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Two isomers of retinoic acid (RA) may be necessary as ligands for
retinoid signaling: all-trans-RA for RA receptors (RARs) and 9-cis-RA
for retinoid X receptors (RXRs). This was explored by using reti-
naldehyde dehydrogenase (Raldh)2-/— mouse embryos lacking
mesodermal RA synthesis that display early growth arrest unless
rescued by all-trans-RA administration. Because isomerization of
all-trans-RA to 9-cis-RA can occur, itis unclear whether both ligands
are needed for rescue. We show here that an RAR-specific ligand
can rescue Raldh2-/— embryos as efficiently as all-trans-RA,
whereas an RXR-specific ligand has no effect. Further, whereas
all-trans-RA was detected in embryos, 9-cis-RA was undetectable
unless a supraphysiological dose of all-trans-RA was administered,
revealing that 9-cis-RA is of pharmacological but not physiological
significance. Because 9-cis-RA is undetectable and unnecessary for
Raldh2—'~ rescue, and others have shown that 4-oxo-RA is unnec-
essary for mouse development, all-trans-RA emerges as the only
ligand clearly necessary for retinoid receptor signaling.

he question of whether physiological retinoid signaling re-

quires binding of 9-cis-retinoic acid (RA) to retinoid X
receptors (RXRs) in addition to binding of all-frans-RA to RA
receptors (RARs) has not been resolved (1). The initial discov-
ery that RXR activates transcription in cell lines after the
addition of high levels of all-frans-RA (2), whereas RAR re-
sponds to low levels of all-trans-RA (3, 4), led to the proposal
that a second pathway of retinoid action exists. Later, 9-cis-RA
was identified as a ligand for RXR (5-7), and isomerization of
all-trans-R A to 9-cis-RA was demonstrated (8), thus explaining
RXR activation with pharmacological doses of all-trans-RA.
Although RAR/RXR heterodimers were shown to transmit the
retinoid signal (9-12), it was found that 9-cis-R A could stimulate
formation of active RXR homodimers (13), suggesting two
mechanisms to transmit a retinoid signal. It was also reported
that endogenous 9-cis-R A exists in normal mouse tissues, lead-
ing to the hypothesis that 9-cis-RA is needed physiologically as
an RXR ligand (6). However, RXR forms heterodimers not only
with RAR but with other ligand-dependent members of the
nuclear receptor family including thyroid hormone and vitamin
D receptors (9-12), which demonstrates that the role of RXR is
not limited to retinoid signaling and complicates the issue of how
the RXR ligand 9-cis-RA might function. Even though a tar-
geted mutation of the RXRa AF-2 ligand-binding domain shows
that this protein domain is important for mouse development
(14), there is no evidence that AF-2 needs to bind 9-cis-RA to
perform its function. Also, although all-frans-RA is easily de-
tectable in many mammalian tissues (15-18), detection of 9-cis-
RA as originally reported (6) has not been confirmed. Never-
theless, in vitro studies pursuing the mechanism of retinoid
signaling suggest that transcriptional activation by RXR ho-
modimers depends on 9-cis-RA (13), and that RAR/RXR
heterodimers may in some contexts depend solely on binding of
all-trans-R A to the RAR partner, so-called RXR subordination
(19); but in other contexts RXR subordination is overcome, and
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binding of 9-cis-RA to RXR is involved in the transcriptional
mechanism (20).

We now examine whether 9-cis-RA plays a physiologically
relevant role in retinoid signaling. Biochemical studies indicate
that both isomers of RA can be generated in vitro from vitamin
A (retinol) by cytosolic alcohol dehydrogenases (21) and micro-
somal short-chain dehydrogenases (22, 23), which each catalyze
oxidation of all-trans-retinol and 9-cis-retinol to the correspond-
ing retinaldehyde derivatives, followed by cytosolic retinalde-
hyde dehydrogenase (Raldh), which catalyzes further oxidation
of both all-trans-retinaldehyde and 9-cis-retinaldehyde to pro-
duce all-trans-RA or 9-cis-RA (24, 25). Mouse genetic studies
support a role in RA synthesis for alcohol dehydrogenase genes
Adhl, Adh3, and Adh4 (26, 27) as well as Raldh genes Raldh2
(Aldhla2) (28, 29) and Raldhl (Aldhlal) (30). Thus, 9-cis-RA
can potentially be synthesized by presently known enzymes, or it
can be derived from isomerization of all-trans-RA (8). To
determine whether 9-cis-R A binding to RXR is needed in vivo
during mouse embryonic development we have examined mice
deficient in RA synthesis. Null mutations of Raldh2 have dem-
onstrated that RA is essential for mouse development, because
Raldh2~'~ embryos lack mesodermal RA (both all-trans-R A and
9-cis-RA) and fail to develop beyond embryonic day (E)8.5 (28,
29). Here we examine the relative ability of all-trans-R A, 9-cis-
RA, and receptor-specific synthetic retinoids to rescue the
Raldh2~'~ embryonic lethal phenotype. Our findings provide
evidence that 9-cis-RA is not required for physiological retinoid
signaling.

