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,' Activation of Androgen Response Element
-? by Cadmium: A Potential Mechanism for a
Carcinogenic Effect of Cadmium n the Prostate

Jianping Ye, Suwei Wang, Mark Barger, Vincent Castranova, and Xianglin Shi*

Cadmium is a transition metal that has been widely used in industry.
?gidemiolngimlandaxﬁmalstudieshavedemnstmtedamrdmganic

ectotmglnﬁu:gonﬂnpmﬁahe.ﬂﬂuughithnbmestabﬁnhedm
androgen is required for this cancer-inducing process, it is not clear how
cat}mummterw(swithandmgen.lnthisstudmthccanimmicmdm-
anism of cadmium was explored with a focus on interaction of andro-
gen and cadmium at the gene transcription level An androgen response
luciferase reporter was used for analysis of the eadmium activity in the
transient transfection assay Human prostats epithelial cella (LNCap)
and liver cells (HepG2) were transfected by the reporter. Ths result
showed that cadmium was able to activate the reporter in the ahaence
of androgen, and that this activation was dependent an the presence
of androgen receptor. Cadmium eould enhance the response
when both androgen and cadmium were applied together to the re-
parter-transfected cells. Activation of the reporter by cadmium was not
associated with cell proliferation or interleakin & (IL-6) production,
which was proposed to be invalved in cadmium-induced carvinogene-
ais in other experimental systams. Cadmium exhibited a weak ability
to induce AP-1. The results demonstrate thai cadmium hag an andro-

gen-lke activity in prostate epithelial cells, and this activity implies
mechanism

a new

for the carcinogenic effect of cadmium in the prostate.

EEY WORDS: cadmiur, prostate eancer, androgen, LNCap, HepG2.

Introduetion

Cadmium has a broad application in the industry,
including battery and cadmium alloy manufac

ture, electroplating, and metal eoating. Approxi-
mately 50,000 workers in the United States are oc-
cupationally exposed to cadmium.® Exposure to
cadmiuin may result in chronic toxicity becanse of
its extremely long biclogical half-life. At present,
there are no proven effective treatments for chronic
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Cadmium texieity is of bath sccupational and
environmental concern. Cadmium was designated
as a human carcinogen by the International Ageocy
for Research on Cancer (IARC) in 1993. It is the
anly metal thathas been reported to be capable of
inducing tumor in the prostate, which has been
demonstrated in animal experiments.?- 21. 32

Prostate cancer has received increasing atten-
tion N the United States because it is the secand
leading cause Of cancer death.24 Animal studies
have shown that cadmium administrated by var-
ious routes was able to induce proatate cancer in
rats.3-21-22 Althongh induction Of prostate cancer
by cadmium requires input of teaticular fune-
tion,?0. 21 the mechaniam by which this metal
causes prostate cancer remaing to be elueidated.
Because it is well established that teatosterone

275



Feh-26-2001 08:25an

From-HUPP LIBRARY

YEET AL

"Cone form of androgen), a male hormaone released

from the testes, plays a key rale in progtate cell
proliferation follawing its conversion to dihy-
drotestosterone in the prostate, it is possible that
cadmivm promgtes prostate cancer by enhancing
andragen activity.

In this study, the interaction between cadmium
and androgen was investigated with a focus on
transcriptional regulation of the target gene of an-
dragen. The study was carried out using 2 fucifer-
ase reporter plasmid controlled by an androgen re-
sponee element. The results indicate that cadmiom
has androgen-like activity and is able ta enhance
androgen-mediated {ranscriptional activation.
This binlogical effiect of cadnrium is dependent on
the androgen receptor

Materials and Methods

Cells and Reogenix

The buman prostate tuunor call line, LNCap (ATCC,
CRI-1740), and human liver tumor cell line, HepG2
(ATCC, HB-8065), wers obtained from the Amer-
ican Type Culture Collection (Rackville, MD) and
maintained jn RPMI-1640 supplemented with 5%
fetal calf serum, 2 mM glntamine, 2 mM HEPES,
and 0.075% Na,HCOj (pH7.4). The cells were cul-
tured in 75 cm? cell culture flasks and trypsinized
with 0.5% trypsin EDTA when confluence was
reached. Cadminm chlaride and androgen (dibydro-
Lestostercne) were purchased from Sigma (St.
Louis, Missotxri).

