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ABSTRACT: 9-cis-Retinoic acid activates retinoidX receptors, which serve as heterodimeric partners with
other nuclear hormone receptors, yet the enzymology of its physiological generation remains unclear.
Here, we report the identification and molecular/enzymatic characterization of a previously unknown
member of the short-chain dehydrogenase/reductase family, CRAD3 (cis-retinoid/androgen dehydrogenase,
type 3), which catalyzes the first step in 9-cis-retinoic acid biosynthesis, the conversion of 9-cis-retinol
into 9-cis-retinal. CRAD3 shares amino acid similarity with other retinoid/steroid short-chain dehydro-
genases/reductases: CRAD1, CRAD2, and RDH4. Relative to CRAD1, CRAD3 has greater 9-cis-retinol/
all-trans-retinol discrimination and lower efficiency as an androgen dehydrogenase. CRAD3 has apparent
efficiency (V/Km) for 9-cis-retinol about equivalent to that for CRAD1 and 3 orders of magnitude greater
than that for RDH4. (CRAD2 does not recognize 9-cis-retinol as a substrate). CRAD3 contributes to
9-cis-retinoic acid production in intact cells, in conjunction with each of three retinal dehydrogenases that
recognize 9-cis-retinal (RALDH1/AHD2, RALDH2, and ALDH12). Liver and kidney, two tissues
reportedly with the highest concentrations of 9-cis-retinoids, show the most intense mRNA expression of
CRAD3, but expression also occurs in testis, lung, small intestine, heart, and brain. These data are consistent
with the participation of CRAD3 in the biogeneration of 9-cis-retinoic acid.

Vertebrates require retinoids biosynthesized from retinol
(vitamin A) for vision, reproduction, embryogenesis, inter-
mediary metabolism, and the maintenance of normal epi-
thelia, bone, nerves, and immunity (1, 2). The retinol
metabolite atRA1 satisfies all known retinoid endocrine
functions, primarily by activating the three nuclear receptors
RARR, â, andγ (3, 4). The isomer 9cRA controls the distinct
receptors RXRR, â, andγ, which alter functions of several
other nuclear receptors through heterodimerization, including
RAR, VDR, and PPAR. These heterodimers seem to require
only the non-RXR ligand for maximum activation, if present
in sufficient concentration. 9cRA increases heterodimer
activation when non-RXR ligand concentrations fall below
maximum. Nevertheless, 9cRA and its analogues may affect
disease progression, including noninsulin-dependent diabetes
mellitus (5). This suggests that endogenous 9cRA has
fundamental effects in vivo and, therefore, that its biogen-

eration would be controlled. Understanding 9cRA biosyn-
thesis and its control seems essential to understanding the
precise functions of RXR and the mechanisms that regulate
RXR-controlled genes.

Androgens virilize through programming the formation
and maturation of reproductive organs and the development
of secondary sex characteristics (6). Testes produce the potent
androgen testosterone, whereas prostate and other tissues
convert testosterone into the potent androgen DHT (7).
Testosterone directs internal male genitalia formation. DHT
programs embryonic external sex organ development and the
phenotypic changes of male puberty (8). Both testosterone
and DHT bind to and activate the androgen receptor.
Reduction of its 3-oxo functional group converts DHT into
3-adiol, which lowers its affinity for the androgen receptor
5-fold, greatly reducing its potency as an androgen. SDR
can further inactivate 3-adiol through 17â-dehydrogenation
into the very low-activity androsterone or regenerate DHT
from 3-adiol through 3R-dehydrogenation (9-11).

