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Cadmium (Cd) and Cd compounds are widely-distributed in the environment and well-known carcino-
gens. Here, we report that in CdCl,-exposed human bronchial epithelial cells (BEAS-2B), the level of
p53 is dramatically decreased in a time- and dose-dependent manner, suggesting that the observed
Cd-induced cytotoxicity is not likely due to the pro-apoptotic function of p53. Therefore, this prompted

KGyWQTdSi us to further study the responsive pro-apoptotic factors by proteomic approaches. Interestingly, we iden-
Cadmium tified that high levels (20 or 30 uM) of Cd can significantly upregulate the protein levels of eukaryotic
eBllEF/;i_f B translétion initiation factor 5A1 (elF5A1) and rgdox-sensitive transcrip.tion' fagtor‘NF—KB p65. Moreover,
NF-kappaB there is an enhanced NF-xB nuclear translocation as well as chromatin-binding in Cd-treated BEAS-2B
Cell death cells. We also show that small interfering RNA-specific knockdown of el[F5A1 in Cd-exposed cells atten-

uated the Cd cytotoxicity, indicating the potential role of elF5A1 in Cd cytotoxicity. As elF5A1 is reported
to be related with cell apoptosis but little is known about its transcriptional control, we hypothesize that
NF-kB might likely modulate el[F5A1 gene expression. Notably, by bioinformatic analysis, several poten-
tial NF-xB binding sites on the upstream promoter region of e[F5A1 gene can be found. Subsequent chro-
matin immunoprecipitation assay revealed that indeed there is enhanced NF-xB binding on elF5A1
promoter region of Cd-treated BEAS-2B cells. Taken together, our findings suggest for the first time a
regulatory mechanism for the pro-apoptotic protein el[F5A1 in which its level is possibly modulated by
NF-kB in human lung cells.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Cadmium (Cd) and Cd compounds are widely-distributed in the
living environment. In particular, the contamination of Cd in the
food chain, consumption of tobacco and occupational exposure in
industry provide the primary sources of human exposure to Cd
[1-3]. Cd is toxic, and it has been shown that Cd can cause a variety
of adverse health effects, including various types of lung diseases
and cancers [1,3]. As a matter of fact, Cd and Cd compounds have
been classified as group 1 carcinogens by the International Agency
for Research on Cancer (IARC) [3]. The most obvious correlation be-
tween Cd and human diseases is found in the lungs [1,4,5]. The
mechanism has, however, not been well-established. Evidence
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has indicated that reactive oxygen species (ROS) may be involved
in Cd toxicity and carcinogenicity [6-8].

Our previous studies reported the characterization of Cd expo-
sure in our established normal rat lung epithelial cells (LEC) which
showed that Cd is able to exert oxidative stress-induced cytotoxic-
ity [9,10]. Nevertheless, the cellular response would be more rem-
iniscent to human situation if human lung cells are to be used. For
this reason, in this study, we resolved to use the normal human
bronchial epithelial cells (BEAS-2B) to examine the cellular re-
sponse to environmentally-relevant concentrations of Cd.

By using normal BEAS-2B cells to simulate the cellular response
of human lung cells to Cd, we reported that while a low level
(2 uM) of Cd treatment for 36 h elicited negligible cytotoxicity,
however, high levels (20 or 30 uM) of Cd treatment for 36 h
induced cell death in BEAS-2B cells. Interestingly, we identified
that high levels of Cd can upregulate the protein levels of eukary-
otic translation initiation factor 5A-1 (elF5A1) and redox-sensitive
transcription factor NF-xB p65. The pro-apoptotic role of elF5A1
that played in Cd cytotoxicity has been supported by the fact that
small interfering RNA-specific knockdown of el[F5A1 in Cd-exposed
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cells attenuated the Cd cytotoxicity. Notably, by bioinformatic
analysis and chromatin immunoprecipitation assay, we revealed
that there is enhanced NF-xB binding on elF5A1 promoter region
of Cd-treated BEAS-2B cells. Taken together, our findings suggest
for the first time a regulatory mechanism for the pro-apoptotic
protein elF5A1 in which its level is possibly modulated by NF-xB
in human lung cells.