Transieni Transfection Assay

A luciferase reporter plagmid wag constructed by
ingserting the thymidine kinasa (TK) promotar up-
stream of the lveiferase gene in the pGl-2 basic
plasmid (Promega, Madizon, WI). Three copies of
androgen respoose element from the prostate spes
cific antigen gene promoter were kinked to the TK
promotey at the & pritner end. The reporter plasmid
wag amplified in maxiprep and stored at ~20 °C.
The cells were plated in 6-well enlture plates at a
density of 1-3 % 105/well. The experiment was eon-
ductad by transfecting 1 ug of the reporter DNA
together with 0.2 pg 3-galactosidass repocter plas-
mid (internal contral) into § % 105 LNCap cells/well
in a 6-well plate. Phenol red free RPMI-1640 and
charcoal treated serurn wers used for preparation
of the culture medium. Cadmium chloride was
used ag a souree of cadmium and was added into
the transfectad calls 24 hours sfter transfection.
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Cellg were exposed to cadmivm for 18 hours. The
cells then were harvested for reporter assay. In
transfection of HepG2 cells, the cells were pladad
in a 6-well cell culixtre plate at a cell density of 1
x 105/well. The androgen reporter plasmid (1 ng)
was delivered into the cells togecher with 0.2 ng
of S-galactosidase reporter plasmid (a8 an inter-
nal contral) in each well by lipofactamine. Andro-
gen receptor (AR) expreasion plasmid (0.2 pg) was
used to introduce the receptar into the cells. The
androgen reparter sctivity was examined at 48
hours after transfection. The tranafection was me-
disted by lpofectamine reagent (GIBCO BRL,
Gnthnsburl,m)) A R-galactosidase reporter plas-

was cotransfectad as an internal control to the
n&wmmﬂuwﬂamm
with various comcentrations of cadmium chloride,
as indicated in the legend to Figure 1, for 24 hours.
The cell lysate was used in the reporter assay. Lu-
cifergse and B-galactogidase activity were deter-
mined by protocols described previcusly.?? The Io-
cifarase reparter activity was normalized with the
f-galactosidase activity.

Deatg Analysis

Data are reported as mean + SD of 3 individual
experiments and were analyred by Student's £-test
at a confidence level] of p < 0.05.

Resulis

Cadmium Activates the Androgen Response Kle-
ment in LNCap Cells. Androgen receptor is ac-
tivated by the binding of androgen, and this
lesds to translocation of the activated receptor
from cytoplasm inte the nucleus.’S In the nu-
elans.. the activated androgen receptor recog-
nizes its binding element in target genes and
t.hen regulates transcription. Messenger BNA of
the target gene will direct protein synthesis. In
the current experimental system, androgen-in-
dnced response was mounitored using a luciferase
reporter. The enzymatic activity of the luciferase
protein expreased from the reporter gene serves
as an indicator of responsiveness of the andro-
gen target gene to androgen or cadmnim. The en-
Zymatic activity of luciferase was determined by
the intensity of fluorescence emitted from the Iu-
cifarage substrate luciferin. When androgen was
applied, this reporter system exhibited a strong
inducible activity. LNCap cells express the an-
drogen receptor.
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FIGURE 1. Activation of the androgen reporter
by cadmium in LNCap cella. LNCap cells were
p in a 6-well culture plate at 3 x 105 cells/well
2 days before transfoction. The cells were trans-
fected as stated in the Material and Methods sec-
tion. Twenty four hours after transfection, cells
were treated with varicus concentration of ead-
minm (CdCl,) as indicated. The cells were har-
vested for the reporter assays 16 hrs later. Each
point repregents a mean + SD from 3 independent
experiments. * indicates a signifiecant increase
from the control (p < 0.05). + indicates a significant
decrease from the activity induced by 5 uM cad-
mium (p < 0.05}.
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In this study, the androgen reporter plasmid
was introduced into LNCap cellsby lipofectamine
reagent, and responsiveness of the reporter to
cadminm was determined I the transient gene
transfection assay. The show that cad-
mium was able to activate the reporter activity
and the activation was associated with cadmium
concentration (Figure 1). A light induction ofthe
reparter activity was abserved at 1 pM cadmium,
and this activation was maximized at 2-5 pM cad-
mium. Further increase in cadnmvm concentration
led to a decrease N the reporter responsiveness.
Thege results demonstrate that in the absence of
androgen, cadmium was able to activate the an-
drogen responsive reporter. Therefore, it is possi-
bie that cadmium may share a biologieal activity
with androgen.

