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The transition metal cadmium is an environmental terato-
gen. In addition, cadmium and retinoic acid can act synergis-
tically to induce forelimb malformations. The molecular
mechanism underlying the teratogenicity of cadmium and the
synergistic effect with retinoic acid has not been addressed. An
evolutionarily conserved gene, ,3-carotene 15,15'-monooxy-
genase (BCMO), which is involved in retinoic acid biosynthesis,
was studied in both Caenorhabditis elegans and murine Hepa
1-6 cells. In C. elegans, bcmo-1 was expressed in the intestine
and was cadmium inducible. Similarly, in Hepa 1-6 cells,
Bcmol was induced by cadmium. Retinoic acid-mediated sig-
naling increased after 24-h exposures to 5 and 10 um cadmium
in Hepa 1-6 cells. Examination of gene expression demon-
strated that the induction of retinoic acid signaling by cadmium
may be mediated by overexpression of Bcmol. Furthermore,
cadmium inhibited the expression of Cyp26al and Cyp26bl,
which are involved in retinoic acid degradation. These results
indicate that cadmium-induced teratogenicity may be due to the
ability of the metal to increase the levels of retinoic acid by dis-
rupting the expression of retinoic acid-metabolizing genes.

The transition metal cadmium is a persistent toxicant that
exists ubiquitously in the environment. It is ranked number 7
on the 2007 CERCLA Priority List of Hazardous Substances (1).
Cadmium is introduced into the environment mainly through
anthropogenic activities, such as copper and zinc mining, fossil
fuel combustion, and the manufacturing of cadmium-contain-
ing products. For the general population, the primary routes of
cadmium exposure are through ingestion of contaminated food
and water, and cigarette smoking, which doubles the daily
intake of cadmium, compared with the non-smoking popula-
tion (2). Occupational exposure to cadmium is mainly through
inhalation of cadmium fumes generated during heating or
welding of cadmium-containing materials or inhalation of cad-
mium-containing dust (3).

Due to its stability in the environment and long retention
time in the human body (half-life ~15-20 years) (4), cadmium
can accumulate and cause a variety of adverse effects and dis-
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eases. Cadmium has been classified as a category 1 human car-
cinogen (3). It is also a potent animal teratogen. Teratogenic
effects of cadmium have been reported in a variety of laboratory
species, including chicken, frog, rat,and mouse (5- 8). Maternal
exposure to cadmium in rodents causes a spectrum of birth
defects, including fetal limb malformations, hydrocephalus,
cleft palate, and neural tube defects, depending on the dose and
the embryonic stage of development at the time of exposure (7,
9-11). Among these defects, limb malformations caused by
administration of cadmium during early or middle gestation have
been well documented (10, 12—14). When C57BL/6] mice were
given a single injection of 4 mg/kg cadmium chloride on gesta-
tional day 9, limb defects, predominated by forelimb reduction
deformities, were observed in ~80% of the surviving fetuses (10,
15). In humans, maternal exposure to cadmium has been associ-
ated with preterm deliveries and low birth weight (16 —18).
Although toxicological studies have established a relationship
between cadmium exposure and birth defects, the molecular
mechanisms of cadmium teratogenesis remain largely unknown.
Following administration, cadmium is mainly distributed in
maternal organs, such as liver, kidney, and placenta, while less
reaches the fetus. This suggests that cadmium may exert terato-
genic effects through an indirect mechanism (8, 19-21). Recent
studies, however, have shown that cadmium exposure can alter
signaling pathways that determine limb patterning (22—-24).
Retinoic acid (RA)? is an essential hormone-like molecule
that regulates cell differentiation and proliferation during
embryogenesis of vertebrates, through binding to RA receptors
that control the transcription of a battery of genes (25). Embry-
onic exposure to excessive RA or retinoids can cause a spec-
trum of malformations, including those observed following
cadmium exposure such as cleft lip, cleft palate, brachygnathia,
and limb malformation (26). Cadmium has been shown to act
synergistically with RA in the induction of forelimb ectrodac-
tyly in mice (27). When C57BL/6 mice were co-administered
sub-threshold doses of cadmium (0.5 mg/kg) and RA (1 mg/kg),
the combined treatment resulted in forelimb ectrodactyly in
19% of the offspring. Moreover, co-administration of 1 mg/kg
cadmium and 5 mg/kg RA showed a synergistic effect: 92% of
the fetuses were found with the forelimb defect, as opposed to
10% if the response was additive (27). Although it has been