2. Materials and methods

2.1. Materials

Cadmium chloride (CdCl,) was purchased from Sigma Aldrich
(St. Louis, MO). PlusOne 2-D Clean-Up kit and Silver Staining kit
were purchased from GE Healthcare (Uppsala, Sweden). The Sub-
cellular Protein Fractionation Kit for Cultured Cells was from Ther-
mo Scientific (Rockford, IL). siRNAs were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). el[F5A1 siRNA (h) is a pool
of 4 target-specific 19-25 nt siRNAs designed to efficiently knock
down elF5A1 gene expression. Control siRNA-A is a scrambled se-
quence that will not lead to the specific degradation of any known
cellular mRNA. All other general chemicals were purchased from
GE Healthcare and Sigma Aldrich. Antibodies used for Western blot
were purchased from Santa Cruz Biotechnology, Sigma Aldrich, Cell
Signaling Technology (Danvers, MA) and GeneTex (Irvine, CA).

2.2. Cell culture and transfection

The human bronchial epithelial cell line (BEAS-2B) was pur-
chased from the American Type Culture Collection (ATCC) (Rock-
ville, MD). BEAS-2B cells were isolated from normal human
bronchial epithelium obtained from autopsy of a non-cancerous
individual. Cells were routinely grown in LHC-9 medium (Gibco,
Grand Island, NY) at 37 °C in an atmosphere of 5% C0O,/95% air as
recommended by ATCC. BEAS-2B cells were cultured in six-well
plates before transfection with small interfering RNA (siRNA) du-
plexes against el[F5A1 using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA). At 36 h after transfection, the cells were harvested for
Western blot analysis or challenged with CdCl,. Control experi-
ments were carried out with the control siRNA-A under the condi-
tions of elF5A1 siRNA.

2.3. Cd treatment

Cells were grown to 75% confluence and then were either sham-
exposed or treated with different concentrations of CdCl,. Cell via-
bility was measured by naphthol blue black (NBB) staining assay as
described previously [11].

2.4. Cell lysate preparation and conditions of Western blot

After treatment, cells were then washed thrice with ice-cold
PBS, scraped into centrifuge tube, and then harvested by centrifu-
gation at 1000g for 5min at 4°C. For subcellular proteins
preparation, the cytoplasmic, nuclear-soluble, and chromatin-
bound fractions were prepared using the Subcellular Protein
Fractionation Kit for Cultured Cells in accordance with the
manufacturer. For Western blot analysis, cell pellets were lysed
in radioimmunoprecipitation assay buffer according to the proto-
col as described previously [10]. Equal amounts of proteins
(40 pg) were fractionated on a SDS-polyacrylamide gel and trans-
ferred onto polyvinylidene difluoride membranes. The membranes
were blocked with 5% nonfat dry milk in PBS containing 0.05%
Tween 20 and probed with various primary antibodies. After incu-
bation with secondary antibodies, immunoblots were visualized

with the enhanced chemiluminescence detection
Healthcare).

kit (GE

2.5. Definition of transcription factors binding sites based on Position
Weight Matrix (PWM) in elF5A1 promoter

The whole elF5A1 gene and upstream 1500 bp sequences were
downloaded from GeneBank. The DNA sequence was analyzed
using the canonical Position Weight Matrix (PWM) of NF-kB re-
ported in Jaspar database (http://jaspar.genereg.net/) [12]. Affinity
scores were assigned to each promoter binding site using a stan-
dard log-likelihood ratio (LLR) scoring functions with intergenic
background frequencies. All sites with score exceeding 80% recom-
mended by the PWM were selected as the putative binding sites.

2.6. ChIP-PCR assay

ChIP assays were performed using the ChIP kit (Abcam, Cam-
bridge, MA) in accordance with the manufacturer. Primers that tar-
get NF-kB elements are located around the proximal promoter and
the first intron of eIF5A1 gene, primer sequences are listed in Sup-
plementary Table 1.

2.7. Statistical analysis

Statistical analysis was done by using two-tailed Student’s t
test, and P < 0.05 was considered significant. Data are expressed
as the mean £ SD of triplicate samples, and the reproducibility
was confirmed in three separate experiments.

3. Results
3.1. Cytotoxicity of Cd in BEAS-2B cells

Since different types of cell lines would have different sensitiv-
ity to Cd exposure, to compare the sensitivity of BEAS-2B cells to
Cd, cells were treated with varying concentrations of CdCl, and cell
viability was determined by NBB assay. Increasing Cd concentra-
tions exhibited cytotoxicity to BEAS-2B cells. Cell viability is unaf-
fected at 1 or 2 uM CdCl, but severely-compromised at higher
concentrations of CdCl, (Fig. 1). From the data, the lethal concen-
tration range is around 20-30 pM, and we therefore used these
dosages for subsequent experiments.

