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Whether translation initiation factor 4E (eIF4E), the
mRNA cap binding and rate-limiting factor required for
translation, is a target for cytotoxicity and cell death
induced by cadmium, a human carcinogen, was investi-
gated. Exposure of human cell lines, HCT15, PLC/PR/5,
HeLa, and Chang, to cadmium chloride resulted in cyto-
toxicity and cell death, and this was associated with a
significant decrease in eIF4E protein levels. Similarly,
specific silencing of the expression of the eIF4E gene,
caused by a small interfering RNA, resulted in signifi-
cant cytotoxicity and cell death. On the other hand,
overexpression of the eIF4E gene was protective against
the cadmium-induced cytotoxicity and cell death. Fur-
ther studies revealed the absence of alterations in the
elF4E mRNA level in the cadmium-treated cells despite
their decreased eIF4E protein level. In addition, expo-
sure of cells to cadmium resulted in enhanced ubiquiti-
nation of eIF4E protein while inhibitors of proteasome
activity reversed the cadmium-induced decrease of
elF4E protein. Exposure of cells to cadmium, as well as
the specific silencing of eIF4E gene, also resulted in
decreased cellular levels of cyclin D1, a critical cell cycle
and growth regulating gene, suggesting that the ob-
served inhibition of cyclin D1 gene expression in the
cadmium-treated cells is most likely due to decreased
cellular level of eIF4E. Taken together, our results dem-
onstrate that the exposure of cells to cadmium chloride
resulted in cytotoxicity and cell death due to enhanced
ubiquitination and consequent proteolysis of eIF4E pro-
tein, which in turn diminished cellular levels of critical
genes such as cyclin D1.

Cadmium, a highly toxic chemical and one of the members of
the U.S. Environmental Protection Agency’s “Priority List of
Chemicals,” has been classified by the International Agency for
Research on Cancer as a human carcinogen. Cadmium is found
in abundance in the environment, at specific work places, and
in food and water. Therefore, human exposure to cadmium is
essentially unavoidable. Higher levels of cadmium have been
detected in the urine and in various organs of exposed individ-
uals (1, 2), and the toxicological responses of cadmium exposure
include kidney damage, respiratory diseases, and neurological
disorders (3). Exposure to cadmium has been implicated in
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cancers of the lungs, prostate, pancreas, and kidney (4—6). The
mortality risk among people exposed to cadmium shows a
strong correlation with the exposure level (7). Exposure of cells
to cadmium leads to a complex series of events, including
deregulation of gene expression resulting in changes in the
cellular pathways and corresponding networks that play a crit-
ical role in the response of cells to the toxicity of the chemical
(8). In the past, multiple genes, including those involved in
several critical cellular functions, have been identified as po-
tential targets for cadmium-induced cytotoxicity and cell death
(reviewed in Ref. 9); however, the one or more precise mecha-
nisms that lead to their deregulation of expression in response
to cadmium exposure as well as the functional significance of
such alterations with respect to cadmium toxicity are not well
studied. Despite identifying several genes that may potentially
function as targets for cadmium-induced cytotoxicity and cell
death, the underlying mechanisms responsible for such alter-
ations and the mechanisms that lead to cytotoxicity and cell
death are not understood.

Alterations in the expression of cellular genes in response to
their exposure to toxic chemicals may be due to the chemical-
induced changes in cellular transcription and/or translation
machinery. Although the cellular effects of chemicals, includ-
ing those of cadmium, are relatively better understood with
respect to transcription, there are not many studies that ad-
dress how chemical exposures influence gene expression at the
translation level. In eukaryotes, translation of mRNAs to syn-
thesize the encoded proteins is a complex process carried out by
several genes collectively referred to as translation factors.
Three distinct phases of translation have been identified and
characterized: viz. initiation, elongation, and termination (10).
Of the more than two dozen translation initiation factors that
have been cloned and characterized to date, the eukaryotic
translation initiation factor 4E (eIF4E)! assumes paramount
importance. eIF'4E functions in the rate-limiting step of trans-
lation initiation where it binds with the 7-methylguanosine cap
of mRNA and recruits the given transcript to the translational
machinery. The function of eIF4E is conserved from yeast to
humans (11). Overexpression of the antisense oligonucleotides
to eIF4E is lethal in HeLa cells (12) suggesting that the eIF4E
gene is essential for survival of cells. The eIF4E gene is a
critical regulator of cellular growth (13), and its overexpression
results in oncogenic transformation of immortalized cell lines
(14-16). Increased levels of eIF4E are correlated with a poor

! The abbreviations used are: eIF4E, eukaryotic translation initiation
factor 4E; HO-1, hemeoxygenase-1; MT-2, metallothionein-2; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; CHO, Chinese hamster
ovary; siRNA, small interference RNA; ALLN, N-acetyl-Leu-Leu-nor-
leucinal; MG-132, carbobenzoxy-L-leucyl-L-leucyl-L-leucinal.
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clinical outcome in a variety of human cancers, including
breast cancer (17) and several non-Hodgkin’s B-cell lympho-
mas (18). The oncogenic potential of eIF4E is attributed to its
ability to inappropriately translate growth-promoting tran-
scripts (13). However, whether eIF4E is a cellular target for
chemical-induced toxicity and carcinogenesis remains to be
studied.

Recently, we have reported that deregulation of translation,
as evidenced from overexpression of translation initiation fac-
tor 3 (elF3) and translation elongation factor-16 (eEF-16) in
cadmium-transformed Balb/c-3T3 cells, is a major mechanism
responsible for cell transformation and tumorigenesis induced
by cadmium (19-21). Presently, we have investigated the effect
of cadmium exposure on the cellular expression level of eIF4E,
the rate-limiting translation initiation factor involved in eu-
karyotic protein synthesis. In addition, we have found that
elF4E is a novel cellular target for cadmium toxicity and the
resulting cell death. The underlying mechanisms responsible
for cadmium-induced deregulation of eIF4E leading to cytotox-
icity and cell death are presented.

EXPERIMENTAL PROCEDURES
Cell Culture and Cytotoxicity Studies

Human cell lines, viz. HeLa (cervical adenocarcinoma, catalogue
number CCL-2), HCT15 (colon adenocarcinoma, catalogue number
CCL-225), PLC/PR/5 (hepatocellular carcinoma, catalogue number
CRL-8024), and Chang (likely derived from HeLa cells, catalogue num-
ber CCL-13), were purchased from ATCC (Manassas, VA) and were
cultured in the medium containing fetal bovine serum and all required
supplements as recommended by the supplier. Exponentially growing
cells were used to determine the lethal concentration 50 (LC,,) for
CdCl,. One hundred thousand cells each were plated in the individual
wells of a 96-well cell culture plate. The cells were allowed to attach
and grow overnight. Cadmium chloride (Sigma) was dissolved in
sterile water to prepare a stock solution and was diluted with fresh,
serum-free cell culture medium to get final concentrations ranging
from 0 to 100 uMm. The cells were allowed to grow in the control as well
as in the medium containing increasing concentrations of CdCl, for
24 h. Cytotoxicity was determined by quantitating the number of
surviving cells as evidenced from the metabolic reduction of a tetra-
zolium salt (MTT assay, ATCC, Manassas, VA). The LC;, for CdCl,
was determined for each of the cell lines based on their response to
increasing concentrations of the chemical that resulted in 0-100%
cell death.

Effect of CdCl, on elF4E Expression

The effect of CdCl, on the expression level of the eIF4E gene was
determined by Western blot analysis. The cells were treated for 24 h
with CdCl, at the respective LC, values obtained for each of the cell
lines as determined by an independent cytotoxicity experiment. The
chemically-treated cells were washed with phosphate-buffered saline,
and the cell lysates were prepared from the control and the cadmium-
treated cells using the mammalian protein extraction reagent (Pierce)
consisting of 20 mm HEPES, pH 7.6, 75 mMm NaCl, 2.5 mm MgCl,, 0.1 mMm
EDTA, 0.1% Triton X-100, 0.1 mMm Na,VO,, 50 mm NaF, 1 ug/ml apro-
tinin, 1 pg/ml pepstatin, and 1 mMm 4-(2-aminomethyl)benzenesulfonyl
fluoride. The cell lysates were centrifuged at 10,000 rpm for 10 min in
the cold, and the supernatants were collected. Protein concentrations of
the lysates were determined spectrophotometrically using Bio-Rad pro-
tein assay reagent (Bio-Rad). Equal amounts of protein (30 pg each)
from the control and the CdCl,-treated cells were electrophoresed on a
12% SDS-containing denaturing gel and were transferred onto a poly-
vinylidene membrane for Western blot analysis. The eIF4E protein
reacting with a mouse anti-human eIF4E antibody (BD Biosciences)
was detected using an enhanced chemiluminescent system (Amer-
sham Biosciences). Subsequently, the blots were stripped of the
eIF4E antibody, and the presence of the housekeeping gene, GAPDH,
was detected by Western blot analysis. Intensity of the eIF4E, eIF4G,
and GAPDH protein bands reacting with the corresponding antibod-
ies was determined by scanning the Western blot images using a
densitometer equipped with ImageQuant software (Amersham
Biosciences).
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Quantitative Real-time PCR Analysis of elF4E,
Metallothionein-2, and Hemeoxygenase-1 Gene Expression

The expression profile of the target genes, eIF4E, metallothionein-2
(MT-2), hemeoxygenase-1 (HO-1), and the housekeeping gene GAPDH,
was determined by quantitative real-time PCR. Total RNA from the
control and the CdCl,-treated cells was isolated using the RNeasy mini
kit (Qiagen). The purity and integrity of the RNA samples were deter-
mined by UV-spectrophotometry and by agarose gel electrophoresis
analysis, respectively. Total RNA was reverse transcribed using the
Advantage RT-for-PCR kit (BD Biosciences). Nucleotide sequences of
the primers used to amplify the various genes were: eIF4E, 5'-CTA CTA
AGA GCG GCT CCA CCA C-3' (forward (F)) and 5'-TCG ATT GCT TGA
CGC AGT CTC C-3’ (reverse (R)); MT-2, 5'-CGG CTC CTG CAA ATG
CAA AGA G-3' (F) and 5-AGA TGC AGC CCT GGG CAC AC-3' (R);
HO-1, 5'-CAT TGC CAG TGC CAC CAA GTT C-3' (F) and 5'-GGA ACG
CAG TCT TGG CCT CTT C-3’ (R); and GAPDH, 5'-GCC TTC TGC ACC
ACC AAC TGC-3' (F) and 5'-GGC AGT GAT GGC GTG GAC TAT G-3’
(R). The PCR amplification, detection of the amplified gene products,
and their quantitation were performed with the SYBR green PCR kit
(PE Applied Biosystems, Foster City, CA) and the ABI-PRISM 5700
sequence detection system following the instructions provided by the
manufacturer. The PCR-amplified gene products were analyzed by
agarose gel electrophoresis to ensure that only the intended product
was amplified in each case. The expression levels of the individual
genes, calculated using the formula, 2°(—(Ct_target — Ct_GAPDH)),
were normalized to the expression level of the housekeeping
gene, GAPDH.

Construction of Transgenic CHO-K1 Cell Lines
and Cytotoxicity Studies

Transgenic Chinese hamster ovary-K1 (CHO-K1) cells permanently
overexpressing the elF4E gene were generated as follows: The open
reading frame of the human eIF4E ¢cDNA (GenBank™ accession num-
ber NM_10029) was subcloned in-frame with the V5 epitope and the
Hisg tag of the expression vector, pcDNA3.1D/V5-His-TOPO (Invitro-
gen) following the instructions provided by the manufacturer. Plasmid
DNA prepared using the Qiagen maxi preparation kit (Qiagen) was
used to transfect CHO-KI1 cells by the calcium phosphate procedure (BD
Biosciences). Stable transfectants were selected by culturing the trans-
fected cells in medium containing G418 at a final concentration of 200
ug/ml, and cell lines were developed individually from surviving colo-
nies. Overexpression of the cDNA-encoded protein was determined by
Western blot analysis using antibody for the V5 epitope of the fusion
protein as well as the eIF4E antibody (BD Biosciences).

Cytotoxicity of CdCl, in the control (transfected with the empty
vector) and the eIF4E-overexpressing transgenic CHO-K1 cell lines was
determined by treating the cells for 24 h with increasing concentrations
of the chemical and determining the number of surviving cells using the
MTT assay as described above.

Silencing eIF4E Gene Expression and
Cytotoxicity Determination

The endogenous elF4E expression in HeLa and HCT15 cells was
silenced by employing the small interfering RNA (siRNA) technique.
Potential siRNA target sites present in the elF4E mRNA (GenBank™
accession number NM_10029) were identified following the recommen-
dations of Ambion, Inc. (Austin, TX) for siRNA design. Several potential
siRNA target sites were identified and screened against the Gen-
Bank™ data base by the BLAST program to ensure that the selected
target sequences did not exhibit similarity to other known gene se-
quences available in the data base. This step was done to prevent
potential nonspecific silencing of gene expression. The potential siRNA
target sequences thus selected were used to generate Silencer™ Ex-
pression Cassettes using the Silencer™ Express siRNA Expression
Cassettes Kit (Ambion Inc.) following the instructions provided by the
manufacturer. The Silencer™ Expression Cassette consisted of the H1
RNA polymerase promoter adjacent to a hairpin siRNA template and
an RNA polymerase terminator. Three Silencer™ Expression Cassettes
potentially capable of silencing the expression of the eIF4E gene were
tested in HeLa and HCT15 cells. The cells were transfected with the
individual Silencer™ Expression Cassettes using the Lipofectamine
2000 reagent (Invitrogen). Forty-eight hours following the transfection,
cell lysates were prepared and tested for silencing of the expression of
the eIF4E gene by Western blot analysis using human eIF4E antibody.

For cytotoxicity determination, exponentially growing HeLa cells
were plated in individual wells of a 96-well cell culture plate and
transfected with eIF4E siRNA ranging in concentrations from 0 to 2.5

6T0Z ‘G aung uo Arelq17 OaD exdeyL g usydels e /610-oq mmmwy/:diy wouy pepeojumod


http://www.jbc.org/

25164

nmol. Forty-eight hours following the transfection, cytotoxicity was
determined by the MTT assay.

Whether silencing the expression of e[F4E will modify the response
of cells to cadmium toxicity was also studied. HeLa cells plated on a
96-well cell culture plate were transfected with 0, 0.5, and 1.0 nmol each
elF4E-siRNA. Twenty-four hours following the transfection, the cells
were treated with CdCl, at final concentrations of 0, 16, and 32 pM for
24 h. At the end of the chemical exposure period, cytotoxicity was
determined by MTT assay.

Cadmium-induced Ubiquitination of eI[F4E Protein

Induction of Ubiquitin by Cadmium Chloride—Exponentially grow-
ing HeLa cells were treated with CdCl, at a final concentration of 32 um
(LC;). At the end of the treatment period, cell lysates were prepared
from the control and chemically treated cells. The cellular levels of
ubiquitin, Nrf2, and eIF4E proteins were determined by Western blot
analysis using antibodies for human ubiquitin, Nrf2 (Santa Cruz Bio-
technology, Santa Cruz, CA), and eIF4E (BD Biosciences), respectively,
as described above.

Immunoprecipitation Experiments—Immunoprecipitation experi-
ments were carried out to determine whether the eIF4E protein under-
went ubiquitination in the cadmium-treated cells. Exponentially grow-
ing HeLa cells were treated with 32 um CdCl, for 24 h. The cells were
washed twice with ice-cold phosphate-buffered saline, and lysates were
prepared. Immunoprecipitation was carried out for 16 h at 4 °C using a
polyclonal rabbit anti-human ubiquitin antibody (Santa Cruz Biotech-
nology) and protein A-Sepharose beads (Amersham Biosciences) follow-
ing procedures as described elsewhere (22). The immunoprecipitated
proteins conjugated to the protein A-Sepharose beads were washed
twice with lysis buffer and then boiled with denaturing SDS-PAGE
loading buffer. The supernatant collected was used for Western blot
analysis using human eIF4E antibody as described above.

Proteasome Inhibitor Studies—Using inhibitors for proteasome ac-
tivity, the involvement of proteasome-mediated proteolysis of elF4E
protein in response to cadmium exposure was investigated. Exponen-
tially growing HeLa cells were treated with the proteasome inhibitors,
ALLN (25 um), MG-132 (10 uMm), and lactacystin (10 um), for 24 h. All
three proteasome inhibitors used were purchased from Calbiochem.
Three hours following the initiation of incubation of cells with the
proteasome inhibitors, the cells were treated with CdCl, at a final
concentration of 32 um for 21 h. The cell lysates prepared from the
control and the CdCl,-treated cells at the end of the incubation period
were analyzed for the expression of eI[F4E protein by Western blot
analysis using the human eIF4E antibody.

Statistical Analysis of the Data

The data were analyzed using SAS/STAT software, version 8.2, of the
SAS System for Windows (SAS Institute, Cary, NC). Experiments were
performed using a randomized complete block design structure and
analyzed using mixed model analyses of variance. Post hoc comparisons
were made using Fisher’s least significant difference (LSD) test, and all
differences were considered statistically significant at p < 0.05. West-
ern blot and PCR data were normalized to the level of the housekeeping
gene GAPDH, whereas cell survival assays were analyzed using the
percentage of the control group as the dependent variable. The Pearson
product moment correlation coefficients between eIF4E expression and
the percentage of surviving cells based on the MTT assay were calcu-
lated in cultures treated under identical experimental conditions.
Briefly, simulated data sets were generated using bootstrap sampling
and matching values obtained from cultures treated under identical
conditions. For each simulation, a correlation coefficient was calculated.
The simulation was repeated 500 times, and the average correlation
coefficient is reported.

RESULTS

Exposure of Cells to CdCl, Resulted in Cytotoxicity, Cell
Death, and Inhibition of e[F4E Protein Expression—Exposure
of all four human cell lines, viz. HeLa, HCT15, PLC/PR/5, and
Chang, to increasing concentrations of CdCl, resulted in
concentration-dependent cytotoxicity and cell death as evi-
denced from results of the MTT assay. The LCj, values for
CdCl,, calculated from the dose-response curves of the individ-
ual cell lines were as follows: HCT15, 29.66 + 0.41 um; HelLa,
32.33 = 3.26 um; PLC/PR/5, 19.30 = 2.04 uMm; and Chang cells,
28.00 + 1.22 um.

Results of the experiment designed to determine the effect of
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Fic. 1. Expression of eukaryotic translation initiation factor
4E (eIF4E) is inhibited by cadmium chloride. Exponentially grow-
ing human cell lines, PLC/PR/5, HCT15, HeLa, and Chang, were
treated with cadmium chloride for 24 h at the respective LC;, concen-
trations as determined in a separate experiment. Cell lysates equiva-
lent to 30 ug of total protein prepared from the control (—) and the
cadmium-treated (+) cells were used to determine the expression of
elF4E, elF4G, and the housekeeping gene GAPDH, by Western blot
analysis using procedures as described under “Experimental Proce-
dures.” The experiment was repeated four times, and the results of a
representative experiment are presented in A. The Western blots were
scanned using a densitometer equipped with the ImageQuant software
(Amersham Biosciences), and the intensities of eIF4E, eIF4G, and
GAPDH protein bands reacting with the corresponding antibodies were
determined. The cellular expression levels of eIF4E and elF4G proteins
were normalized to that of GAPDH, and the percent inhibitions com-
pared with the corresponding control cell lines were calculated using
the data obtained from four independent experiments and are pre-
sented (mean * S.E.) in B. The expression levels of eIF4G in the
cadmium-treated cells were not different from those of the correspond-
ing controls and therefore are not presented in B. *, statistically signif-
icant compared with the corresponding control cells (*, p < 0.01; **,
p < 0.001).

exposure of cells to CdCL, on eIF4E expression revealed signif-
icant inhibition of eIF4E protein in all four cell lines tested. The
cell lines treated with CdCl, at the respective LC;, levels
demonstrated significant inhibition of eIF4E at time inter-
vals of 16 and 24 h, and the inhibition was more significant at
the 24-h exposure period compared with that at the 16-h
period (Western blot analysis results following the 24 h of
exposure to CdCl, are presented in Fig. 1A). The highest
inhibition was noticed in the case of HeLa cells (75%),
whereas the lowest inhibition (40%) was noticed in the case of
HCT15 cells (Fig. 1B). The specificity of the inhibitory effect
of CdCl, on eIF4E is demonstrated by the lack of inhibition of
elF4G, the second member of the elF4 family of translation
factors (Fig. 1A).

Whether the cadmium-induced inhibition of eIF4E is due to
the suppression of transcription of the eIF4E gene was tested
by analyzing the eIF4E transcript level in the control and the
CdCl,-treated cells by quantitative real-time PCR analysis. As
presented in Table I, excepting for slight, but not statistically
significant reductions as noticed in the HeLa and PLC/PR/5
cells, all four human cell lines treated with CdCl, exhibited
elF4E transcript level comparable to those of their correspond-
ing control cell lines. In contrast, the expression levels of MT-2
and HO-1 genes in the CdCl,-treated cells were significantly
higher compared with the control cells.

Silencing the Expression of eIF4E Gene by Transfecting the
Cells with elF4E siRNA Resulted in Cytotoxicity and Cell
Death—Transfecting the human cell lines with eIF4E siRNA
resulted in a significant inhibition of el[F4E mRNA (data not
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TABLE 1
Expression of eukaryotic translation initiation factor 4E (eIF4E), hemeoxygenase-1 (HO-1), and metallothionein-2 (MT-2)
mRNAs in cadmium chloride-treated cells
HCT-15, HeLa, PLC/PR/5, and Chang cells were treated with cadmium chloride for 24 h. Expression of eIF4E, HO-1, MT-2, and GAPDH were
determined by real-time PCR as described under “Experimental Procedures.” Data presented are mean * S.E. of four independent experiments.

Gene expression

Cell line CdCl,
elF4E HO-1 MT-2
LCjy arbitrary units
HCT-15 (=) 0.064 + 0.006 0.025 £ 0.003 0.034 = 0.006
(+) 0.074 = 0.011 0.364 + 0.048“ 4.966 * 0.188*
HeLa (=) 0.060 + 0.022 0.039 £ 0.024 0.176 = 0.029
(+) 0.024 + 0.003 1.015 *= 0.286% 3.008 + 0.299*
PLC/PR/5 (=) 0.066 * 0.024 0.047 £ 0.014 0.018 = 0.009
(+) 0.036 = 0.010 1.609 = 0.191¢ 2.215 £ 0.372*
Chang (=) 0.019 + 0.007 0.015 + 0.003 0.459 * 0.051
(+) 0.023 + 0.004 0.837 £ 0.141¢ 2.166 * 0.076*

¢ Statistically significant compared with the corresponding controls (p < 0.001).
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Fic. 2. Transfection of human cell lines with eIF4E-siRNA resulted in silencing of eIF4E gene expression, cytotoxicity, and cell
death. Human cells (HCT15 and HeLa) were transfected with the indicated concentrations of eIF4E-siRNA targeting the expression of eIF4E gene.
Forty-eight hours following the transfection, cell lysates were prepared from the transfected cells and the cellular levels of eIF4E, eEF1A1, and
GAPDH proteins were determined by Western blot analysis using antibodies for the corresponding proteins. The cytotoxicity and cell death due
to silencing of eIF4E gene expression caused by transfecting the cells with the eIF4E-siRNA were simultaneously determined by MTT assay as
described in the text. In another series of experiments, HeLa cells were transfected with eI[F4E siRNA, and 24 h following the transfection, the cells
were exposed to CdCl, and the cytotoxicity was determined by MTT assay. The experiments were repeated four times, and the results are presented
as mean = S.E. A, results of a typical Western blot analysis experiment using HeLa cells demonstrating the silencing of e[F4E protein. B, the
summary of results from four independent experiments using HeLa cells demonstrating the silencing of eIF4E gene by eIF4E-siRNA transfection.
The Western blots were scanned and the expression levels of eIF4E protein were normalized using those of GAPDH. The percent expression of
elF4E protein in the transfected cells is calculated compared with that of the control and the results are presented (mean *+ S.E.). *, statistically
significant compared with the corresponding controls (p < 0.01). C, summary of the results from four independent experiments (HeLa cells)
demonstrating cytotoxicity and cell death following silencing the expression of eIF4E gene by transfecting the cells with the eIF4E-siRNA. The
percentage of surviving cells following the transfections compared with the control cell line was calculated, and the results are presented as mean +
S.E. *, statistically significant compared with the corresponding controls (p < 0.01). D, summary of results from four independent experiments
using HeLa cells demonstrating the enhanced cytotoxicity of CdCl, in cells transfected with eIF4E siRNA. *, statistically significant compared with
the cells treated with CdCl, or transfected with eIF4E siRNA (p < 0.01).

presented) and elF4E protein (Fig. 2A), and the inhibitory
effect was dependent on the concentration of eIF4E siRNA that
was employed in the transfection (Fig. 2, A and B). Expression
of GAPDH, the housekeeping gene employed in the experi-
ment, was not influenced by eIF4E siRNA transfection. The
specific nature of inhibition of eIF4E protein with the eIF4E
siRNA was further evidenced from the lack of inhibition of
another translation factor, eukaryotic translation elongation
factor 1A1 (eEF1A1), in the transfected cells compared with the
control cells (Fig. 2A). Significant cytotoxicity and cell death
were noticed among the cells transfected with the eIF4E siRNA

as evidenced from results of MTT assay (Fig. 2C). Furthermore,
the cytotoxicity and cell death among the elF4E siRNA-
transfected cells exhibited a strong correlation (correlation
co-efficient, r = 0.70) with the concentration of eIF4E siRNA
that was used in the transfection (Fig. 2, B and C). Similar to
the results obtained with the eIF4E protein, inhibition of
elF4E mRNA was also noticed in the cells transfected with
the eIF4E siRNA (data not presented). As presented in Fig.
2D, the siRNA-mediated silencing of eIF4E gene expression
resulted in enhanced cytotoxicity when the cells were
exposed to CdCl,,.
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FiG. 3. Overexpression of eIF4E gene in transgenic CHO-K1
cells is protective against cadmium-induced cytotoxicity and
cell death. Transgenic CHO-K1 cell lines overexpressing eI[F4E gene
were developed by sub-cloning the open reading frame of e[F4E ¢cDNA
in the directional cloning vector, pcDNA3.1 (Invitrogen), followed by
transfection of the cells with the plasmid DNA and selection of stable
transfectants using G418 as described under “Experimental Proce-
dures.” A, lysates prepared from the cells were analyzed by Western
blotting using eIF4E or V5 antibody to determine the expression of the
plasmid DNA encoded recombinant eIF4E/V5 fusion protein. The blot
was stripped, and the abundance of the housekeeping gene, GAPDH,
was determined by Western blot analysis. B, the control and elF4E-
overexpressing transgenic CHO-K1 cell lines were treated with increas-
ing concentrations of CdCl, for 24 h, and the number of surviving cells
at the end of the treatment period was determined by MTT assay. The
percentage of surviving cells in the CdCl,-treated cells was calculated
compared with that of the control, and the results are presented as
mean * S.E. (CHO-K1-Vector, CHO-K1 cells transfected with the empty
pcDNA3.1 vector; CHO-K1-14 and CHO-K1-16 are two transgenic
CHO-K1 cell lines overexpressing eIF4E gene.) a, CHO-K1-14 and
CHO-K1-16 cell lines exhibiting a statistically significant (»p < 0.001)
difference compared with the CHO-K1-Vector control cell line; b, CHO-
K1-14 cell line exhibiting a statistically significant (p < 0.01) difference
compared with the CHO-K1-16 cell line.

Overexpression of the eIF4E Gene in CHO-K1 Transgenic Cell
Lines Was Protective against CdCly-induced Cytotoxicity and
Cell Death—Transfection of CHO-K1 cells with the recombi-
nant pcDNA3.1D/v5-His TOPO DNA containing the elF4E
cDNA resulted in a significant overexpression of the V5-eIF4E
fusion protein as evidenced from the results of Western blot
analysis. Furthermore, transfection of the cells with the plas-
mid DNA provided resistance to G418, and this facilitated the
selection of stable transfectants overexpressing the eIF4E pro-
tein (Fig. 3A). The transgenic CHO-K1 cells exhibited signifi-
cant resistance to the cytotoxicity and cell death induced by
CdCl,, demonstrating the protective effect of eIF4E overex-
pression against cadmium-induced cytotoxicity and cell death.
Furthermore, the protective effect seen correlated well with the
expression level of e[F4E in the transgenic cell lines, and the
CHO-K1-14 cell line overexpressing relatively higher levels of
elF4E transgene exhibited a significantly higher protective
effect against the CdCly-induced cytotoxicity and cell death
compared with the CHO-K1-16 cell line (Fig. 3B).

Enhanced Ubiquitination and Proteolysis of eIF4E Protein in
the Cadmium-exposed Cells—Results of the studies investigat-
ing the potential role of ubiquitination in the inhibition of
eIF4E in cells treated with CdCl, demonstrated a definite role
for the ubiquitination pathway in the CdCl,-induced decrease
in the cellular level of eIF4E protein. Exposure of cells to CdCl,,
for 24 h resulted in a significant induction of ubiquitin protein
as well as increased accumulation of ubiquitinated proteins as
evidenced from results of Western blot analysis of the CdCl,-
treated cells compared with the control cells (Fig. 4A). Expo-
sure of cells to CdCl,, for 24 h also resulted in the ubiquitination
of eIF4E protein (Fig. 4B). Immunoprecipitation of the CdCl,-
treated cells using an antibody for ubiquitin and further West-
ern blot analysis of the immunoprecipitated proteins using
elF4E antibody demonstrated that eIF4E was pulled down by
the ubiquitin antibody in the CdCl,-treated cells (Fig. 4C). The
absence of eIF4E in the immunoprecipitated proteins of the
control cells further supported the observation that exposure of
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cells to CdCl, resulted in the ubiquitination of e[F4E protein.
Results of the experiment involving inhibitors of proteasome
activity confirmed the role of ubiquitination in the inhibition of
elF4E protein in the CdCl,-treated cells. The CdCl,-induced
decrease in the cellular level of eIF4E protein was reversed by
inhibitors of proteasome activity such as lactacystin, MG-132,
and ALLN (Fig. 4D). The cellular level of Nrf2, in contrast to
that of eIF4E, in the cadmium-treated cells was higher than
that of the control cells (Fig. 4E) suggesting that exposure of
cells to cadmium may cause effects specific for individual
proteins.

Cyclin D1 Expression Is Inhibited by CdCl, and by Silencing
of eIF4E Gene Expression—Results of the Western blot analysis
demonstrated that cyclin D1 is a downstream target for both
CdCl, treatment and eIF4E silencing in cells. Exposure of
HeLa cells to CdCl,, for 24 h resulted in the inhibition of cyclin
D1 protein compared with the corresponding control cells. Sim-
ilarly, silencing the expression of eIF4E by transfecting cells
with eIF4E siRNA resulted in a significant inhibition of cyclin
D1 (Fig. 5).

DISCUSSION

Upon entering the body, toxic chemicals elicit their adverse
effect(s) by a variety of cellular and molecular mechanisms.
Such mechanisms include, but are not limited to, interactions
with cellular machinery that regulate the expression of genes
essential for cell survival. Cadmium, like many other toxic
chemicals, is recognized for its capacity to deregulate, espe-
cially to up-regulate, the expression of genes, including those
involved in stress response (23, 24), mitogenesis (25), oncogen-
esis (26, 27), apoptosis (28, 29) and signal transduction (8).
Despite the identification of large numbers of genes that could
be potential targets for cadmium toxicity, neither the precise
cellular and molecular mechanisms responsible for alterations
in the expression of these genes in response to cadmium expo-
sure nor the functional significance of alterations in the expres-
sion of these genes with respect to cadmium-induced cytotox-
icity and cell death are adequately understood. Results of the
present study have identified that eIF4E is a cellular target for
cadmium-induced cytotoxicity and cell death. Furthermore, the
results have demonstrated that the activation of ubiquitination
following cadmium exposure resulted in proteolysis and the
subsequent degradation of eIF4E protein. The cadmium-ex-
posed cells, due to their decreased cellular level of eIF4E pro-
tein, failed to synthesize/maintain normal cellular level of cy-
clin D1 protein. Most likely, due to the lack of normal cellular
level of cyclin D1, a protein essential for cell cycle progression
and growth, the cadmium-exposed cells failed to survive, re-
sulting in cytotoxicity and cell death.

As previously reported (30), we have also found that expo-
sure of cells to cadmium results in toxicity and cell death. The
LCy, value for CdCl, determined in all four human cell lines
based on the MTT assay results ranged from 19 (PLC/PR/5) to
32 uM (HeLa cells). Twenty-four hours of exposure of each of
the four human cell lines to the respective LCj, concentration
of CdCl, resulted in a significant inhibition of elF4E protein
compared with the corresponding control cells. The fact that
the inhibition of eIF4E was noticed in all of the cell lines in
response to CdCl, exposure suggests that the inhibitory effect
noticed was independent of the cell lines employed and is likely
to be a response characteristic of exposure to CdCl,. The results
of our study also suggested that the inhibitory effect of CdCl,
on elF4E protein is rather specific. This argument is supported
by the observations that (i) eIF4E protein expression was sig-
nificantly lower in all four cell lines treated with CdCl, com-
pared with the corresponding control cells and (ii) the protein
level of eIF4G, another member of the elF4 family of transla-
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Fic. 4. The cadmium-induced decrease in cellular level of eIF4E protein is due to enhanced ubiquitination and the resulting
proteolysis. A, exposure of cells to CdCl, resulted in the ubiquitination of eIF4E protein. HeLa cells were treated with 32 um CdCl, for 24 h, and
cell lysates were prepared from the control (—) and the CdCl,-treated (+) cells. The cell lysates were used to determine ubiquitin protein level by
Western blot analysis. Subsequently, the blots were stripped to remove the reacted ubiquitin antibody, and the cellular level of the house-keeping
gene GAPDH was determined. The experiment was repeated four times, and the results of a representative experiment are presented. B, exposure
of cells to CdCl, resulted in the accumulation of ubiquitinated eIF4E protein. HeLa cells were treated with 32 um CdCl, for 24 h, and cell lysates
were prepared from the control (—) and the CdCl,-treated (+) cells. The cell lysates were used to determine the cellular level of eIF4E protein by
Western blot analysis. Subsequently, the blots were stripped to remove the reacted eIF4E antibody and the cellular level of the housekeeping gene,
GAPDH, was determined. The experiment was repeated four times, and the results of a representative experiment are presented. C, ubiquitination
of eIF4E protein in cells treated with CdCl,. HeLa cells were treated with 32 um CdCl, for 24 h, and the cell lysates were prepared from the control
(=) and CdCl, treated (+) cells. The cell lysates were subjected to immunoprecipitation using a human antibody for ubiquitin by procedures as
described under “Experimental Procedures.” The immunoprecipitates were electrophoresed, and the presence of eIF4E protein in the immuno-
precipitate was determined by Western blot analysis using a human eIF4E antibody. D, cadmium-induced degradation of e[F4E protein is reversed
by proteasome inhibitors. HeLa cells were treated with CdCl, and various inhibitors of proteasome activity (lactacystin, MG-132, and ALLN) at
final concentrations as indicated in the figure. The details regarding the concentration and duration of the various treatments are as described in
the text. Lysates prepared from the cells were analyzed for the cellular level of e[F4E and GAPDH proteins by Western blot analysis. The
experiment was repeated four times, and the results of a representative experiment are presented. E, exposure of cells to CdCl, resulted in
enhanced cellular level of Nrf2 protein. HeLa cells were treated with 32 um CdCl, for 24 h, and cell lysates were prepared from the control (—) and
the CdCl,-treated (+) cells. The cell lysates were used to determine cellular level of Nrf2 protein by Western blot analysis. Subsequently, the blots
were stripped to remove the reacted Nrf2 antibody, and the expression of the house-keeping gene, GAPDH, was determined. The experiment was
repeated four times, and the results of a representative experiment are presented.

interference with signal transduction, activation of cellular
proto-oncogenes, and the inhibition of cellular DNA damage
repair process (reviewed in Ref. 9). Cadmium has also been
characterized as a potent inducer of gene expression. Signifi-
cant alterations in the expression of genes involved in oxidative
stress response, DNA damage repair, apoptosis, signal trans-
duction, oncogenesis, etc. have been noticed in cells and in

CdCl, (32 uM)
elF4E SiRNA
(2.5 nmoles)

- + - +
RSN B ciraE (25 KkDa)
M= == Cyclin D1 (36 kDa)

S S S G ArDH (32 kDo)

FiG. 5. Exposure of cells to cadmium chloride as well as trans-
fection with eIF4E-siRNA resulted in a decrease in cellular cy-
clin D1 protein level. Exponentially growing HeLa cells were treated
with 32 um CdCl, for 24 h or transfected with the eIF4E-siRNA (2.5
nmol) as described under “Experimental Procedures.” Cell lysates were
prepared, and the cellular levels of eIF4E, cyclin D1, and GAPDH
proteins were determined by Western blot analysis. The experiment
was repeated four times, and the results of a representative experiment
are presented.

tion initiation factors, and that of the house-keeping gene
GAPDH, were not inhibited in the cadmium-treated cells com-
pared with the control cells.

Cadmium is a highly toxic chemical, and the proposed mech-
anisms responsible for cadmium toxicity include its interaction
with cellular macromolecules, generation of reactive oxygen
species, impairment of cellular anti-oxidant defense systems,

animals exposed to cadmium (reviewed in Ref. 9). Results of the
present in vitro study have demonstrated for the first time that
exposure to cadmium down-regulated the expression of eI[F4E,
the mRNA cap-binding protein essential for initiation of pep-
tide chain synthesis. In all four cell lines treated with CdCl,,
the cellular expression level of eIF4E was significantly inhib-
ited compared with the corresponding control cells. Inhibition
of eIF4E in the CdCl,-treated cells was also associated with
significant cytotoxicity and cell death. Results obtained from
the experiments in which the eIF4E expression was specifically
silenced using eIF4E siRNA suggest that the cytotoxicity and
cell death noticed among the CdCl,-treated cells are due, at
least in part, to the chemical-induced inhibition of eIF4E gene
expression. Transfection of the cells with eI[F4E siRNA resulted
in significant silencing of eIF4E gene expression, and this was
accompanied by significant cytotoxicity and cell death. The
silencing of eIF4E gene expression as well as the resulting
cytotoxicity and cell death of the eI[F4E siRNA-transfected cells
were dependent on the amount of the siRNA that was used in
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the transfection. Furthermore, a strong correlation (correlation
co-efficient, r = 0.70) between the siRNA-mediated silencing of
eIF4E gene expression and the cytotoxicity and death of the
transfected cells was observed illustrating the requirement for
normal cellular levels of eIF4E for cell survival. The potential
involvement of eIF4E in the cadmium-induced cytotoxicity and
cell death was further supported by the results of the cytotox-
icity experiment involving the transgenic CHO-K1 cell lines
overexpressing the eIF4E gene. Results of earlier studies car-
ried out in our laboratory have validated the usefulness of
CHO-K1 cell line for studying gene function following overex-
pression of cDNA-encoded proteins (19, 20). Compared with the
control cells transfected with vector alone, both the transgenic
cell lines CHO-K1-14 and CHO-K1-16 overexpressing the
elF4E protein exhibited significantly higher resistance to the
cytotoxicity and cell death induced by CdCl,. Furthermore,
between the two CHO-K1 transgenic cell lines overexpressing
the elF4E gene, the resistance to CdCl,-induced cytotoxicity
and cell death correlated well with the cellular expression level
of eIF4E protein. Thus the CHO-K1-14 cell line overexpressing
a higher level of the eIF'4E transgene compared with the CHO-
K1-16 cell line also exhibited significantly higher resistance to
cadmium-induced cytotoxicity and cell death. These results,
therefore, further support the argument that the cadmium-
induced inhibition of eIF4E has a definite role in the ensuing
toxicity and cell death.

Cadmium has been demonstrated as a potent inducer of gene
expression and at least some of the toxicological properties of
cadmium are thought to be mediated through the cadmium-
induced alterations in the expression of genes involved in crit-
ical cellular functions. The majority of published studies aimed
to investigate the cadmium-induced alterations in gene expres-
sion have focused on changes taking place at the transcript
level. Transcripts for several genes, including those involved in
cell proliferation, signal transduction, oncogenesis, apoptosis,
oxidative stress response, DNA damage repair, and others have
been found altered in response to exposure to cadmium com-
pounds (reviewed in Ref. 9). Cadmium, either because of its
effects on transcription factors such as AP1, MTF1, Nrf2, NF-
kB, and others or due to the alterations in intracellular levels
of reactive oxygen species or calcium ion, is known to result in
transcriptional de-regulation of gene expression (27, 31-33).
Despite such mounting evidence documenting the potential of
cadmium to de-regulate gene expression at the transcriptional
level, the cadmium-induced down-regulation of eIF4E does not
seem to be mediated through its effects on the transcription of
the gene. In any of the cell lines treated with cadmium, the
elF4E transcript level was not significantly different from the
corresponding control cells, whereas the transcripts for two of
the cadmium-responsive genes, HO-1 and MT-2, were signifi-
cantly overexpressed in the same samples. The results may
thus indicate that the regulatory mechanisms of eIF4E gene
expression are different from some or all of the other genes that
are known to be de-regulated by cadmium at the transcrip-
tional level. Cloning the gene promoter and further analysis of
the regulatory mechanisms may provide insights for the lack of
cadmium-mediated de-regulation of eIF4E at the transcrip-
tional level.

Ubiquitination, a post-translational process, has long been
considered to be an adaptive response whereby cells eliminate
damaged proteins (34). However, recent evidence indicates a
major role for ubiquitination in the regulation of specific pro-
teins involved in vital cell functions such as signaling, cell
cycle, and differentiation (34). Results of the present study
suggest that the reduced cellular level of eIF4E observed
among the cadmium-treated cells is not due to transcriptional
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repression of the gene but rather due to enhanced ubiquitina-
tion and the subsequent proteasome-mediated degradation of
elF4E protein. As reported previously (35), exposure of cells to
cadmium resulted in a significant increase in the cellular level
of ubiquitin protein. Even though the precise cellular mecha-
nism(s) responsible for the cadmium-induced up-regulation of
expression of ubiquitin has not been investigated in the present
study, it is possible that oxidative stress potentially resulting
from cadmium exposure, among other factors, was responsible
for its induction (36). It is also possible that oxidative stress or
any other mechanism of toxicity elicited by cadmium might
have caused damage to the eIF4E protein leading to its en-
hanced ubiquitination and the subsequent degradation by pro-
teasome activity resulting in reduction in the cellular level of
elF4E. Results of the Western blot analysis (Fig. 4B) and
immunoprecipitation experiment (Fig. 4C) demonstrated ubiq-
uitination of eIF4E in the cadmium-treated cells. Furthermore,
the fact that pre-exposure of the cells to three different inhib-
itors of the proteasome pathway resulted in reversal of the
cadmium-induced inhibition of eIF4E further confirmed that
the reduced cellular level of eIF4E in the cadmium-treated cells
was due to its enhanced ubiquitination and the subsequent
proteolysis of the ubiquitinated eIF4E. Similar to the effect of
CdCl, on eIF4E, proteasome-mediated degradation of Na*/K™-
ATPase has previously been reported in rat kidney proximal
tubule cells treated with CdCl, (36). However, in contrast to
the effect of CdCl, on eIF4E (present study) and on Na*/K*-
ATPase (36), Stewart et al. (37) have reported that exposure of
mouse hepatoma (Hepa) cells to CdCl,, resulted in the stabili-
zation and activation of Nrf2, which was mediated through the
ubiquitin-proteasome pathway. Similar to the findings of Stew-
art et al. (37), we have noticed increased cellular level of Nrf2
protein in HeLa cells treated with CdCl, under the conditions
that resulted in the inhibition of eIF4E. Thus our findings as
well as those reported by other investigators (36, 37) may
suggest that the exposure of cells to cadmium results in pro-
tein-specific effects and further studies are required for a better
understanding of the reasons for such protein-specific effects
of cadmium.

The precise cellular and molecular mechanisms responsible
for the cytotoxicity and cell death following exposure of cells to
cadmium are not clearly understood. Results obtained from the
present study suggest that inhibition of eIF4E is a novel mech-
anism responsible for cadmium-induced cytotoxicity and cell
death. This assumption is based on the observations that (i)
cadmium-induced cytotoxicity and cell death are associated
with significant inhibition of eIF4E, (ii) the eIF4E siRNA-
mediated specific silencing of the eIF4E gene expression re-
sulted in cytotoxicity and cell death, and (iii) ectopic overex-
pression of eIF4E was protective against the cadmium-induced
cytotoxicity and cell death.

The cellular expression level of eIF4E is known to be a
critical determinant regulating the translation of mRNAs, es-
pecially those possessing a complex 5'-untranslated region.
The 5'-cap binding function of eIF4E is essential for the initi-
ation of peptide chain synthesis. In addition, those mRNAs
possessing a complex 5'-untranslated region are preferentially
translated and in turn overexpressed in several tumor samples
and cancer cell lines that exhibit overexpression of the elF4E
gene (38, 39). Those mRNAs possessing a complex 5’-untrans-
lated region and, therefore, translationally more regulated by
elF4E include cyclin D1 (40), c-myc (41), and ornithine decar-
boxylase (42) among other genes (43). Our results demon-
strated that the synthesis of cyclin D1, a protein essential for
cell growth and cell cycle control, was down-regulated in cells
by the cadmium-induced inhibition of eIF4E as well as by the
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elF4E-siRNA-mediated silencing of eIF4E gene expression.
Thus, it appears that the exposure of cells to CdCl, resulted in
a diminished cellular level of eIF4E protein. This, in turn,
compromised the ability of the cells to synthesize and maintain
proper levels of essential proteins, such as cyclin D1, resulting
in cytotoxicity and cell death. Induction of apoptosis has been
demonstrated as a major response of cells to exposure to cad-
mium (reviewed in Ref. 9). eIF4E has been demonstrated as an
inhibitor of apoptosis induced by multiple agents (44, 45).
Therefore, a potential increase in the incidence of apoptosis
taking place in the cadmium-treated cells owing to reduced
cellular level of eIF4E may be another mechanism responsible
for cadmium-induced cytotoxicity and cell death. Currently, we
are investigating the role of eIF4E in apoptosis induced
by cadmium.

Cadmium is an established human carcinogen (5). Several
previous studies have characterized eIF4E as a potential proto-
oncogene (reviewed in Ref. 43). Ectopic expression of elF4E
results in cell transformation and tumorigenesis (14). In addi-
tion, marked overexpression of eI[F4E has been found to be
associated with the malignant transformation of multiple hu-
man tissues/organs (46). At this time, however, it is not under-
stood what role, if any, eIF4E has in cadmium carcinogenesis,
aside from its role in cytotoxicity and cell death as demon-
strated in the present study. The cadmium-induced inhibition
of eIF4E as has been demonstrated from results of the in vitro
experiments described in this communication as well as the
previously known roles of eIF4E in apoptosis (44, 45) and in
cancer (43, 46) may suggest that eIF4E is less likely to play any
significant role in cadmium carcinogenesis. Further validation
of the present in vitro study using appropriate in vivo animal
models and additional functional studies are required to un-
derstand the potential implication(s) of eIF4E inhibition in
human carcinogenesis brought about by cadmium, a common
environmental pollutant and a highly useful industrial metal.
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