Materials and Methods

Generation and Analysis of Retinoid-Rescued Embryos. All-trans-R A
and 9-cis-RA were purchased from Sigma. Heteroarotinoids
SHet100, OHet72, and SHetA2 were obtained from K. Darrell
Berlin (Oklahoma State University, Stillwater) and synthesized
according to published methods (31-33). Generation of
Raldh2~'~ embryos (from matings of heterozygous parents) and
treatment with retinoids and heteroarotinoids were performed
as described for all-trans-RA, which eliminates the block in
growth at E8.5 observed in untreated mutants (29). Briefly,
retinoids were dissolved in corn oil and administered orally to
timed-pregnant Raldh2~'" mice at 12-h intervals on E7.25,
E7.75, and E8.25. Dosages varied from 0.025 to 25 mg/kg. At
E10.25, embryos were analyzed morphologically to determine
whether Raldh2~/~ embryos were rescued or whether wild-type
embryos had suffered teratogenesis.

Detection of embryonic RA was performed iz situ in embryos
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Fig. 1.

Structures and receptor specificities of heteroarotinoids. Heteroarotinoids are a class of retinoids that exhibit decreased toxicity in animal models due

to the insertion of a heteroatom in the cyclic ring of the arotinoid structure. Specific structural alterations of the heteroarotinoid structure have been shown
to alter the receptor specificities of the compounds. The synthesis and receptor specificity of each heteroarotinoid indicated here was described previously as
follows. SHet100 (previously compound 18; ref. 31) activates all RARs in the nanomolar range but does not activate RXRs up to 10 uM. OHet72 (previously
compound 6; ref. 32) activates RXRs in the nanomolar range but is inactive with RARs up to 10 uM. SHetA2 does not activate either RARs or RXRs (33).

carrying the RARE-lacZ RA-reporter gene by staining for
B-galactosidase activity for 10 h (34).

Quantitation of RA in Embryos, Placentas, and Serum. A/l-frans-RA
and 9-cis-RA were quantitated by HPLC analysis of embryos,
placentas, and maternal serum from untreated or retinoid-
treated pregnant mice. For pregnant mice treated by oral gavage,
all-trans-R A or 9-cis-R A were dissolved in corn oil, a single dose
was administered on E10.5 ranging from 2.5 to 50 mg/kg, and
tissues were collected 2 h after administration (or 1 h where
indicated). For dietary RA treatment, all-trans-RA was dis-
solved in corn oil and mixed with powdered food at 0.1 mg/g of
food for treatment on E7.5 and at 0.25 mg/g of food for treatment
on E8.5-E10.5 as described (35), and tissues were collected at
E10.5.

For each wild-type pregnant mouse examined, three samples
were prepared at stage E10.5: (i) all embryos were pooled
(=8-10); (if) all placentas were pooled (~8-10); and (iif) 0.2 ml
of maternal serum was collected.

All extraction and analytical procedures were carried out in a
darkened room to protect the retinoids from exposure to light.
Serum (0.2 ml) was mixed with 0.2 ml of 0.25 M ammonium
acetate (pH 4.0) and 0.6 ml of acetonitrile. Embryo and placenta
samples (0.1-0.2 g) were mixed with 0.3 ml of 0.25 M ammonium
acetate (pH 4.0) and 0.6 ml of acetonitrile and homogenized on
ice. After centrifugation (10,000 X g for 10 min at 4°C) the
supernatant was transferred to a new tube, and 0.4 ml of water
was added. The resulting mixture was loaded onto a precolumn
(Pelliguard LC-18; Supelco) and then into the analytical column
as follows. Reversed-phase HPLC analysis was performed on a
Waters 2695 HPLC system by using a SUPLEX pkB-100 ana-
lytical column (250 X 4.6 mm) (Supelco) at a flow rate of 1
ml/min and column temperature of 35°C. Mobile phase consisted
of 2% ammonium acetate/glacial acetic acid/acetonitrile/
methanol (16:3:79:2). Detection of retinoids was performed by
using a photodiode array detector (Waters model 2996), which
collected spectra between 200 and 450 nM. Standard solutions
of retinoids (all-trans-retinol, 9-cis-RA, and all-trans-RA) were
used to obtain the calibration curves. Characteristic peak spectra
and retention times were used to identify each retinoid, and peak
areas at Amax used for quantitation were calculated by using
MILLENNIUM CHROMATOGRAPHY MANAGER software (Waters).