3.2. The effects of Cd exposure on p53 levels in BEAS-2B cells

AsshowninFig. 1, high levels of Cd induced cell death in BEAS-2B
cells. We first examined whether the cell death is mediated by the
pro-apoptotic functions of tumor suppressor p53. Interestingly,
the level of p53 is downregulated in a time- and dose-dependent
manner (Supplementary Fig. 1). We also checked the levels of Bid
and PARP, which indicated the time-dependent Bid and PAPR cleav-
age, supporting the cell death observed in BEAS-2B is triggered by
apoptotic cascades (Supplementary Fig. 2). Since the observed
Cd-induced cytotoxicity is not likely due to the pro-apoptotic
function of p53. Therefore, this prompted us to further study the
responsive pro-apoptotic factors by proteomic approaches.

3.3. Identification of elF5A1 as a Cd-responsive protein by proteomic
approach

In order to identify the Cd-responsive proteins which might
promote cell death, to this end, 2D-PAGE proteome analysis was
conducted on sham-exposed and CdCl,-treated BEAS-2B cells.
Spots that displayed significantly differences were cut out and
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Fig. 1. Dose-dependent cytotoxicity of Cd on BEAS-2B cells. (A) Cells were plated in
96-well plates at 2 x 10%/well and incubated overnight. On the next day, cells were
dosed with CdCl,. After 36 h, cell viability was measured by NBB staining assay. The
percentage of viability was plotted as 100% for control (no treatment of Cd). Results
are expressed as mean+S.D. of triplicate samples and reproducibility was
confirmed in three separate experiments. *A significant difference (P<0.05) as
compared with control. (B) Cell morphology of BEAS-2B cells treated with various
dosage of CdCl, for 36 h under light microscope.

subjected to trypsin digestion, MALDI-TOF mass spectra measure-
ment and database searching (data not shown). Supplementary Ta-
ble 2 summarizes the identified proteins and their alterations
between normal control and 30 uM Cd-treated cells. The upregu-
lated proteins are mostly related to anti-oxidative/stress response
proteins, such as GSTP1, HSPA6 and HSP90B1. Interestingly, we
also identified eukaryotic translation initiation factor 5A-1
(elF5A1) as one of the Cd-responsive proteins. Although the cellu-
lar function of elF5A1 is reported to be related to protein biosyn-
thesis, recent findings suggested that it is also a pro-apoptotic
protein that participated in TNFa-mediated apoptosis of lamina
cribrosa cells and induced apoptosis in A549 lung cancer cells
which is not dependent on p53 activity [13,14].

3.4. Involvement of NF-kB activation in BEAS-2B cells upon Cd
exposure

As mentioned above, although we observed the upregulation of
elF5A upon Cd treatment in BEAS-2B cells, however, the p53 level
was not upregulated but rather downregulated in a time- and
dose-dependent manner, suggesting that elF5A1 expression is
not likely regulated by p53. This prompted us to study other
transcription factors that might be involved. Surprisingly, we
determined that the redox-sensitive transcription factor, NF-kB,
is also upregulated following the same pattern as of e[F5A1 upon
Cd treatment (Fig. 2A), suggesting that NF-kB activation might be
linked to eIlF5A1 induction.

3.5. Increase of NF-xB nuclear translocation and chromatin-binding
upon Cd exposure in BEAS-2B cells

Nuclear translocation of NF-kB is a prerequisite for its specific
binding to the responsive elements located at the promoter region
of NF-kB-target genes. Therefore, determining the subcellular
localization of NF-kB can delineate its activity inside cells. We
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Fig. 2. CdCl, treatment induces the upregulation of e[F5A1 and NF-xB p65 in BEAS-
2B cells. (A) BEAS-2B cells were treated with CdCl, for 36 h; cells were lysed; and
protein extracts were subjected to Western blot analysis using antibodies against
elF5A1 and NF-kB p65. (B) BEAS-2B cells were treated with 30 pM CdCl, for 24 h,
individual subcellular fractions (cytoplasmic, nuclear-soluble, and chromatin-
bound) were isolated and subjected to Western blot analysis using NF-kB p65
antibody. The same blot was stripped and reprobed with the monoclonal p-actin or
histone H3 antibody to monitor the loading difference. Data are representative of
three independent experiments.
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fractionated individual subcellular components of Cd-treated cells
and it was found that the levels of nuclear NF-kB, whether in the
nuclear-soluble and chromatin-bound fractions, were increased
as compared with untreated control. This indicates that there
was an enhanced NF-kB nuclear translocation as well as chroma-
tin-binding in Cd-treated BEAS-2B cells, and suggests NF-kB might
likely be involved in modulating el[F5A1 gene expression.