2 The abbreviations used are: RA, retinoic acid; RAR, RA receptor; RARE, RA
response element; BCMO, B,B-carotene 15,15’-monooxygenase; GFP,
green fluorescent protein; qRT, quantitative reverse transcription; ANOVA,
analysis of variance; FgF, fibroblast growth factor.
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TABLE 1

Primer sequences used for C. elegans bcmo-1::GFP reporter gene
construction

Primer Sequence (5’ to 3')
Primer A CAAAAGTAAATGCTTCATTTTTCTGC
Primer B GGACAACTCCAGTGAAAAGTTCTTCTCCTTTACTCATT
TCAGCTTCCATTTTTTAGAACA
Primer A’ TTTTTCTGCAAAATATCGAGCG
Primer C ATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCC
Primer D CCACTGAGCCTCAAACCCAAACCTTCTTCCG
Primer D’ ATCTTTCTTGCATCGTGCTCATC

suggested that cadmium and RA may share a common terato-
genic mechanism, the molecular mechanism for the interactive
effects has not been fully addressed (23, 27).

In our previous study of cadmium-regulated transcription in
the nematode Caenorhabditis elegans, an evolutionarily conserved
gene, Y46G5A.24, which encodes the nematode homolog of mam-
malian B,3-carotene 15,15'-monooxygenase (BCMO), was found
to be highly cadmium-responsive (28). The predicted C. elegans
protein encoded by Y46G5A.24, now designated bcmio-1, shares
>95% sequence identity with the human (BCMO1) and mouse
(Bcmol) homologs. BCMO is a key enzyme in the transformation
of B-carotene to retinal. In the present study, we show that bermo-1
and the murine homolog are cadmium-responsive. In addition,
cadmium affects other components in RA metabolism in mouse
cells. Based on these results a mechanism for cadmium teratoge-
nicity is proposed in which cadmium exposure causes an increase
in the levels of RA by increasing RA synthesis and decreasing
RA degradation, which subsequently leads to developmental
abnormalities.

EXPERIMENTAL PROCEDURES

Preparation of bcmo-1::GFP Transgenic C. elegans—A reporter
transgene was prepared using the PCR-fusion based approach
(29). Briefly, ~1.8 kb that is immediately upstream of the start
codon of becmo-1 was prepared from C. elegans genomic DNA
by PCR, using the 5’ primer (primer A) and 3’ primer (Primer B)
(Table 1). A second fragment of ~1.6 kb that contains the cod-
ing region of a green fluorescent protein (GFP) was prepared
from the plasmid pPD 95.67 (Addgene, Cambridge, MA),
using Primers C and D (Table 1). Then, the two amplified
fragments were combined and used as templates to obtain
the fusion PCR product, bcmo-1::GFP, using Primer A’ (a
primer nested to Primer A) and Primer D’ (a primer nested
to Primer D) (Table 1).

Wild-type C. elegans (N2 Bristol) were transformed by micro-
injecting the mixture of the reporter transgene, bcmo-1::GFP (100
ng/ul), and a plasmid containing the selectable marker gene rol-
6(su1006) (100 ng/ul) into the gonads of young adults. Injected C.
elegans were rescued by slow recovery and then transferred to
individual K-agar plates with food (30, 31). Transgenic nematodes
were picked and maintained by selecting nematodes that ex-
pressed the roller phenotype.

Expression Analysis of bcmo-1::GFP—GFP expression was
monitored in nematodes at different developmental stages.
Age-synchronized nematodes were generated by collecting L1
transgenic C. elegans in K-medium and then allowing them to
develop on K-agar plates (30). Synchronized transgenic nema-
todes were then transferred into S-medium (32) containing 100
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uM cadmium (CdCl,), or onto K-agar plates containing 100 um
cadmium. Escherichia coli OP50 was supplied as food during
both exposures. After a 5-h exposure, treated and control, non-
exposed, transgenic nematodes were examined under a fluores-
cence microscope (Zeiss LSM 510 confocal microscope, Carl
Zeiss Microlmaging Inc., Thornwood, NY).