Quantitation of RA in Adult Liver. Mouse liver (1.0 g) was homog-
enized in 2 ml of PBS (0.01 M, pH 7.4), and then 3 ml of
methanol was added and mixed by vortex. This mixture was
extracted twice with 5 ml of hexane. Hexane layers were col-
lected, combined, and evaporated under vacuum. The residue
was dissolved in 0.15 ml of mobile phase, and 0.1 ml was analyzed
by using the HPLC/photodiode array detector as described above
(without precolumn) to identify and quantitate all-trans-R A and
9-cis-RA.
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Results

RAR-Specific Ligand Rescues Raldh2-/~ Lethality. We have shown
previously that Raldh2~/~ embryos are efficiently rescued to
stage E10.5 by limited maternal treatment on E7.25-8.25 with
2.5 mg/kg all-trans-RA (29). However, if some all-trans-R A has
been isomerized to 9-cis-RA (8), rescue may depend on binding
of retinoid ligands to both RAR and RXR. Here we compared
the rescue efficiency of Raldh2~/~ embryos treated maternally
with all-trans-RA, 9-cis-RA, and three synthetic heteroarotin-
oids that differ in their abilities to bind and transactivate RARs
or RXR; i.e., SHet100, which is RAR-specific (31), OHet72,
which is RXR-specific (32), and SHetA2, which binds neither
RAR nor RXR (33) (Fig. 1). Embryos also carried the RARE-
lacZ transgene (34), which allowed in situ detection of either
all-trans-RA or 9-cis-RA, both of which induce the transgene.
The results of embryos examined at E10.25 after the various
treatments are summarized in Table 1. Whereas Raldh2~/~
embryos from untreated mice have failed to undergo axial
rotation and suffer a massive growth defect (Fig. 2 4 and B),
those treated with 2.5 mg/kg all-trans-RA appear relatively
normal in size and morphology with the exception of growth-
retarded forelimb buds (Fig. 2 C and D) as reported (29).
Treatment with 2.5 mg/kg 9-cis-RA resulted in a partial rescue
with Raldh2~/~ embryos undergoing axial turning, but growth
was restricted severely compared with wild-type (Fig. 2 E and F).
However, treatment with 10 mg/kg 9-cis-RA resulted in the
typical rescue phenotype observed with all-trans-RA, complete
with the same RARE-lacZ expression phenotype (Fig. 2 G and
H). It was expected that 9-cis-RA would perform the rescue
because of its ability to activate RARs as well as RXRs (5-7).
However, it seems that rescue with 9-cis-R A requires an ~4-fold
higher dose than rescue with all-trans-RA (Table 1).

The above findings do not reveal whether binding of 9-cis-RA
to both RAR and RXR is needed for the rescue. Interestingly,
treatment with 0.5 mg/kg R AR-specific SHet100 also resulted in
the typical rescue phenotype observed with all-trans-R A plus the
same RARE-lacZ expression phenotype (Fig. 2 I and J). Treat-
ment with 0.25 mg/kg SHet100 resulted in a partial rescue of
Raldh2~'~ embryos, similar to that observed with 2.5 mg/kg
9-cis-RA, and 2.5 mg/kg SHet100 was teratogenic for all embryos
in a litter (Table 1). Treatment with 2.5 mg/kg of either RXR-
specific OHet72 (Fig. 2 K and L) or non-receptor-binding
SHetA2 (Table 1) resulted in no rescue, with Raldh2~/~ embryos
developing the same as untreated embryos and having the
RARE-lacZ expression pattern typical of nonrescued mutants.
Increasing the dosage of OHet72 and SHetA2 to 10 or 25 mg/kg
also resulted in no rescue, and no teratogenesis was observed in
litters treated with OHet72 or SHetA?2 at any dosage (Table 1).

Our results indicate that an RAR-specific ligand can provide
the same rescue phenotype as all-trans-RA, whereas an RXR-
specific ligand cannot provide any degree of rescue. These
findings provide evidence that binding of 9-cis-R A to RXR is not
required for rescue. Also, it can be concluded that all-trans-RA
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Table 1. Rescue of E10.25 Raldh2—/~ embryos by various retinoids

Dose, Total no. No. of No. of No. of
Retinoid mg/kg of embryos +/+or—/+ —/—unrescued —/—rescued Teratogenesis*
All-trans-RA 1.0 19 12 7 0 0
All-trans-RA 2.5 41 27 1 13 0
9-cis-RA 2.5 30 20 8 2 (partial) 0
9-cis-RA 10 30 23 1 6 0
SHet100 0.025 1 9 2 0 0
SHet100 0.25 10 8 0 2 (partial) 0
SHet100 0.5 20 13 1 6 0
SHet100 2.5 11 — — — 11
OHet72 2.5 8 4 4 0 0
OHet72 10 19 16 3 0 0
OHet72 25 17 12 5 0 0
SHetA2 2.5 8 7 1 0 0
SHetA2 10 18 13 5 0 0
SHetA2 25 7 6 1 0 0

Embryos indicated as +/+ (wild-type) or —/+ (Raldh2-heterozygous) were normal in appearance with
RARE-lacZ expression throughout trunk mesoderm, whereas —/— (Raldh2-homozygous) unrescued embryos
were much smaller and failed to undergo axial rotation, and —/— rescued embryos were normal in size but with
growth-retarded forelimb buds and no RARE-lacZ expression in somites or lateral plate mesoderm.
*Teratogenesis was reported as positive after observation of an obvious growth defect or malformation in +/+

—/+ embryos. In the single instance where teratogenesis is indicated, all embryos in that litter failed to
undergo axial rotation and were stalled between stages E8.5 and E9.0.

does not need to be isomerized to 9-cis-R A in order to rescue the
Raldh2~'~ phenotype.

ranging from 14 to 18 nM plus ECsy values for 9-cis-RA
transactivation ranging from 7 to 20 nM (7), our finding of a
value <0.7 nM for 9-cis-RA indicates that there is no evidence

Is 9-cis-RA Normally Present in Embryos at a Concentration High
Enough to Transactivate RXRs? We performed HPLC analysis of
pooled E10.5 wild-type mouse embryos and observed a clear
peak of all-trans-RA (7.5 £ 1.3 ng/g, or 25 pmol/g ~ 25 nM), but
no detectable 9-cis-RA (detection limit of 0.2 ng/g, or 0.7
pmol/g =~ 0.7 nM) (Fig. 3 A and B; also see Table 2, untreated
mice). Because RXRs exhibit binding constants for 9-cis-RA

un- un- |8
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that 9-cis-RA is present in embryos at a concentration high
enough to regulate RXR. Other studies that have detected
all-trans-R A in mouse embryos have also mentioned that 9-cis-
RA is undetectable (15, 17). Whereas it remains possible that a
small population of cells in the embryo may contain sufficient
9-cis-RA to activate RXR, no evidence for this has been
reported.

9cRA
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Fig. 2. Efficiency of Raldh2~/~ embryonic rescue with natural and synthetic retinoids. E10.5 wild-type (WT) and Raldh2~/~ embryos are shown from pregnant

DEVELOPMENTAL
BIOLOGY

mice that were untreated (A and B) or treated on E7.25-8.25 with 2.5 mg/kg all-trans-RA (atRA, C and D), 2.5 mg/kg 9-cis-RA (9cRA, E and F), 10 mg/kg 9-cis-RA
(G and H), 0.5 mg/kg RAR-specific SHet100 (/ and J), and 2.5 mg/kg RXR-specific OHet72 (K and L). Also, the extent of RARE-lacZ transgene expression is compared
for each embryo as an indicator of where retinoid signaling is occurring. It can be seen that treatment with 2.5 mg/kg all-trans-RA, 10 mg/kg 9-cis-RA, and 0.5
mg/kg SHet100 results in a very similar rescued phenotype. However, it should be stressed that, whereas rescued Raldh2~/~ embryos appear grossly normal,
forelimb outgrowth is severely retarded (see D, H, and J), and other developmental abnormalities such as those reported for rhombomere segmentation (43)
and cardiac development (44) may still exist.
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Fig. 3. Detection of all-trans-RA and 9-cis-RA in E10.5 wild-type and