3.6. The effects of elF5A1 silencing on Cd sensitivity

From our results, we suggest that if increased elF5A1 was in-
volved in Cd-induced cell death, then removal of elF5A1 should
attenuated the Cd cytotoxicity. For this reason, we resolved to
use loss-of-function method to silence the e[F5A1 in BEAS-2B cells
by siRNA technique. To test the effect of silencing of the elF5A1
gene on Cd cytotoxicity, BEAS-2B cells were transfected with 100
or 200 nM siRNA and grown for 36 h. The samples were processed
for Western blot analysis to determine the expression of el[F5A1. As
expected, transfection of BEAS-2B cells with 100 or 200 nM siRNA
resulted in almost complete reduction of elF5A1 gene expression
(Fig. 3A). More importantly, the silencing of elF5A1 before the
addition of Cd sustained the cell viability of BEAS-2B cells com-
pared with Cd-treated control cells (Fig. 3B and C). These results
clearly showed that silencing of elF5A1 significantly protected
the Cd-induced cytotoxicity in BEAS-2B cells. To sum up, based
on the results obtained from silencing of el[F5A1 in BEAS-2B cells
by siRNA, we conclude that the elevated expression of e[F5A1 upon
Cd treatment is crucial in promoting cell death.

3.7. Enhanced NF-kB binding on elF5A1 promoter region of Cd-treated
cells

Our results thus so far suggested the involvement of NF-kB acti-
vation and elevated elF5A1 expression in Cd-treated BEAS-2B cells.
As elF5A1 is reported to be related with cell apoptosis but little is
known about its transcriptional control, we hypothesize that NF-
kB might likely modulate elF5A1 gene expression. To this end,
we first analyzed the whole elF5A1 gene and upstream 1500 bp
sequence. Fig. 4A shows the schematic structure of the human
elF5A1 gene and proximal promoter region. By bioinformatic
analysis, six potential NF-kB binding sites (four on the proximal
promoter region and two on the first intron) on eIF5A1 gene can
be found. We therefore designed six primer pairs (Supplementary
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Fig. 3. elF5A1 silencing in BEAS-2B cells. BEAS-2B cells were transfected with
elF5A1 siRNA duplexes. (A) Cells were harvested at 36 h for Western blot analysis.
Cells treated with Cd served as positive control of elF5A1 and NF-xB p65 induction
for relative comparison. (B) After e[F5A1 siRNA transfection (100 nM siRNA), cells
were treated with CdCl, for 36h, shown are cell morphology under light
microscope. (C) Corresponding NBB staining assay of (B) for the determination of
viability. The percentage of viability was plotted as 100% for control (no treatment
of Cd). Columns, means of triplicate samples and reproducibility was confirmed in
three separate experiments; bars, S.D. *, P < 0.05 versus Cd-treated cells only.

Table 1) that each cover these putative binding sites for ChIP-PCR
assay to determine whether there is enhanced NF-xB binding upon
Cd treatment (Fig. 4A). Notably, our ChIP assay results revealed
that among the six putative sites, only site 2 showed the presence
of and elevated NF-kB binding as evidenced by a 3.5-fold enrich-
ment of PCR products (Fig. 4B and C); while the other putative
sites, i.e. sites 1, 3, 4, 5, and 6 all failed to show any PCR product
after the ChIP assay (data not shown). This suggests that site 2,
which is closed to the transcription start site, is likely the location
where nuclear translocated NF-kB binds and subsequently acti-
vates elF5A1 transcription. Based on our results, we suggest for
the first time a regulatory mechanism for the pro-apoptotic protein
elF5A1 in which its level is possibly modulated by NF-kB.