The SDR enzyme superfamily comprises more than 50
animal enzymes that control the activities of prostanoids,
steroids, and retinoids (12, 13). SDR share conserved cofactor
binding sites, catalytic residues, and tertiary structures but
have relatively few strictly conserved residues. SDR often
are multifunctional; each may catalyze metabolism of distinct
substrate types. An SDR subfamily, sharing close amino acid
identities, catalyzes eithertrans- or cis-retinol and androgen
dehydrogenation as 3R-HSD. These enzymes could serve in
the visual cycle or generate the endocrine factors atRA and
9cRA or to reactivate 3-adiol into DHT (14, 15).
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Here, we report the isolation of a cDNA that encodes a
previously unknown SDR (CRAD3), the enzymatic charac-
teristics of CRAD3, and its mRNA expression patterns.
CRAD3 has an efficiency (V/Km) equivalent with that of
CRAD1 but a much higher activity than other SDR (CRAD2
and RDH4) that catalyze the dehydrogenation ofcis-retinols
(16-20). In addition, CRAD3 has lower efficiency as a 3R-
HSD than either CRAD1 or CRAD2. CRAD3 functions in
intact cells in conjunction with each of three RALDH isomers
active with 9-cis-retinal to produce 9cRA and is expressed
in tissues that express RXR (14, 21, 22). These characteristics
are consistent with CRAD3 contributing to 9-cis-retinol
metabolism in vivo.

EXPERIMENTAL PROCEDURES

Library Screening.A 129 SvJ mouse genomic DNA
library was screened through three rounds with a [32P]labeled
374 base-pair probe consisting of RoDH2 nucleotides 11-
384 (23). Hybridization was done at 42°C overnight.
Membranes were washed in 2xSSC and 0.5% SDS at room
temperature for 20 min, followed by two washes in 1xSSC
and 0.1% SDS at 65°C for 1 h each time. Five positive
plaques were identified. DNA from one was isolated
(QIAGEN lambda maxi kit), and digests were analyzed by
southern blot with the same probe used for library screening.
The smallest fragment generated by digestion withEcoRI
(2 kb) was subcloned and sequenced. It contained nucleotides
1-394 of the final cDNA of CRAD3.

cDNA Isolation. A ∼2.7 kb EST clone (ATCC no.
1895114) has a sequence identical with that in the 2 kb
fragment. The EST insert was resequenced, and its coding
region was PCR-amplified with primers identical to the
translation start and stop codons. A Kozak sequence,
GCCGCCACC, was added to the sense primer immediately
before the translation start codon.BamHI andXbaI recogni-
tion sites (underlined) were added to the 5′ ends of the sense
and antisense primers: CGGGATCCGCCGCCACCAT-
GTGGCTCTTTCTAGTGGCACTG and GCTCTAGATCA-
GAGGGCTTTCTCAGGCTTCAG, respectively. This gen-
erated a 979 base-pair fragment, which was cloned into
pcDNA3 to produce pcDNA3/CRAD3.

Expression of CRAD3.CHO cells were cultured in Ham’s
F-12 medium (10 mL) supplemented with 10% fetal calf
serum (2× 106 cells/100 mm dish) at 37°C under 5% CO2.
Unless stated otherwise, after 24 h (50-80% confluence),
cells were transfected with 8µg DNA/dish of pcDNA3/
CRAD3 or pcDNA3 complexed with LipofectAMINE (Life
Technologies, Inc.). CHO cells from a single transfection
were harvested 24 h later and were lysed by sonication in a
lyses buffer (20 mM Hepes, 150 mM KCl, 1 mM EDTA,
10% sucrose, and 2 mM dithiothreitol (pH 7.5)). Kinetic
values were obtained with the supernatant produced by a
10 000g spin for 10 min.

Enzyme Assays.Unless stated otherwise, retinol and sterol
dehydrogenase assays were done with radioinert retinoids
or [3H]steroids with 2 mM NAD+ at 37°C in 20 mM Hepes,
150 mM KCl, and 1 mM EDTA at pH 8. Initial screening
for candidate substrates was done with 10-20 µg of protein
and for 10-20 min (i.e., not necessarily under linear
conditions).Km values were obtained under initial velocity
conditions (linear rates with protein and time; i.e., at 2-6

µg of protein and 4-10 min). Protein was measured by the
method of Bradford (24). Products were quantified by HPLC
(retinals) or TLC (steroids), as described (17). Data were fit
with nonlinear regression analyses using the computer
program Graph Pad Prism.

CRAD1 Versus CRAD3.To compare the activities of
CRAD3 and CRAD1, CHO cells were transfected with 8
µg of pcDNA3 (mock transfection), pcDNA3/CRAD3, or
pcDNA/CRAD1 and 0.1µg of the luciferase expression
vector pGL3. The 10 000g supernatants were used to measure
enzyme and luciferase activity. Luciferase activity was
measured with the Promega Luciferase Assay System ac-
cording to the instructions. Data were normalized to trans-
fection efficiencies of 89% for CRAD3 relative to CRAD1.

Whole Cell Assays.CHO cells in six-well tissue culture
plates were cotransfected with combinations of pcDNA3
(mock transfection), pcDNA3/CRAD3, pcDNA3/ALDH12,
pcDNA3/RALDH, pcDNA3/RALDH2, and the luciferase
expression vector pGL3. Twenty-four hours after transfec-
tion, 9-cis-retinol in dimethyl sulfoxide (5µL) was added
to the cells at a final concentration of 1µM. One hour later,
cells and medium were harvested independently. Cells were
lysed in a lyses buffer. Aliquots of the cell lysates were used
to measure protein by the Bradford method (24) and by
luciferase activity, as described previously. To measure
9cRA, 20% of each cell lysate was combined with 20% of
its medium to give a total volume of 1.2 mL. To each sample
was added 2.5 mL of 0.025N KOH/ethanol, and neutral and
basic lipids were extracted with hexane (6 mL). The aqueous
phases were acidified with 0.15 mL of 4 N HCl, and 9cRA
was extracted with hexane (6 mL). This hexane phase was
evaporated with a stream of nitrogen, and the residues were
dissolved in hexane (0.1 mL). 9cRA was quantified by
normal-phase HPLC eluted with 97% hexane (containing
0.35% acetic acid) and 3% dichloroethane, as described (22).
Data were normalized to the amount of protein and for
transfection efficiencies.

Northern Blot.A 455 base-pair probe corresponding to
nucleotides 2170-2625 of CRAD3 was generated by PCR
with the sense primer CTCCTCTTCTCTCAGTAG and the
antisense primer TATACCCTGCAGCATGAC. The probe
was labeled with32P by random priming and hybridized to
a multiple tissue northern blot membrane (Clontech) contain-
ing 2 µg of poly(A+) RNA per lane. Prehybridization was
done in 10 mL of ExpressHyb solution at 68°C for 30 min.
Hybridization was done in 15 mL of fresh ExpressHyb
solution with a [32P]labeled probe at 68°C for 1 h. The
membrane was washed in 2xSSC and 0.05% SDS at room
temperature for 40 min and then was washed twice in
0.1xSSC and 0.1% SDS at 50°C for 40 min. Signals were
detected by autoradiography.

RT-PCR.Mouse poly(A)+ RNA (250 ng), purchased from
Sigma, was used for reverse transcription with the Thermo-
Script RT-PCR system (Life Technology). cDNAs were
diluted 10-fold, and 1µL of each diluted stock was used.
Amplification was done for 2 min at 94°C and forX cycles
of 30 s at 94°C, 30 s at 55°C, and 40 s at 72°C (with a
final incubation for 7 min at 72°C) with the same primers
used for amplification of the northern probe. Different
numbers of cycles were used to define optimal conditions
for linearity. The analysis was done with 30 cycles for
CRAD3 and 26 cycles forâ-actin. As a negative control,
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RNA without reverse transcription was subjected to the same
PCR reactions and program used for CRAD3.