Raldh2~'~ embryos. HPLC chromatograms at 355 nm show the characteristic
retention times for 1 ng each of all-trans-retinol (peak 1), 9-cis-RA (peak 2),
and all-trans-RA (peak 3) (A) as well as detection of these retinoids in 10
pooled wild-type embryos untreated (B); 9 pooled wild-type embryos (C) and
9 pooled Raldh2~/= embryos (D) collected on E10.5 from four litters of mice
subjected only to the RA-rescue protocol (three doses of all-trans-RA from
E7.25-8.25); and 10 pooled wild-type embryos (E) and 10 pooled Raldh2~/~
embryos (F) collected on E10.5 from four litters of mice subjected to the
RA-rescue protocol, then administered 10 mg/kg 9-cis-RA on E10.5 2 h before
collection.

RA Levels in Rescued Raldh2—'- Embryos. We next determined the
effect of the RA rescue treatment (three maternal doses of 2.5
mg/kg all-trans-RA on E7.25-8.25) on RA levels ~2 days later
in wild-type and Raldh2~/~ E10.5 embryos. Because only two to
three Raldh2~'~ embryos are obtained per litter, mutants from
four litters were pooled to obtain sufficient material for analysis.
Under rescue conditions, E10.5 wild-type embryos had nearly
the same values for all-frans-RA (=~6.9 ng/g) as untreated
wild-type embryos (=7.5 ng/g), but 9-cis-R A was undetectable in
both cases (<0.2 ng/g) (Fig. 3 B and C). This indicates that the
all-trans-RA administered between E7.25 and E8.25 had been
totally cleared after 2 days. Rescued E10.5 Raldh2~/~ embryos
had much lower all-trans-RA (=1.5 ng/g) than wild-type litter-

mates and no detection of 9-cis-R A (Fig. 3D). This indicates that
Raldh2 accounts for ~80% of the RA synthesis at E10.5, with
the remaining 20% evidently synthesized by other enzymes. A
comparison of these findings with the corresponding RARE-lacZ
data (Fig. 2 C and D) shows that rescued E10.5 Raldh2~/~
embryos have much less RARE-lacZ detection in the trunk than
wild-type embryos due to a lack of Raldh2 expression in meso-
derm (29), which thus is consistent with the lower all-frans-RA
value detected by HPLC. The RARE-lacZ expression still de-
tected in E10.5 rescued Raldh2~/~ embryos is due to other
RA-synthesizing genes including Raldhl (Aldhlal) and Raldh3
(Aldhla3) expressed in eye and olfactory pit plus an additional
activity in the neural tube and heart (29).

Although administration of all-trans-R A by oral gavage from
E7.25-8.25 is quite effective in rescuing Raldh2~/~ embryonic
development to E10.5 (29), forelimb bud development is not
rescued even if treatments are extended to E10.25 when forelimb
buds should be growing (28, 29). However, forelimb bud devel-
opment can be rescued if all-trans-RA is administered contin-
uously in the maternal diet from E7.5 to E10.5 (35). We
examined tissues in wild-type mice at E10.5 after such dietary
RA treatment (Table 2). Under these conditions all-trans-RA in
wild-type embryos (9.3 ng/g) was slightly increased relative to
controls (7.5 ng/g), and all-trans-RA was now detectable in
placenta and maternal serum, whereas it was undetectable in
controls. 9-cis-R A was undetectable in embryos, placentas, and
maternal serum. Thus, the more complete rescue of Raldh2~/~
embryos previously observed by dietary RA treatment (35) does
not depend on production of 9-cis-RA; it is more likely due to
the continuous nature of this treatment being a superior delivery
method for all-frans-R A, because it gives rise to a stable mod-
erate increase in systemic all-trans-R A, whereas punctuated oral
gavages result in wide fluctuations in the level of all-trans-RA.

Because 9-cis-RA was undetectable in E10.5 wild-type or
rescued mutant embryos, we examined embryos subjected to the
maternal rescue protocol on E7.25-8.25, followed by maternal
treatment on E10.5 with 10 mg/kg 9-cis-R A 2 h before collection
to determine whether 9-cis-R A gained access to embryos. Under
these conditions 9-cis-R A was observed in wild-type (=~1.3 ng/g)
and Raldh27'~ (=~3.0 ng/g) embryos (Fig. 3 E and F). All-
trans-RA was essentially unchanged in wild-type 9-cis-RA-
treated embryos (~7.2 ng/g) compared with those not treated
with 9-cis-RA (~6.9 ng/g) (Fig. 3 C and E), but all-trans-R A was
significantly increased in Raldh2~/~ 9-cis-R A-treated embryos
(=~4.1 ng/g) compared with those not treated with 9-cis-RA
(=1.5 ng/g) (Fig. 3 D and F). Thus, administered 9-cis-RA can
gain access to embryos and remain intact, plus it can increase the
level of all-trans-RA in Raldh2~'~ embryos, possibly through
isomerization (8). As to why an increase of all-trans-RA was
observed in 9-cis-RA-treated mutants but not wild type, it is
possible that an upper limit of all-trans-R A may be set by the rate
of all-trans-RA degradation to oxidized derivatives (36).

Table 2. Quantitation of all-trans-RA and 9-cis-RA in wild-type E10.5 embryos, placenta, and maternal serum of untreated or

retinoid-treated mice

Embryo, ng/g

Placenta, ng/g Maternal serum, ng/ml

Treatment All-trans-RA 9-cis-RA All-trans-RA 9-cis-RA All-trans-RA 9-cis-RA
None 75+13 ND ND ND ND ND
All-trans-RA (2.5 mg/kg) 53.2 £57 ND 542 =54 ND 30.0 £ 5.6 ND
All-trans-RA (10 mg/kg) 376.7 + 86.4 3.8+0.3 432.7 = 125.0 7.0 £0.6 371.7 £ 11.7 33+0.7
All-trans-RA (50 mg/kg) 2,213 + 374 14.7 = 0.9 3,247 + 1,009 55.1 + 20.2 4,004 + 822 27.6 = 5.7
All-trans-RA (diet) 9.3+0.6 ND 36*+1.8 ND 1.8 0.8 ND
9-cis-RA (10 mg/kg), 1 h 122+ 0.4 7.8 + 4.6 57 +1.3 11.2 +0.2 40+ 1.9 13.1 £ 0.5
9-cis-RA (10 mg/kg), 2 h 8.1+1.0 14 +0.7 4.0+ 0.8 10.2 = 3.3 ND 10.2 = 3.3
Values are mean = SE (n = 3 litters). ND, not detectable (<0.2 ng/g).
7138 | www.pnas.org/cgi/doi/10.1073/pnas.1231422100 Mic et al.



9-cis-RA Is Undetectable in Mouse Liver. The original study report-
ing that 9-cis-R A is present endogenously in adult mouse liver at
4 ng/g (6) was a crucial factor leading to the current hypotheses
proposing that 9-cis-RA could have a physiological function in
retinoid signaling through binding to RXR (13, 20). We also
examined retinoids in adult mouse liver by HPLC and detected
all-trans-RA at 1.5 = 0.2 ng/g (n = 6), but 9-cis-RA was
undetectable in all samples analyzed (<0.2 ng/g detection limit;
n = 6). A previous study also failed to detect 9-cis-RA in adult
rat liver but detected all-trans-RA (3.4 = 1.4 ng/g) (16). Our
findings thus compare favorably with the studies on rat liver,
suggesting that the original study that detected 9-cis-RA in
mouse liver is in error (6). Also, the previous study of rat adult
tissues indicated that 9-cis-RA is undetectable in liver, brain,
kidney, fat, seminal vesicle, spleen, epididymis, pancreas, testis,
and plasma, whereas all-trans-RA was detected in all these
tissues ranging from 0.5 to 8.8 ng/g (16). A further study that
followed RA production in adult rats after a physiological dose
of radioactively labeled all-trans-retinol found significant syn-
thesis of all-trans-RA in various tissues but no synthesis of
9-cis-RA (18). Thus, we conclude that there is no evidence that
9-cis-RA is present in mammalian embryos or adult tissues at a
concentration high enough to regulate RXR activity.

Detection of 9-cis-RA Under Pharmacological Conditions. We next
asked to what extent maternal oral treatment with increasing
doses of all-trans-RA resulted in transport of all-trans-RA to
embryos, placentas, and maternal serum examined 2 h after
treatment and whether this treatment could generate 9-cis-RA
in these tissues (Table 2). After treatment of pregnant wild-type
mice on E10.5 with 2.5 mg/kg all-trans-RA, the level of all-
trans-R A observed 2 h later in embryos was increased 7-fold (53
ng/g) compared with untreated controls, and all-trans-RA was
now detectable in maternal serum (30 ng/g) and placenta (54
ng/g), whereas without treatment it was undetectable in both
these tissues. 9-cis-RA remained undetectable in all tissues
examined after treatment with 2.5 mg/kg all-trans-R A. However,
treatment with 10 mg/kg all-trans-R A did result in detection of
9-cis-R A in embryos (3.8 ng/g), placentas (7 ng/g), and maternal
serum (3.3 ng/g) at ~1% the value of all-trans-RA, which was
increased greatly in all these tissues. Treatment with 50 mg/kg
all-trans-R A further increased the levels of both 9-cis-RA and
all-trans-RA in embryos, placentas, and maternal serum with
9-cis-R A still present at a level ~1% that of all-trans-RA (Table
2). These results clearly show that 9-cis-RA is not a significant
retinoid ligand under normal physiological conditions, but
that under pharmacological conditions it can appear and be
measured.

Because placental transfer of 9-cis-RA is reportedly less than
that of all-trans-RA and is affected by high turnover including
conversion to all-trans-RA (37), we examined tissues at 1 or 2 h
after treatment with 9-cis-RA (Table 2). Treatment of pregnant
wild-type mice on E10.5 with 10 mg/kg 9-cis-RA resulted in
detection of higher levels of embryonic 9-cis-RA at 1 h (7.8 ng/g)
compared with 2 h (1.4 ng/g) and higher levels of 9-cis-RA in
placenta and maternal serum at 1 h compared with 2 h. However,
the amount of placental transfer of 9-cis-RA to embryos is only
~2% the amount of placental transfer of all-trans-RA to em-
bryos after treatment with a comparable 10 mg/kg dose of
all-trans-RA (Table 2). Further, with 9-cis-RA treatment the
amount of embryonic all-trans-RA was increased at 1 h (12.2
ng/g) but was nearly back to control levels at 2 h (8.1 ng/g). Also,
all-trans-R A normally was undetectable in placenta and mater-
nal serum, but treatment with 10 mg/kg 9-cis-RA resulted in
all-trans-R A now being detectable in placenta at 1 h (5.7 ng/g)
and 2 h (4 ng/g), plus in maternal serum at 1 h (4.0 ng/g) but not
2 h. These findings provide evidence that maternal 9-cis-RA can
gain access to embryos, although less efficiently than all-trans-
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RA, and can be converted to all-trans-R A in some tissues leading
to increased all-trans-R A in embryos. This observation explains
the ability of 9-cis-R A to perform rescue of Raldh2~/~ embryos
as either 9-cis-R A or all-trans-R A produced from it can activate
RARs with equally high affinity (7). The lower placental transfer
or higher turnover of 9-cis-RA relative to all-trans-RA is con-
sistent with our observation that rescue of Raldh2~/~ embryos
requires higher doses of 9-cis-RA than all-trans-RA (Table 1).

Discussion

Whereas current hypotheses on the mechanism of retinoid
signaling emphasize the importance of 9-cis-R A binding to RXR
(5,6,13,19,20), our demonstration that 9-cis-RA is unnecessary
for rescue of Raldh2~/~ embryos provides good reason to doubt
the importance of 9-cis-RA. The studies we report here indicate
that a synthetic retinoid ligand able to bind RARs but not RXRs
is sufficient to correct the deficiency in RA synthesis created by
mutation of Raldh2, a deficiency that is widespread throughout
the embryo as indicated by our HPLC studies showing that
Raldh? is responsible for 80% of the RA detectable in E10.5
embryos. Analysis of nonrescued and conditionally rescued
Raldh2~'~ embryos carrying the RARE-lacZ reporter (which
detects the presence of both all-frans-RA and 9-cis-RA) shows
that Raldh2 is responsible for all RA synthesis in several
embryonic tissues, i.e., paraxial mesoderm, somitic mesoderm,
lateral plate mesoderm, forelimb buds, dorsal spinal cord, fore-
gut, maxillary process, and allantois (29). Thus, one cannot argue
that there is another enzyme in these tissues producing 9-cis-RA
and that the defect of Raldh2~'~ embryos is limited to synthesis
of all-trans-RA. Also, although Raldh2 itself can potentially
catalyze synthesis of both all-trans-RA and 9-cis-RA (24), we
have demonstrated that 9-cis-RA is not normally detectable in
wild-type embryos or rescued Raldh2~/~ embryos, thus it is not
present in the nanomolar range necessary to activate RXRs (7).
This absence may be due to a lack of 9-cis-retinoid substrates, a
low amount of isomerization (we demonstrate only 1% here), or
a high turnover rate as demonstrated here. Although our
Raldh2~/'~ rescue studies address only the early stage of mouse
embryogenesis, the inability of this laboratory and others to
detect 9-cis-RA in normal tissues at any developmental stage
should nullify the hypothesis that 9-cis-RA has a physiological
function. Unless future studies demonstrate that 9-cis-RA nor-
mally exists in some tissue at a concentration high enough to
regulate RXR and is needed in that tissue for a physiological
process, there is no reason to believe that it plays anything other
than a pharmacological role.

What is the function of the RXR ligand-binding domain if it
does not bind 9-cis-RA? Deletion of the RXRa ligand-binding
domain (AF-2) is lethal during mouse development (14), sug-
gesting that it plays an important role. The RXR AF-2 domain
may bind the nonretinoid RXR ligand docosahexenoic acid
found in adult brain (38), although it has not been demonstrated
whether docosahexenoic acid is needed for retinoid signaling or
any other nonretinoid signaling pathway in which RXR may be
involved. On the other hand, it has been pointed out that the
importance of the AF-2 domain for RXR function may be
independent of ligand binding, because this domain may be a site
of posttranslational modification such as phosphorylation (14).
With this in mind, a binary reporter assay that detected RXR
activity in mouse embryonic spinal cord may not have detected
a tissue containing an RXR ligand as hypothesized (39) but
rather a tissue in which RXR modification occurs. RXR is
unique among all the nuclear receptors in that it interacts as a
heterodimer partner for a diverse array of other nuclear recep-
tors including RAR (40). Because many of these nuclear recep-
tors have ligands, one might suspect that RXR functions ligand-
independently so as not to alter the ligand specificity of the
heterodimer complexes it forms (thus not placing them under
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control of retinoid signaling), and in fact RXR subordination has
been observed experimentally (19). However, in the case of
RAR/RXR heterodimers, the ligand for both partners would be
a retinoid if RXR binds 9-cis-RA. With this in mind, in vitro
studies suggest that in some cell types containing certain types
of corepressors and coactivators, transcription may be synergis-
tically activated when RAR/RXR heterodimers bind 9-cis-RA to
the RXR partner as well as all-trans-RA to the RAR partner
(20). Also, it has been suggested that RXR homodimers acti-
vated by 9-cis-RA might have a function in retinoid signaling
(13). Our data suggest that 9-cis-RA does not perform these
functions under normal physiological conditions, at least not in
the numerous embryonic tissues in which Raldh2 is the sole
enzyme producing RA. Also, although one could argue that
Raldh2~/~ rescue may still depend on binding of a nonretinoid
ligand to RXR in addition to binding of all-frans-RA to RAR,
there is no evidence that such a ligand exists in mouse embryos.
Thus, RXR may possess a vestigial retinoid-binding domain that
does not provide physiological retinoid function, because 9-cis-
RA is normally not present in a sufficient amount. In this case,
RXR may function solely as a scaffold that correctly positions
RAR and transcriptional coregulators.

9-cis-RA is interesting from a pharmacological perspective
exactly because it can generate active RXR homodimers when
provided at supraphysiological levels (13) and affect the activity
of other nuclear receptors with which it forms heterodimers (19,
20). This capability has led to the development of synthetic
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rexinoid ligands specific for various RXRs (32, 41) and related
compounds that bind neither RARs nor RXRs (33), which may
be of therapeutic use against cancer or other diseases because of
their higher specificity for certain targets leading to improved
therapeutic ratios (efficacy/toxicity). In our studies, the inability
of RXR-specific OHet72 and receptor-independent SHetA?2 to
rescue the Raldh2~/~ phenotype and their lack of teratogenicity
compared with RAR-specific SHet100 (Table 1) suggests that
heteroarotinoids that do not activate RARs may not be terato-
genic when administered to humans. The potential long-term
administration of these compounds as cancer-chemoprevention
agents warrants that they should not induce significant toxicity
or teratogenicity. Thus, 9-cis-RA and its derivatives are clearly
of pharmacological interest, but our findings indicate that it is
incorrect to refer to 9-cis-R A as a physiological ligand for RXR.
Also, whereas oxidative derivatives of RA such as 4-oxo-RA
were originally thought to function as RAR ligands (42), recent
findings have demonstrated that they are not required for
physiological retinoid signaling (36). In conclusion, there is no
evidence that the physiological mechanism of retinoid signaling
involves anything other than all-trans-RA as the ligand. This
knowledge will help direct future studies on the mechanism of
retinoid action in target tissues.
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