4. Discussion

In this study, we studied the transient effect of CdCl, in human
bronchial epithelial cells (BEAS-2B). By the use of proteomic ap-
proach, we were able to identify the responsive proteins that are
altered by Cd exposure. Among these responsive proteins that we
identified, the function of elF5A1 was further evaluated. More
importantly, we showed that siRNA-specific knockdown of el[F5A1
in BEAS-2B cells attenuated the Cd cytotoxicity, indicating the pro-
apoptotic role of e[F5A1 that it plays during Cd-induced cell death.
elF5A1 is a small protein (16.8 kD) that is ubiquitously-expressed
and highly-conserved among eukaryotes and is the only known
protein that is post-translationally modified on a conserved lysine
residue (K50) by two enzymes, deoxyhypusine synthase (DHS) and
deoxyhypusine hydroxylase (DOHH), which transfer a butylamine
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Fig. 4. Enhanced NF-«B binding on elF5A1 promoter region of Cd-treated cells. (A)
Schematic structure of the human elF5A1 gene. NF-xB binds only to putative
binding site in region 2 (pointed arrow) as determined by ChIP assay. (B) Chromatin
immunoprecipitation assay of elF5A1 promoter. Equal amounts of cross-linked
chromatin were incubated with NF-kB p65 antibody. Following DNA purification,
samples were analyzed by PCR using primers specific to region 2 of elF5A1
promoter. PCR using total input chromatin from sham-exposed or Cd-treated cells
as templates serve as positive controls for the primers. Results similar to those
depicted here were obtained in at least two other independent sets of ChIP
experiments. (C) Corresponding normalized values of bands in (B) were presented
as a fold increase (set at 1 for sham-exposed cells). The data are shown as the
mean * S.D., and the asterisk indicates a significant difference (P < 0.05).

group from spermidine to a conserved lysine residue to produce
the amino acid, hypusine [15,16]. Although elF5A1 has been shown
as an mRNA-binding protein involved in translation elongation,
depletion of elF5A1 in yeast caused only a small reduction in rate
of protein synthesis [17,18]. Recently, elF5A1 was demonstrated
as a specific factor in promoting poly-proline peptide bond forma-
tion [19]. Previous studies by overexpression experiments indi-
rectly showed that elF5A1 is involved in cell apoptosis but the
function of elF5A1 in apoptosis is still obscure. Introduction of
the wild-type elF5A1 or its mutant which cannot be hypusinated
at K50 were both effective in promoting apoptosis in A549 cells,
suggesting that hypusination is not required for eIlF5A1 to exert
its apoptotic function [14].

In our study, by examining the endogenous protein levels in
BEAS-2B cells, we demonstrated that Cd can potently induce elF5A1
in this normal lung cell model while p53 is severely downregulated.
It has been shown that elF5A1 regulation is p53-dependent in
p53** HCT116 colon cancer cells [20]. However, our studying
human lung cell model behaved differently which is in contrary
to other reports that elF5A expression is regulated by p53. As a mat-
ter of fact, there are also reports showing the downregulation of
p53 protein levels upon Cd treatment [21-23]. Our results are in
agreement with others which demonstrated the downregulation
of p53 by Cd treatment in lung fibroblast WI 38 and rat testes
[21-23], and induction of apoptosis in response to elF5A1 in
A549 lung cancer cells which is not dependent on p53 activity [14].

It is conceivable that the redox-sensitive transcription factor is
activated during Cd-induced cytotoxicity as Cd is well-known for
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its ability to generate ROS inside cells, which alters the cellular re-
dox-status [6-8]. As a matter of fact, as low as 2 uM CdCl, treat-
ment, we can see that there were already some observable
elevations of NF-kB and elF5AT1 levels (Fig. 2A), yet, we do not ob-
serve a subtle cytotoxicity to BEAS-2B cells at this low dosage of Cd
treatment (Fig. 1), suggesting that although low and high levels of
Cd can activate this pathway, the levels of elF5A1/activated NF-xB
induced are crucial in dictating the cell fate that ultimately lead to
survival or cell death. Nevertheless, further study is required to ad-
dress these issues.

Although the dosage range of Cd that we used is capable of
inducing cell death in BEAS-2B. However, not 100% of these Cd-ex-
posed cells are killed. As a result, a small fraction of cells might
actually recover along with suppressed p53 expression. The conse-
quence of p53 under-expression is significant as p53 is the princi-
pal guardian in maintaining genome stability such that reduced or
diminished p53 could then lead to neoplastic cell survival as well
as subsequent clonal expansion and then progression of tumor
development [7,21].

In summary, in this acute Cd exposure scenario in BEAS-2B
cells, our findings report for the first time that the pro-apoptotic
protein elF5A1 is involved in Cd-induced cell death in human lung
cells and possibly modulated by the NF-kB pathway. This is sup-
ported by the fact that there is enhanced NF-kB binding on elF5A1
promoter region of Cd-treated BEAS-2B cells and introduction of
elF5A1 siRNA before Cd treatment effectively prevented cell death.
Moreover, we show also the potential of Cd to severely suppressing
p53 expression which could likely lead to genomic instability and
the promotion of carcinogenesis in Cd tolerant cells. