly regulated by RA, based on their conserved
RAREs (Mainguy et al., 2003) as well as on their loss of expression in RA-deficient embryos
(Maden, 2002). With the aid of loss-of-function studies, identification of other genes that are
direct targets of RA signaling is still ongoing.

As RA is a secreted molecule, it is also essential to identify the tissues that are direct targets
of RA action, as bona fide RA target genes must be expressed within those target tissues. In
the various model systems used to study RA function, the mouse has been particularly useful
for examining the location of RA signaling due to the existence of the RARE-lacZ RA-reporter
transgene that marks tissues where transcriptional activity of RA is occurring, including the
earliest activity of RA during the late primitive streak stages (Rossant et al., 1991). Transfer
of RARE-lacZ into Raldh2−/− embryos has shown that this RA-reporter is indeed an accurate
indicator of RA activity, as all expression is lost during the primitive streak stages (Molotkova
et al., 2005; Sirbu and Duester, 2006). Also, those studies demonstrated that localized RA
activity can be restored to Raldh2−/− embryos following in utero treatment with a low dose of
RA; the RA dose used mimics the normal physiological level of RA previously measured in
midgestation mouse embryos (Mic et al., 2003). In contrast, treatment of wild-type and
Raldh2−/− embryos with a high dose of RA results in RARE-lacZ expression in all cells of the
embryo at the late primitive streak stage (Mic et al., 2002). Thus, studies of Raldh2−/− embryos
carrying RARE-lacZ can provide a more complete understanding of what tissues are RA target
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tissues at a particular time in development, what developmental processes RA affects, and what
genes RA regulates. This information is essential for determining the mechanism of RA action
during differentiation of progenitor cells during normal and disease states.

Through the use of Raldh2−/−embryos carrying RARE-lacZ, it has been demonstrated that a
low maternal dose of exogenous RA (sufficient to rescue developmental defects) induces RA-
reporter expression only in tissues adjacent to the normal sites of Raldh2 expression and not
in those tissues themselves; in such rescue experiments, RA-reporter expression is observed
in neuroectoderm and node ectoderm, but not in somites and presomitic mesoderm where
Raldh2 is expressed (Molotkova et al., 2005; Sirbu and Duester, 2006). Interestingly, the RA
target tissues marked by RARE-lacZ are the same tissues exhibiting ectopic Fgf8 expression
in unrescued Raldh2−/− embryos (Sirbu and Duester, 2006), thus further strengthening the
hypothesis that a loss of RA leads to deregulation of Fgf8 expression in the primitive streak.
A direct role for RA in Fgf8 gene regulation is supported by studies showing that the human
Fgf8 promoter contains a RARE (Brondani et al., 2002), and that this element is conserved in
human, mouse, and rat Fgf8 genes (Balmer and Blomhoff, 2005).

It is unclear how maternal RA treatment of Raldh2−/− embryos leads to localized expression
of RARE-lacZ in posterior neuroectoderm but not the adjacent posterior mesoderm. However,
it is possible that the low dose of RA is preferentially sequestered by CRABP2, which is known
to facilitate RA signaling (Noy, 2000). Crabp2 is expressed in neuroectoderm but not somitic
or presomitic mesoderm in primitive streak stage mouse embryos (Sirbu and Duester, 2006).
Also, within neuroectodermal target tissues RA activity is not distributed evenly, indicating
that there are mechanisms in play such as RA-degradation by Cyp26 that determine where RA
functions (Sirbu et al., 2005).

RA REGULATION OF FGF8 OCCURS ONLY DURING THE LATE PRIMITIVE
STREAK STAGE WHEN THE SOMITOGENESIS CLOCK INITIATES

Recent studies suggest that Fgf8 expression in the primitive streak may be a direct target of
RA repression, which prevents Fgf8 from being expressed in neuroectoderm and node
ectoderm lying just anterior to the epiblast ectoderm (Sirbu and Duester, 2006). Such Fgf8
overexpression may be responsible for inducing left–right asymmetry in somites. It was also
discovered that RA is required only during the late primitive streak stage (somites 1–6) to
ensure that all subsequent somite pairs develop in synchrony to generate bilateral symmetry
throughout somitogenesis (Sirbu and Duester, 2006). In those studies, it was found that the
expression domains of Raldh2 (the RA source in the presomitic mesoderm) and Fgf8 (the RA
target gene in the epiblast ectoderm) are initially located immediately adjacent to each other
along the anteroposterior axis when the first somite pairs are formed. However, by the six-
somite stage the Raldh2 expression domain (and RA activity) has shifted anteriorly, while the
Fgf8 expression domain remains fixed, leaving a gap between the two. Thus, RA is required
to set the anterior border of Fgf8 expression in the epiblast only during the late primitive streak
stage when the first few somites are formed. As Fgf8 expression exists in the epiblast and
subsequently in the tailbud until the end of somitogenesis (Crossley and Martin, 1995), RA
regulation of Fgf8 is required only when the somitogenesis clock is being initiated.

The role of RA may be considered to be that of a regulator, which prevents excessive Fgf8
signaling when the somitogenesis clock is initiating. During this time, the last stages of
gastrulation are still occurring and the node (which regulates left–right patterning in the lateral
plate mesoderm) is still present. As gastrulation (Sun et al., 1999) and left–right signaling
(Meyers and Martin, 1999) are exquisitely sensitive to Fgf8 signaling, RA is evidently needed
to limit the extent of Fgf8 signaling during this time. By the 10-somite stage, gastrulation has
ended, the node and primitive streak have regressed, and the posterior tissue of the embryo has
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become the tailbud (still expressing Fgf8). Somites that are generated from the tailbud after
gastrulation has ended may not be as sensitive to Fgf8 signaling as earlier somites.
Alternatively, the mechanism that limits Fgf8 signaling along the anteroposterior axis (now
the tailbud) no longer requires RA.