Cadmium Activity IS Dependent On the Androgen
Raceptor. The androgen receptor is a transcrip-
tion factar, and its activation is cantrelled by the
availahility of androgen The above experimental
results demonstrate that cadmium activates the

JEPTO 2000, Volume 19, Number 3 .

androgen response elements in the reporter plas-
mid. Because cadmium is nat an analog of andro-
gen, it was interesting to speculate on haw cad-
mium activated the reporter,

Two possibilities may exist to explain the above
experimental observation: 1) cadnpwin may act on
the reporter in a nonspecific way, and the andro-
gen receptor may not be required fir cadmium ae-
tivity; 3) cadmium may activate the androgen re-
parter in a specific way, and the specificity is me-
diated hy the androgen receptor. These possibilities
were tested by employing an androgen-receptor-
negative call ine. If the cadmium activity was ob-
served in the androgen-receptor-negative cells, the
firat pomsibility would be correet, Otherwise, the
second posaibility would be right. In addition, we
examined whether the cadmium effect was re-
atricted to prostate epithelial cells. To answer these
questions, we used HepG2 cells, 2 human liver tu-
mar cell line, 88 a model in which the andogenous
androgen receptor is not expressed.

The result showed that cadmium was not able
to induce the reporter activity in HepG2 cells that
lack AR (Figure 2). This suggests that in the ab-
sence of AR, cadmium had no effect on the andro-
gen response element in the reperter. However, in

FO000

Luciferase activity
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FIGURE 2. Actvation Ofthe andmgen reporter
by eadmium in HepG2 cells. HepG2 cells were
plated in a 6-well culture plate at 1 x 105 cells/well
1 day before transfection. The cells were trans-
fected as Stated i the Material and Methods sec-
tion. Twenty four houre after trangfection, cells
were treated with 2 pM cadminm (CdCl). The
eenswerehmestedforthempomraasaﬁsmm
later. Each point represents a mean = SD from 3
independent experimenta. * indicates a significant
increase from the control (p < 0.05).
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7the presance of cadminm, expression of AR in

Hap(:}Z cells increaged the reporter activity ap-
proximataly fivefold (Figure 2). The androgen re-
ceptar alone did not change the reporter activity
mtheabaeneofcadminm.'lheaeremlfamggm
thatthemdmimindncedmpmoisdependnnt
on the androgen receptor Because both liver cells
and prostate epithelial cells respended to cad-
minm, tha cadminm-induced androgen response is
1ot restyicted to prostate epithelial cells alons,

served at 0.01 nM androgen, and the response he-
came strongur as the androgen dose incrensed to
10 nM. In the presence of cadmium (2 pM), the an-
d&ogmnl!ﬂ!bt!:vnmscnihinneed.lttlu&iblhunﬁzq;:zu}.
centrations: 0.01 nM, 0.1 nM, and 1 nM. A higher

I
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FIGURE 3. Enhancement of androgen reporter
activity by cadmioom. LNCap cells were trans-
fected under the same condition as stated in the
Figure L. Cadrmium (2 pM)} was used in combina-
@mwrthdiﬂhzmtmm&aﬁmofanﬂogmas
wndicated i the figure. Bach point represents a
mean :x SD Hom 3 i i .+ 1
dicates activation af the reparter above
control by androgen (7 £0.05). * indicates a ag-
nificant inerease from the activity induced by an-
drogen. alone at cach concentration (p <0.05).
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concentration of cadmivm became inhibitary to the
androgen activity (data not shown),

Discussion

The carcinogenic effect of cadmium on the prostate
is dependent on androgen.20 21 Testicnlar andro-
gen is wesential for the growth and maintenance
of the prostate. Animal stodies have demonstrated
that exposure o a high dose of cadmium induced
degensration of the testes in the rat beeause the
tagtis is sensitive to cadminm texicity 12 Under this
¢ondition, cadmium failed to induce prostate can-
€or because the prostate epithelial calle cannot
grow in the absence of androgen caused by testes
damage. This explanation was supported by an-
other animal experment in which zine was used
to protect the testis against toxicity of cadmtum 20
When zine is given at doses sunfficient to prevent
cadmium-induced chronic degeneration in the
testes, cadmium’s ahility to induce prostats can-
cer was observed. At a Iow dose of cadmium that
did not result in degeneration of testes, cadminm
induced proliferative legions of the rat ventral
prostate. 3¢ All these results indicats that andro-
gen is required for the potential carcinogemic ef-
fect of cadmium.