RESULTS

cDNA and Amino Acid Sequences.To isolate a genomic
clone of a mouse ortholog of rat RoDH2, a 129 SvJ mouse
genomic DNA library was screened with a probe homologous
among rat RoDH1, 2, and 3 (nucleotides 11-384 of RoDH2).
One of the five plaques identified was analyzed. It contained
a nucleotide sequence identical to part of an insert in an EST
clone. The EST contained 5′-UTR, the entire coding region,
and the entire 3′-UTR of an uncharacterized SDR. The first
1300 base pairs of the 3′-UTR had 85% identity with

CRAD1, but the last 400 base pairs had only 25% identify
with CRAD1. The coding region of this EST was used to
construct pcDNA3/CRAD3, which has a deduced amino acid
sequence that contains the six motifs characteristic of
retinoid/steroid metabolizing SDR (12) and 20 of the 23
residues conserved in 70-90% of SDR (13). These in-
clude the cofactor-binding residues TG36(X)3GXG, the
G(X)3L109XNNAG motif, and the catalytic residues
S164(X)11Y(X)SK (Figure 1). The SDR was closest in amino
acid identity and similarity with mouse CRAD1 and rat
RoDH2 but had less similarity with other SDR that metabo-
lize retinoids and androgens (Table 1, Figure 2). Each of
the enzymes in Table 1, however, has different substrate

FIGURE 1: Nucleotide and deduced amino acid sequences of CRAD3. Boldface indicates the start codon and an asterisk denotes the stop
codon. Boldface also indicates the amino acids that are conserved in most SDR family members. The boxed areas indicate the six motifs
characteristic of steroid/retinoid metabolizing SDR (12).
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specificities, despite similar amino acid sequences (14-20,
23-28).

Enzymatic ActiVity. The supernatant of CHO cells trans-
fected with pcDNA3/CRAD3 was used in a screen to identify
candidate substrates, with arbitrarily chosen amounts of
protein and time, and 2 mM NAD+. The respective retinol
substrates (5µM) generated 11-cis-retinal (1000 ( 16)
(pmol/assay( SD, n ) 3), 9-cis-retinal (496( 16), and
13-cis-retinal (100( 8). Noall-trans-retinal production was
detected fromall-trans-retinol under the same conditions.
With 3-adiol and androsterone (5µM each), 1000 pmol of
DHT and 2000 pmol of androstanedione, respectively, were
generated (average of duplicates). No detectable products
were generated from testosterone, DHT, estradiol, or corti-
costerone. A supernatant of CHO cells transfected with
pcDNA3 alone (mock transfection) did not produce detect-
able products from the retinoid or steroid substrates assayed.
This substrate specificity indicated that the cDNA encodes
a SDR withcis-retinol/androgen dehydrogenase activity (i.e.,
CRAD3). CRAD3 functioned with either 2 mM NAD+ or
NADP+, respectfully, generating 502( 21 (pmol/assay(
SD, n ) 3) and 332( 37 of 9-cis-retinal from 5µM 9-cis-
retinol. An increase of pH increased activity until a plateau
was reached at pH 8 (Figure 3). Activity at pH 7.4 was 82%
of the activity at pH 8.

The four most active substrates were evaluated in detail
under linear velocity conditions (Figure 4). CRAD3 exhibited
Michaelis-Menten kinetics for 9-cis-retinol, 11-cis-retinol,
3-adiol, and androsterone withKm values of 2-4 µM (Table
2). To compare directly the activity of CRAD3 to that of
CRAD1, side-by-side transfections were done and were
normalized for transfection efficiencies. CRAD1 produced
31 ( 0.9 nmol/min/mg protein of 9-cis-retinal from 7µM
9-cis-retinol (mean( SD,n ) 4), whereas CRAD3 produced
23 ( 0.9 nmol/min/mg under identical conditions. TheK0.5

values of CRAD1 and CRAD3 (5.4 and 3.6µM, respectively)

Table 1: Amino Acid Homologies and Retinol Preferences of SDR That Catalyze Retinoid and Steroid Metabolism

amino acid homology

species enzyme % identity % similarity retinol specificity

mouse CRAD3 100 100 11-cis g 9-cis (noall-transactivity)
mouse CRAD1 95 98 11-cis = 9-cis (weakall-transactivity)
mouse RDH1 89 93 all-trans > 9-cis
rat RoDH2 85 90 all-trans > 9-cis
mouse CRAD2 81 89 11-cisactive (weakall-transand 9-cis)
rat RoDH1 80 87 all-trans > 9-cis
rat RoDH3 80 87 all-trans > 9-cis
mouse RDH4 51 66 11-cis = 9-cis (weak)g all-trans

FIGURE 2: Evolutionary relationships among mammalian SDR that
catalyze retinoid and steroid metabolism. The abbreviations used
are (b) bovine, (h) human, (m) mouse, and (r) rat. m17âHSD9 and
r17âHSD6 are not orthologs, whereas mRDH5, mRDH4, and b11-
cis-RoDH are orthologs. hRoDH does not appear to be an ortholog
of rRoDH or mRDH1.

FIGURE 3: pH effects on CRAD3 activity. 9-cis-Retinal production
was measured from 5µM 9-cis-retinol with 20µg of protein for
10 min.

FIGURE 4: Kinetics of CRAD3. Graphs show representative data
from the most active retinol and sterol substrates: (top panel) 11-
cis-retinol (filled circles), 9-cis-retinol (open circles); (bottom panel)
3-adiol (filled circles), androsterone (open circles). Data show
representative curves. Each experiment was done twice with 2-3
replicates per point.
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allow for calculations [Vm ) ratex (K0.5 + S)/S] from these
rate data of 55 and 35 nmol/min/mg of protein for theVm

values of CRAD1 and CRAD3, respectively (16). CRAD1
and CRAD3, therefore, have nearly equivalent catalytic
efficiencies (Vm/K0.5) of ∼10 for 9-cis-retinol.

Inhibitors of CRAD3.Competition between 9-cis-retinol
and 3-adiol was examined, along with the effects of several
alcohol dehydrogenase inhibitors (Figure 5). 3-Adiol inhib-
ited 9-cis-retinal production with an IC50 value∼0.02µM.
Carbenoxolone also inhibited potently, with an IC50 value
∼1.2 µM. Ethanol had an IC50 value ∼170 µM, and
4-methylpyrazole inhibited CRAD3 with an IC50 value∼3.3
mM.

Tissue Distribution of CRAD3 mRNA.Northern blot
hybridization revealed intense expression of CRAD3 mRNA
in liver and much less intense expression in kidney tissue
(Figure 6). The liver expressed a major 3 kb mRNA and a
minor 3.7 kb mRNA. The kidney expressed only the 3.7 kb
mRNA. No signal was observed by northern blotting in the
other tissues assayed under these conditions. The more
sensitive technique of RT-PCR was applied to determine
whether other tissues express CRAD3 mRNA at lower levels
than in the liver and kidney. CRAD3 mRNA was amplified
by RT-PCR from multiple mouse tissues (testis, lung, small
intestine, heart, and brain), with the liver and kidney showing
the strongest signals.

CRAD3 Can Contribute to 9cRA Biosynthesis from 9-cis-
Retinol in Intact Cells.To determine whether CRAD3 can
contribute to 9cRA biosynthesis in intact cells, CHO cells

were transfected with pcDNA3/CRAD3 along with vectors
that encode three mouse RALDH: AHD2/RALDH1,
RALDH2, and ALDH12 (Figure 7). Cells transfected with
pcDNA3 alone (mock), with pcDNA3/CRAD3 alone, or with
any of the three RALDH-expressing vectors alone produced
no detectable 9cRA (data not shown). Cells cotransfected
with CRAD3 and any one of the three RALDH isozymes
produced 9cRA. AHD2, the mouse ortholog of the rat
enzyme RALDH1, seemed somewhat more efficient than
mouse RALDH2 for 9cRA biosynthesis in conjunction with
CRAD3. The mouse ortholog of human ALDH12, however,
seemed less efficient than ADH2 and RALDH2.