For image acquisition, adult nematodes were anesthetized
with 170 mm sodium azide and mounted on 2% agarose pads.
Larvae (L1-L4) were placed in a drop of sodium azide solution,
which was placed directly in the center of a printed microscope
slide, and then covered with a glass coverslip.

Growth and Collection of Synchronized C. elegans—Wild-
type (N2 Bristol) C. elegans were synchronized as previously
described (33). L1 larvae were collected, transferred to K-agar
plates with food, and allowed to grow at 20 °C. At the beginning
of each larval stage (3 h after collection from buffer for L1s; 16 h
for L2s; 25 h for L3s; 35 h for L4s; and 45 h for young adults)
nematodes were transferred to S-medium containing food and
100 uMm cadmium and incubated for 5 h at 20 °C. After exposure,
nematodes were collected, washed twice with 0.1 m NaCl, rap-
idly frozen as pellets in liquid nitrogen, and stored at —80 °C.
To obtain cadmium-treated embryos, gravid adults (56 h after
transfer to K-agar plates) were cultured in S-medium with 100
pM cadmium for 12 h, and subsequently collected. Embryos
were then prepared as previously described (33).

Isolation of RNA and gRT-PCR—To examine the expression
of bemo-1, total RNA was prepared from age-synchronized
nematodes using RNase-Free DNase Set and RNeasy Midi
Kit (Qiagen) as previously described (28). qRT-PCR was
performed using bcmo-1-specific oligonucleotide primers
(forward primer, 5'-AGGGCATCGAGGAGGATGAT-3';
reverse primer, 5-AGCATGAAATCCAAGTGGAA-3')
with a QuantiTect SYBR Green RT-PCR Kit (Qiagen) follow-
ing the manufacture’s instructions in an ABI Prism 7900H
(Applied Biosystems, Foster City, CA). To compare bcmo-1
expression during different developmental stages, measure-
ments were compared with that of L4 larvae, because L4 has
the lowest absolute bcmo-1 mRNA level (Fig. 3A). To show
the induction of bcmo-1 by cadmium in different develop-
mental stages, measurements were compared with that of
untreated nematodes at the same developmental stage (Fig.
3B). Final results were presented as mean fold change =
standard error (n = 3). A t-test was performed for signifi-
cance of bemo-1 induction following cadmium treatment.

Mammalian Cell Culture—Mouse Hepa 1-6 cells, a hepa-
toma cell line derived from a C57L mouse liver tumor, were
maintained in Dulbecco’s modified Eagle’s medium, supple-
mented with 4 mm L-glutamine, 1.5 g/liter sodium bicarbonate,
4.5 g/liter glucose, and 10% fetal bovine serum (GIBCO®
Invitrogen, Carlsbad, CA) at 37 °Cin a 5% CO, atmosphere. For
RA treatments, cells were maintained in charcoal-stripped fetal
bovine serum. Cells were sub-cultured every 2—3 days, and pas-
sages 6 —18 were used for experiments.

Transient Transfection and Dual Luciferase Reporter Assay—
To measure the effect of cadmium on RA signaling, Hepa 1-6
cells were transfected with the reporter plasmid RARE-TK-Luc
(34), which controls the expression of firefly luciferase, and the
transfection control plasmid, phRL-TK, which controls the
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expression of Renilla luciferase (Promega, Madison, WI).
RARE-TK-Luc contains three repeats of the RA response ele-
ment (RARE), which is the binding site of the RA receptor
(RAR) (a generous gift from Dr. Michael J. Spinella, Dartmouth
University). Transfection was carried out using Lipofectamine
Plus Reagent (Invitrogen) following manufacturer’s instruc-
tions. Briefly, on day O, cells were seeded in Dulbecco’s modified
Eagle’s medium containing charcoal-stripped serum in 24-well
culture plates at a density of 5 X 10* cells per well. On day 1,
cells were transfected with 200 ng of reporter plasmid and 2 ng
of control plasmid. On day 2, 24 h after transfection, cells were
washed with phosphate-buffered saline and then treated with
all-zrans-RA and/or cadmium. All-trans-RA (Sigma-Aldrich)
was dissolved in DMSO at a concentration of 0.1 M and stored at
—20°C for less than 1 month. Retinoic acid solutions were
light-protected, and a final concentration of 0.1% of DMSO was
used as a vehicle control.

Luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega) following the manufactur-
er’s instructions. Briefly, after the exposure, cells were washed
with phosphate-buffered saline, then lysed with passive lysis
buffer, and incubated for 15 min at room temperature. Cell
lysate was then transferred into an opaque 96-well plate and
then LAR II and Stop & Glo Reagents were sequentially added
by auto injection. Firefly luciferase activity was measured in a
FLUOstar OPTIMA plate reader (BMG LABTECH, Durham,
NC), normalized to Renilla luciferase activity, and then com-
pared with that measured for untreated controls. A two-way
ANOVA was used for significance tests of cadmium effects.
Multiple comparisons (least significant difference procedure)
were used to compare normalized luciferase activity between
the control and individual cadmium treatments at the same RA
level (35).

Isolation of RNA from Hepa 1-6 Cells and qRT-PCR—To
measure the effects of cadmium on the expression of mouse
genes, Bcmol, Cyp26al, and Cyp26b1, total RNA was collected
from cadmium-treated and untreated Hepa 1-6 cells, and
qRT-PCR was performed. Cells were plated in complete Dul-
becco’s modified Eagle’s medium in triplicate at a density of 5 X
10* cells per well on a 24-well tissue culture plate and incubated
for 48 h. Cells were then washed with phosphate-buffered
saline, and fresh, complete Dulbecco’s modified Eagle’s
medium containing 1, 5, or 10 um cadmium was added. Follow-
ing the indicated exposure times, cells of the same treatment
were pooled together, and total RNA was extracted using a
Qiagen RNeasy Mini Kit according to the manufacturer’s
instructions. Experiments were conducted in triplicate, and
three RNA samples were isolated for each treatment.

Two-step qRT-PCR was performed employing SuperScript
First-Strand Synthesis System for RT-PCR (Invitrogen) and
TagMan Gene Expression Assays (Applied Biosystems),
according to the manufacturer’s instructions. Briefly, cDNA
was prepared from 0.5 ug of total RNA. PCR was then carried
out using TagMan Universal PCR Master Mix and TaqgMan
Gene Expression Assays (Applied Biosystems) in an ABI
7900H. TagMan primers were Bcmol, Mm00502437_m1;
Cyp26al, Mm00514486_m1; Cyp26b1, Mm00558507_m1; and
glyceraldehyde-3-phosphate dehydrogenase, 4352932E. Each
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sample was measured in triplicate, and all measurements were
normalized to glyceraldehyde-3-phosphate dehydrogenase.
The fold change of each gene following cadmium exposure was
compared with that observed in the untreated samples. Final
results were presented in mean fold induction * standard
error. A one-way ANOVA was used for significance tests of
cadmium effects. Multiple comparisons (least significant differ-
ence procedure) were used to compare expression levels after
cadmium treatments with that of the untreated for each gene
(35).

RESULTS

Expression of bcmo-1 in Transgenic C. elegans—To study the
expression pattern of bemo-1 in C. elegans, a transgenic strain
was generated by fusing the GFP coding sequence to the bemo- 1
promoter. GFP expression was greatest in embryos, and it
decreased throughout the larval stages into adults, suggesting
that the transcription of this gene was developmentally regu-
lated (Figs. 1 and 2). The earliest detectable GFP signal was
observed in the intestinal cells of embryos, after the develop-
ment of the intestinal cell lineage (E cells) (36) (Fig. 14). Con-
stitutive bcmo-1 transcription was observed in all embryonic E
cells (Fig. 1, B and C). The constitutive GFP expression
decreased in post-embryonic stages of development. It was
greatest in the intestines of L1 larvae (Fig. 2A4), and the lowest
level of GFP expression was observed in the L4 and adult nem-
atodes (Fig. 2, C and E, respectively).

After a 5-h exposure to 100 uMm cadmium, bemo-1 intestinal
transcription increased in all larval stages and adults (Fig. 2, B,
D, and F). The highest level of induction of bcmo-1 transcrip-
tion was observed in animals that were exposed to cadmium for
24 h (Fig. 2G), which was consistent with previously reported
microarray results (28). No obvious changes in the embryonic
becmo-1 expression were observed following cadmium expo-
sure. This may be due to lower cadmium exposures in embryos,
which are protected by the egg shell.

The response of bcmo-1 expression to other metals was also
examined by exposing adult bcmo-1:GFP transgenic nema-
todes to copper (CuSO,, 100 um), nickel (NiSO,, 100 um), zinc
(ZnSO,, 100 um), and silver (AgNO;, 100 um) for 5 or 24 h
(results not shown). Among all the metals tested, only zinc
caused increased bcmo-1 expression compared with the un-
treated nematodes. The bcmo-1 expression following zinc
exposure occurred exclusively in intestinal cells, but the levels
of GFP expression were less than that caused by cadmium. In
addition, bcmo-1 transcription was not observed in any non-
intestinal cells following cadmium or other metal treatments.
These results suggest that the response of bcmo-1 is not
cadmium-specific.

Expression of bcmo-1 in Wild-type C. elegans and in Response to
Cadmium—The level of bcmo-1 mRNA at different develop-
mental stages and the level of response to cadmium exposure
were also examined in wild-type nematodes by qRT-PCR.
Without cadmium, the highest bcmo-1 mRNA level was
observed in embryos and the level decreased during develop-
ment, which is consistent with the GFP expression in
bemo-1::GFP transgenic nematodes (Fig. 3). After a 5-h expo-
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FIGURE 1. bcmo-1::GFP expression in untreated C. elegans embryos.
A, ~125 min post-fertilization; B, ~200 min post-fertilization; C, ~700 min
post-fertilization. Embryos were obtained from nematodes not exposed to
cadmium (magnification, 1200X).

sure to cadmium, bemo-1 mRNA levels significantly increased
in all postembryonic developmental stages (Fig. 3).

The results using qRT-PCR agreed with those from the
bemo-1::GFP transgenic C. elegans. In the transgenic strain,
however, L4 and adult nematodes had similar, low levels of
constitutive GFP expression (Fig. 2, C and E), whereas the qRT-
PCR results indicated a relatively higher mRNA level in adults
compared with that in L4s (2.6-fold, Fig. 3). This was likely due
to the presence of developing embryos in the adult gonad (Fig.
2E, arrow). This could also contribute to the observation that
the highest induction of GFP expression by cadmium in trans-
genic nematodes occurs in adults (Fig. 2, F and G), whereas
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Untreated Cadmium (5 h)

Cadmium (24 h)

FIGURE 2. bcmo-1::GFP expression in post-embryonic C. elegans. Images
of untreated C. elegans (A, C, and E), and nematodes exposed to 100 um cad-
mium for 5 h (B, D,and F) and 24 h (G). L1 (A and B) and L4 (Cand D) larvae are
at 400X and 200X magnification, respectively. Adult C. elegans (E, F, and G)
are composites of images acquired at 200X magnification. Arrowhead, indi-
cates the location of a bcmo-1::GFP expressing embryo in a gravid adult
nematode.

highest -fold change in bcmo-1 mRNA in wild-type nematodes
was in L1s, according to qRT-PCR results (Fig. 3). The high
constitutive levels of bcmo-1 mRNA in developing embryos
reduces the magnitude of the fold change observed in adult
nematodes, although the absolute level of bcrmo-1 mRNA was
greatest in cadmium-treated adults.

Cadmium Induces RA Signaling in Hepa 1- 6 Cells—Because
the evolutionarily conserved RA biosynthesis gene, BCMO, was
induced by cadmium in C. elegans, the effect of cadmium on RA
signaling was examined by measuring the RARE-mediated
transcription following cadmium exposure in Hepa 1-6 cells.
Exposures between 10 and 1000 nMm of all-frans-RA resulted in a
dose-dependent increase in the RARE-TK-Luc expression fol-
lowing 6- and 24-h exposures. A 6-h exposure to 100 or 1000 nm
RA produced a 2.4-fold increase in RARE reporter gene activity
(results not shown).

Co-exposure of cells to 1-10 um cadmium for 6 h did not
further increase RARE activity in RA-exposed cells (two-way
ANOVA, p > 0.05, Fig. 4). Co-exposure to 5 or 10 um cadmium
for 24 h, however, resulted in a significant increase in RARE-
mediated transcription, compared with that of RA exposure
alone (two-way ANOVA, p < 1077, Fig. 4). The increased
RARE-mediated transcription caused by cadmium exposure
was time- and dose-dependent, regardless of RA levels. This
suggests that cadmium can induce the transcription of genes
regulated via RA signaling.

Cadmium Induces the Expression of Bcmol in Hepa 1—6 Cells—
The effects of cadmium exposure on the steady-state mRNA
levels of Bcmol, which is involved in the synthesis of RA, and
two genes that are involved in RA degradation, Cyp26al and
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FIGURE 3. Developmental and cadmium responsive bcmo-1 transcription
in C. elegans. Total RNA was extracted from cadmium-treated or control C.
elegans at the indicated developmental stages, and the mRNA levels of
bcmo-1 were measured. (upper panel) bcmo-1 transcription at different devel-
opmental stages in C. elegans not treated with cadmium. Levels of bcmo-1
mRNA were normalized to the bcmo-1 mRNA level in L4 larvae. (lower panel)
effects of 5-h exposure to 100 um cadmium on bcmo-1 mRNA levels at differ-
ent developmental stages. mRNA levels were normalized to those observed
in non-exposed, control nematodes at identical developmental stages and
are presented as the fold change in the levels of expression. The results are
mean fold change = standard error (n = 3); ¥, indicates significantly different
(p < 0.05) from L4, upper panel or from untreated nematodes, lower panel.
Em, embryos; Ad, adults.

Cyp26bl, were measured by qRT-PCR. The levels of Bcmol
mRNA significantly increased following 6- and 24-h cadmium
exposures (one-way ANOVA, p < 0.001 for 6 h, and p < 0.01
for 24-h exposure, Fig. 5). Bcmol levels increased by 1.4- and
1.7-fold following a 6-h exposure to 5 and 10 um cadmium,
respectively. A higher level of induction was observed following
a 24-h exposure: 2.2-fold by 5 um and 3.6-fold by 10 um cad-
mium (Fig. 5), indicating the effect of cadmium on Bcmol tran-
scription is both time- and dose-dependent.

The expression of Cyp26al decreased 1.3-fold following a
6-h exposure to 10 uMm cadmium (one-way ANOVA, p < 0.05,
Fig. 5), and the expression of Cyp26b1 decreased 1.6-fold fol-
lowing 24-h exposures to 5 and 10 um cadmium (one-way
ANOVA, p = 0.11, Fig. 5). The simultaneous induction of
Bcmol and inhibition of Cyp26al and Cyp26bl by cadmium
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FIGURE 4. Effects of cadmium and all-trans-RA on RARE-TK-Luc reporter
activity in Hepa 1-6 cells. Cells were co-transfected with RARE-TK-Luc and
phRL-TK for 24 h and then exposed to 1 um (striped box), 5 um (gray box), or 10
uM (black box) cadmium and RA at the indicated concentrations for 6 h (upper
panel) or 24 h (lower panel). Firefly luciferase activity was normalized to Renilla
luciferase activity and then compared with the control (white box) (no cad-
mium and no RA treatments). Results are mean fold induction = S.E., relative
to control cells (n = 3). (¥, significant difference from the non-cadmium-
treated samples at the same RA level, p < 0.05.)
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may cause increased RA synthesis and decreased RA degrada-
tion, which together could result in increased RA levels.

DISCUSSION

B,B-Carotene 15,15'-Monooxygenase Is an Evolutionarily
Conserved Cadmium-responsive Gene—Through a compara-
tive genomics approach, a conserved response to cadmium
exposure in C. elegans and mouse cells that is mediated by
BCMO was discovered. BCMO catalyzes the transformation of
B-carotene to retinal, which can then be transformed into RA
(37). BCMO is evolutionarily conserved throughout the animal
kingdom (38). In mammals, BCMO is predominantly expressed
in the intestine and liver, although enzymatic activity of BCMO
has also been reported in lung, kidney, testis, and brain (39, 40).
The expression pattern of bcmo-1::GFP in transgenic C. elegans
indicates that bcmo-1 is also expressed in the intestine. In addi-
tion, its expression decreases as C. elegans develops and is min-
imal once the nematode reaches adulthood. RNA interference
of bemo-1 is associated with several developmental phenotypes,
including slow growth, problems with postembryonic develop-
ment, embryonic lethality, and abnormal morphology (41-43).