DEFICIENT RA SIGNALING MAY CAUSE SPINAL COLUMN BIRTH DEFECTS
The discovery that RA is required for synchronous left–right development of somites indicates
that RA is required to generate a bilaterally symmetrical spinal column (Kawakami et al.,
2005; Vermot et al., 2005; Vermot and Pourquié, 2005; Sirbu and Duester, 2006). RA-deficient
mouse embryos are unable to undergo axial turning to achieve the normal fetal position (Vermot
et al., 2005; Sirbu and Duester, 2006). Administration of RA maternally to RA-deficient mouse
embryos restores normal axial turning and normal spinal column development (Sirbu and
Duester, 2006). These studies thus provide evidence that a loss of RA synthesis during gestation
causes spinal column birth defects, but that normal development can be restored by supplying
an exogenous source of RA.

These findings have implications for understanding the etiology of human spinal column birth
defects. This may include birth defects such as scoliosis, an abnormal left–right bending of the
vertebral column (Kane, 1977). Idiopathic scoliosis (scoliosis of unknown cause) is the most
common type, accounting for 85% of all cases (Reamy and Slakey, 2001). Idiopathic scoliosis
is present in 2–4% of children, and about 4 out of 1000 children develop spinal curves large
enough to require treatment (Kane, 1977; Reamy and Slakey, 2001). Since scoliosis can run
in families, some cases may be the result of a genetic defect (Miller, 1999; Sturm et al.,
2001). Scoliosis may be caused by skeletal birth defects that result in hemivertebrae, whereby
the left or right side of a vertebra fails to develop normally before birth (McMaster and David,
1986). As most individuals with hemivertebra have additional congenital abnormalities
(cranial, cardiac, renal, intestinal, and skeletal) (Goldstein et al., 2005), the underlying defect
could be a reduction in RA signaling, which is known to be required for development of all
these tissues (Lohnes et al., 1994; Mendelsohn et al., 1994). Thus, either maternal vitamin A
deficiency during pregnancy or an embryonic defect in metabolism of vitamin A to RA might
be associated with increased risk of human vertebral defects.
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Figure 1.
RA synthesis pathway. Conversion of vitamin A (retinol) to retinoic acid (RA) requires two
sequential oxidation steps. First, retinol is oxidized to retinaldehyde by either alcohol
dehydrogenase (ADH) or short-chain dehydrogenase/reductase (SDR). Second, retinaldehyde
is oxidized to RA by retinaldehyde dehydrogenase (RALDH). Once synthesized, RA can
regulate transcription by serving as a ligand for nuclear RA receptors (RAR), or RA can be
further oxidized by P450 enzymes (CYP26) as part of a degradative pathway.
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Figure 2.
Control of RA signaling by retinoid-binding proteins. Retinol is carried in the bloodstream by
serum retinol-binding protein (RBP), which facilitates entry of retinol into cells via a specific
receptor. Upon entry, retinol binds cellular RBP (CRBP), which provides a sequestration
function. Free retinol is oxidized to RA, some of which can diffuse out of the cell and enter
nearby cells by passive diffusion facilitated by cellular RA-binding protein (CRABP), which
provides a sequestration function. CRABP can also facilitate transport of RA to the nucleus,
and upon dissociation from CRABP, RA can then bind the RA receptor (RAR). In the liganded
state, RAR, bound to DNA as a heterodimer with RXR, recruits coactivator proteins that
stimulate transcription. The DNA element to which RAR-RXR heterodimers bind is known
as a retinoic acid response element (RARE).
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Figure 3.
Disruption of somite left–right patterning in the absence of RA signaling. Depicted are embryos
at the eight-somite stage in which the wild-type embryo has eight pairs of somites whereas the
Raldh2−/− embryo has eight somites on the left side but only seven somites on the right. Thus,
a loss of RA synthesis results in a loss of left–right bilateral symmetry during somite generation;
plus, somites are smaller in size along the anteroposterior axis. RA is normally synthesized by
Raldh2 expressed in the somites and RA released by somitic mesoderm functions to limit the
anterior border of Fgf8 expression in ectodermal epiblast cells along the primitive streak (ps).
Somites form in mesoderm just anterior to the Fgf8 expression domain. A loss of RA signaling
results in an anterior advance of FGF8 signaling (advancing further on the right than on the
left), which may be responsible for both the smaller size of somites and a failure to generate
left–right somite pairs in synchrony.
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Figure 4.
Anterior advance of Fgf8 expression following a loss of RA signaling. Fgf8 expression is
normally confined to primitive streak (ps) tissues posterior to the node, a structure that plays
a role in gastrulation and left–right patterning of lateral plate mesoderm. RA is first generated
by Raldh2 expressed in the presomitic mesoderm (psm) during the late primitive streak stage,
when it is required to limit the border of Fgf8 expression to a position just posterior to the node
at the anterior end of the primitive streak. A loss of RA allows Fgf8 expression to enter the
node and adjacent neuroectoderm (ne), which may lead to excessive FGF8 signaling to
mesoderm. Excessive FGF8 signaling in the presomitic mesoderm could result in less cells
condensing to form each somite (smaller somites), and excessive FGF8 signaling in the node
could impart left–right asymmetry on presomitic mesoderm, which normally does not exhibit
such asymmetry.
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TABLE 1
Retinaldehyde Dehydrogenases

Common name Official name Other names Orthologs identified in the following
organisms

RALDH1 ALDH1A1 ALDH1, AHD2 human, mouse, rat, chick, frog
RALDH2 ALDH1A2 human, mouse, rat, chick, frog, zebrafish,

ascidian
RALDH3 ALDH1A3 ALDH6 human, mouse, chick, frog
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