DISCUSSION

Although enzymes in the subgroup of mouse SDR that
oxidize retinoids (CRAD1-3 and RDH4) share high amino
acid conservation, they have substantial differences in
substrate efficiencies. The newly characterized CRAD3
represents a retinoid SDR with relatively high efficiency for

Table 2: CRAD3 Substrate Specificities

substrate product activity Km (µM) Vm (relative %) Vm/Km

11-cis-retinol 11-cis-retinal cis-RDH 2.3a 113 17
3-adiol DHT 3R-HSD 1.5 54 13
9-cis-retinol 9-cis-retinal cis-RDH 3.6 100 10
androsterone androstandione 3R-HSD 4.0 93 8
all-trans-retinol none detected trans-RDH
testosterone none detected 17â-HSD
DHT none detected 17â-HSD
estradiol none detected 17â-HSD
corticosterone none detected 11â-HSD

a Km andVmax values represent the averages of two determinations. Duplicate values were generally less than 10% from the average.Vm were
normalized to a relative value of 100 for theVm of CRAD3 with 9-cis-retinol (35 nmol/min/mg of protein).Vm/Km were normalized relative to the
calculated value of 10 with 9-cis-retinol (see text).

FIGURE 5: Inhibitors of CRAD3 activity. Reactions were run for 5
min with 8 µM 9-cis-retinol. Compounds assayed included 3-adiol
(open circles), carbenoxolone (filled circles), ethanol (open squares),
and 4-methylpyrazole (filled squares). Data bracket the 50%
inhibition points and are the means( SD of triplicates. The IC50
values were calculated by nonlinear regression analyses.

FIGURE 6: CRAD3 mRNA tissue expression. Northern blot
hybridization (A and B) or PCR (C, D, and E) was done with poly-
(A+)mRNA from (1) heart, (2) brain, (3) spleen, (4) lung, (5) liver,
(6) skeletal muscle, (7) kidney, and (8) testis: (A and C) probes or
primers for CRAD3, (B and D) probes or primers for actin, (E)
PCR with mRNA and CRAD3 primers.

cis-Retinoid/Androgen Dehydrogenase Biochemistry, Vol. 41, No. 10, 20023481



9-cis-retinol (V/Km ) 10 nmol/min/mg)/µM), similar to the
value for CRAD1 (Rdh6). In comparison, RDH4 (Rdh4) has
aV/Km value of 0.007 (more than 1400-fold lower) for 9-cis-
retinol, and CRAD2 (Rdh7) is inefficient and not saturable
kinetically with 9-cis-retinol (16, 17, 27). Although all
recognize multiple substrates, CRAD3 is the only one that
does not recognizeall-trans-retinol and, therefore, discrimi-
nates most between 9-cis- and all-trans-retinol. All have
appreciable activity with 11-cis-retinol except CRAD2, but
11-cis-retinol does not occur extraoccularly (16-20, 23-
28). A likely retinoid substrate for CRAD3 and 1, therefore,
appears to be 9-cis-retinol, at least outside of the retina. In
addition, CRAD3 is much less efficient than CRAD1 as a
3R-HSD. CRAD3 has a greaterK0.5 (1.5 µM) with 3-adiol
than does CRAD1 (0.2µM) and a lowerVm value, yielding
aV/K0.5 value∼55-fold less than that of CRAD1 for 3-adiol
(16). Thus, CRAD3 shows much higher activity than RDH4
for 9-cis-retinol, is more discriminating for retinoid versus
steroids than CRAD1, and, unlike CRAD1, has no detectable
activity with all-trans-retinol.

CRAD1 and 3 have different, but partially overlapping,
mRNA expression patterns. CRAD3 shows marked expres-
sion in liver, with less intense expression in kidney and low
levels of expression in testis, lung, intestine, heart, and brain.
Other than liver, only kidney expresses CRAD1 intensely,
and low levels of expression are detectable only in small
intestine and heart. Most intense expression of CRAD1 and
3 in liver and kidney seems consistent with a function in
9cRA biosynthesis, because these two tissues reportedly have
higher concentrations of 9-cis-retinol than other tissues (29,
30). The mouse embryo and brain express RDH4, but
whether other tissues do seems uncertain because of potential
probe nonspecificity (17). Many tissues express the human
ortholog of RDH4 (i.e., RDH5, but with low intensity relative
to the eye (25)). The abundance of RDH4/5 in the eye
suggests that it generates 11-cis-retinal in the visual cycle,
but its relatively low expression outside of the eye and its
inefficiency for 9-cis-retinol do not seem compatible with a
function in 9cRA biosynthesis (31, 32).

Cotransfections of CRAD3 with AHD2/RALDH1,
RALDH2, and ALDH12 showed that CRAD3 generates
9-cis-retinal that is accessible to RALDH in intact cells and,
therefore, could participate in 9cRA biosynthesis in vivo.
The generation of lesser 9cRA from the CRAD3/ALDH12
pair as compared to the CRAD3/AHD2 and CRAD3/
RALDH2 pairs was not foreseen, because itsV/Km values
in vitro for 9-cis-retinal compare favorably with those of
RALDH1 and RALDH2 (22). Perhaps preferential pairs of
CRAD and RALDH form intracellularly. This possibility is
under investigation.

Ethanol has profound pleiotropic effects, obscuring the
mechanism whereby it interferes with CRAD3 (this work)
and CRAD1 (16). Ethanol inhibition of both CRAD1 and 3,
however, suggests that 9cRA biosynthesis may be compro-
mised by intoxication. It remains to be determined whether
this actually occurs in vivo. 4-Methylpyrazole, a prototypical
inhibitor of the medium-chain alcohol dehydrogenases, also
inhibits CRAD1 and CRAD3. 4-Methylpyrazole inhibits
ADH class I potently and ADH class IV moderately, with
Ki values from 0.1 to 2µM and from 10 to 1500µM,
respectively, depending on the species (13). Inhibition of
CRAD by ethanol and 4-methylpyrazole demonstrates that
neither xenobiotic has specificity for the medium-chain
alcohol dehydrogenases. Use of neither would provide
unequivocal evidence of medium-chain alcohol dehydroge-
nase catalyses of retinol activation in vivo. Carbenoxolone,
the aglycone of the licorice constituent glycyrrhizin, inhibits
many SDR, including 11â-HSD, 15-hydroxyprostaglandin
dehydrogenase, rat RoDH1 and RoDH2, and CRAD1, in
addition to CRAD3 (32-35). Inhibition of 11â-HSD2 results
in high blood pressure, but the consequences are not clear
for RDH/CRAD inhibition. Inhibition of RDH4 or CRAD1
might contribute to the transient blindness caused by exces-
sive licorice consumption, however (36).

Function of CRAD3 in androgen metabolism seems
improbable because other enzymes occur with higher ef-
ficiencies for 3-adiol and androsterone. These may include
several 17â-HSD isozymes. 17â-HSD9, for example, has
nearly equivalent 17â-HSD and 3R-HSD activities (37). A
human RDH, more closely related to 17â-HSD than to RDH,
also has substantial 17â-HSD activity (11). The human RDH-
E, rat RoDH1 and 2, and CRAD1 and 2 also harbor much
more efficient 17â-HSD activity than does CRAD3 (38, 39).
All are expressed in liver, many in kidney, and several in
other tissues. Unless CRAD3 expresses in a locus unique
from the others, its inefficiency for DHT metabolism would
not allow it to compete favorably with the other enzymes.

In summary, this paper shows that CRAD3 functions in
transfected cells with each of three known RALDH isozymes
to convert 9-cis-retinol into 9cRA consistent with a possible
function in vivo, discriminates much more than CRAD1
againstall-trans-retinol and 3R-hydroxysteroids, and has a
different pattern of mRNA expression than CRAD1. These
data are consistent with a unique contribution of CRAD3 to
9cRA biosynthesis in vivo.
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