It has been reported that intestine-specific transcription in C.
elegans is controlled by GATA-like motifs (TGATAA) located
in the promoter regions (44). Sequence analysis of the bcmo-1
promoter identified a conserved GATA motif located —219 bp
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FIGURE 5. Effect of cadmium on Bcmo1, Cyp26a1, and Cyp26b1 mRNA
expression. Cells were exposed to 1 um (striped box), 5 um (gray box), or 10 um
(black box) cadmium at the indicated concentrations for 6 h (upper panel) or
24 h (lower panel). Total RNA was extracted, and mRNA levels measured from
untreated (white box) or cadmium-treated Hepa 1-6 cells. All measurements
were normalized to the mRNA levels of glyceraldehyde-3-phosphate dehy-
drogenase before being compared with untreated cells. Results are displayed
in mean -fold induction = S.E., relative to untreated cells (n = 3). (¥, significant
difference from the control, p < 0.05.)
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to —214 bp upstream of the predicted start codon. Following
cadmium exposure, bcmo-1 expression remained intestine-
specific, however, the expression levels significantly increased
in all postembryonic and adult stages.

BCMO has been studied in many animal models because of
its importance in the biosynthesis of RA (45-51). It has been
reported that BCMO is essential for pattern formation and dif-
ferentiation during zebrafish embryogenesis (52). However, lit-
tle was known about the response of this gene to environmental
stressors. In addition, there is a paucity of information on the
relationship between BCMO expression and cadmium expo-
sure. Microarray analysis of cadmium-exposed C. elegans indi-
cated that BCMO is an early cadmium-responsive gene and is
highly cadmium inducible (28). Bcmol was also significantly
induced by cadmium following 6- and 24-h exposure in Hepa
1-6 cells. Because BCMO is highly conserved across many
species, the transcriptional response to cadmium may also
be conserved.
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Effects of Cadmium on RA Signaling and Bcmol Transcrip-
tion in Hepa 1-6 Cells—The effects of cadmium on RA sig-
naling were examined at several RA concentrations using a
RARE-driven reporter system. In most cases, the increase in
normalized luciferase activity caused by cadmium was slight
compared with RA exposure alone. The largest effect was
observed when cells were treated with 5 um cadmium and 5 nm
RA for 24 h (Fig. 4). Cadmium caused a 1.5-fold further increase
in the normalized luciferase activity (total fold induction of 2.4
in co-exposure versus 1.6-fold induction by exposure to RA
alone). The overall effects of cadmium and RA on the normal-
ized luciferase activity were additive rather than synergistic.
However, RA-mediated transcriptional activity is not synony-
mous to the teratogenic effect, which may be caused by the
abnormal activity of RA signaling. It is possible that small
increases in the overall activity of RA signaling may cause larger
downstream teratogenic effects during embryogenesis.

The transcriptional activity of RA signaling is mediated by
ligand binding of cognate nuclear receptors, including RA
receptors RAR and retinoid X receptor. It has been reported
that cadmium does not change the binding property of RA for
RAR or the RARE element (53). However, microarray data of
metal-treated mouse liver indicates that cadmium could affect
the expression of many RA-related genes, including Aldhl and
RAR, depending on the mouse strain and cadmium dose.? Cad-
mium has also been shown to induce retinoid X receptor-vy in
HeLa cells (54). Further examination of expressional change on
these and other RA-related genes will help better understand
the effect of cadmium on RA-mediated signal transduction
pathways.

Lee et al. (27) reported that cadmium could act synergisti-
cally with RA in the formation of limb-bud malformations in
mice. They hypothesized that cadmium and RA, as well as other
teratogens that can cause forelimb ectrodactyly, may interfere
with a final common pathway in digital development. Liao et al.,
further proposed that cadmium and RA may target different
areas of the developing limb bud and a late convergence of the
two chemical signaling pathways could result in a synergistic
effect (23). Our results indicate that cadmium can induce the
transcriptional activity mediated via RA signaling suggesting an
early convergence of the two pathways. Moreover, qRT-PCR
measurements of several RA metabolic genes in Hepa 1-6 cells
indicate that RA synthesis may be induced while RA degrada-
tion may be inhibited by cadmium exposure. Similar gene
expression changes were observed in the livers of cadmium-
treated mice.* These results suggest that cadmium may modify
the steady-state levels of RA by regulating the expression of
genes involved in RA metabolism. Based on these results, a
molecular mechanism for cadmium-induced teratogenesis has
been developed and is presented in Fig. 6. Specifically, RA levels
are regulated by synthesis enzymes (Bcmol, Bcdo2, Aldhlal,
Aldhla2, and Aldhla3) and catabolic enzymes (Cyp26al and
Cyp26bl). Under normal situations, excessive RA will be
degraded by catabolic enzymes, Cyp26al and Cyp26b1, which
is controlled by a feedback mechanism, so that RA will be main-