In this study, we observed that cadmium ex-
hibits an androgen like activity at low doses (1~5
pM). The androgen activity was observed using an
androgen-specific reporter gene. The raporter gane
asaay is a specific and sensitive test to study the
fanction of a trenscription factor In this experi-
ment, the reporter gene is turned on after the an-
drogen raceptar is activated in the cells. Androgen
is the only natural ligand for the androgen recep-
tor, The present study demonsirates that cad-
mium was able to activate the reporter in both
prostate epithelial cells (LNCap cells) (Figure 1)
and liver cslls (HepG?Z cells) in the presence of AR
(Figure 2}. This snggests that the andvogen- like
activity of cadmium is not tisgue apecific. More-
aver, the cadmium effect is dependent on the pres-
ence of androgen receptor (Figure 2). Physiolagi-
cally, prostate epithelial cells express a much
higher leval aof androgen receptor than do other cell
types. This might be the basis of tisgus specificity
of cadminm carcinogenesis in the prostate be-
cause the higher level of the andragen recepter
makes the prostate cells more sensitive to ead-
minm. Laek of metallethionein, which serves as a
eritienl molemle in detoxifieation of the toxic metal

JEPTO 2000, \V/olume 19, Number 3
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«ion,? in the prostate cells may also contribute to
the tiasue specificity.36 The result snggests that
cadmium might activate androgen receptor
through an unidentified mechanism. Because cad-
mizm (2 pM) could enhance androgen-mediated
response (Figure 3), the combination of cadmium
and androgen will result in a strong stimulation
o the prostate cefls in vivo.

Several hypotheses have been proposed for the
carcinogenic effects of cadmium, including in-
duction of proto-ancogenes, 1.8 10,18. 23 INA dam-
age,? 17 cell proliferation,® and reactive oxygen
spaeciea.l?: 1% 35 26 In this study, we tested cad-
mium activity in the activation of proto-oncogene
and in the induction of interleukin 8 (IL-6). It has
been reported that cadmium was able to activate
proto-oncogene c-fos, % 18, 38 whoge protein prod-
uct is ¢-Fos, a component of tranacription factor ac-
tivator protein 1 (AP-1). We used an AP-1 reporter
cell line to test cadmium activity on the AP-1 re-
parter. The reporter cells contain an AP-1 specific
reporter gene (luciferase). If c-fos is activated, the
reporter cells would express an increased lu-
ciferase activity. The results showed that only a
onefold induction of the AP-1 reporter activity
was observed with cadmium stimulation (data
not shown). This effect is weak compared to a typ-
ical AP-] inducer, such as PMA (a carcinogen),
which induces the AP-1 reporter activity by at
least tenfold. We also tested the mitogenic oifect
of cadmium on LNCap cells. 3H incorporation was
used to monitor cell proliferation in the presence
of cadzoiumn. The regults indicated that cadmirm at
0.1~10 uM did not induce cell proliferation with
or without serum starvation (data not shown). This
does not. suppart a role of cell proliferation in the
activation of androgen reparter. Gene reporter ac-
tivity always inereases with an accelerated cell
proliferation. The LNCap cell line used in this
study does not proliferate in response to androgen

IL-8 was proposed as a growth factor fur
prostate epithelia] cells,* 1418 gnd it may promote
cell growth through interaction with ErbB2, an
epidermal growth factor receptor family mem-
ber.1s Cadmium has been reported to induce IL-6
in vivo in animal experiments.}1- 12 [, -§ produc-
tion was tested in this study by ELISA_ The results
indicate that cadmium did not induce IL-6 pro-
duction by LNCap cells in cell culture (data not
shown). This may exclude IL-6 activity in the an-
drogen effect of cadmium.

In summary, this study explored a new aspect
of mechanisms of cadmium-induced carcinogen-

JEPTO 2000, Volume 19, Number 3

esis. The results suggest that cadminm may in-
teract with AR and activate AR’s trangactivation
activity. By using an androgen-specific reporter
plasmid, we observed that cadmium was able to
activate the androgen reporter gene and that the
activation was dependext on the presence of an-
drogen receptor. Cadmivm was also able to en-
hance the androgen-induced activation of the re-
porter. Thia effect may be important in the mech-
anism of cadmium-induced prostate cancer.
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