3Y. Cuiand J. H. Freedman, unpublished observation.
“T. ). Kavanagh and J. H. Freedman, unpublished observation.
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FIGURE 6. Mechanism for cadmium-induced teratogenicity. Retinoic acid
is converted from B-carotene and vitamin A by catabolic enzymes (Bcmof,
Bcdo2, Aldh1al, Aldh1a2, and Aldh1a3). Excessive retinoic acid can be
degraded by P450s (Cyp26al and Cyp26b1). Upon cadmium exposure,
Bcmo1 levels increase, while Cyp26a1 and Cyp26b1 levels decrease, which
causes an increase in the level of RA (arrows). This leads to an increase in
retinoid X receptor (RXR) and RAR-mediated transcription.

tained at a steady-state level (55). Upon cadmium exposure,
Bcmol expression is up-regulated while Cyp26al and Cyp26b1
are down-regulated, which could result in an elevation in RA
levels. This subsequently leads to an increase in RA-signaling
activity and changes in transcriptional activation, ultimately
leading to abnormal development. Similar effects were ob-
served in murine liver from cadmium-treated mice. Transcrip-
tome analysis of liver mRNA from C57BL/6 mice exposed to
cadmium reveals significant suppression of the steady-state
mRNA levels for Cyp26al and Cyp26bl. In addition, there was
a significant increase in the levels of Aldhlal, RARYy, and
Aldhla2 mRNAs.*

The mechanism by which cadmium alters the levels of
expression of the genes involved in RA metabolism is unknown.
It has been reported that UV irradiation, which induces oxida-
tive stress, will increase BCMO activity (56). Cadmium also
induces intracellular oxidative stress (57).

Cyp26al is an important enzyme that is responsible for RA
degradation. In addition, the RA-inducible expression of
Cyp26al is a feedback mechanism that controls RA levels (58).
Cyp26al was inhibited by 1 and 10 uM cadmium after 6-h expo-
sure (Fig. 5). This suggests a conflict between our model for the
cadmium-mediated increase in RA levels (Fig. 6) and the obser-
vation that RA can induce Cyp26al expression. RA-independ-
ent expression of Cyp26al has been reported in mouse and
zebrafish embryos, suggesting this gene is regulated by addi-
tional mechanisms (59, 60). In zebrafish hindbrain develop-
ment, spatial expression of Cyp26al is activated by Fgf signaling
and collaboration between RA and Fgf signaling in the anterior-
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posterior axis of zebrafish embryos is the key to forming the RA
gradient system, which appears to be a common motif in pat-
tern formation during vertebrate embryogenesis (61, 62).
Although it is not known how cadmium inhibits Cyp26al tran-
scription, it has been reported that cadmium can inhibit Fgf8
and Fgf4 expression in C57BL/6N mice during early limb devel-
opment (23). A comparative study between C57BL/6N mouse
strain and SWV strain also demonstrated that the differential
strain response to cadmium-induced forelimb digital loss may
be due to a polymorphic interference with Fgf signaling and
others (22). These data suggest that Cyp26al transcription is
regulated by a complex mechanism, which includes at least RA
and Fgf signaling. It is possible that cadmium or a byproduct of
cadmium exposure (e.g. reactive oxygen species, activation of
other signal transduction pathways), interferes with multiple
Cyp26al regulatory processes to ultimately inhibit transcrip-
tion in the presence of RA.

The finding that cadmium interacts with RA signaling pro-
vides new insights in understanding the teratogenicity of cad-
mium. Although cadmium causes birth defects in a variety of
animal models and has been associated with low birth weight in
humans, the underlying molecular mechanisms remain largely
unknown. The study in the mouse cell line, Hepa 1-6, suggests
that cadmium may exert teratogenicity through regulating RA
signaling. Because RA signaling is an essential regulator in
embryonic development, cell differentiation, and apoptosis in
the maintenance of adult organs, the proposed mechanism for
cadmium teratogenesis may also provide insights into the
understanding of other cadmium-induced diseases as well as
cadmium-regulated gene expression.
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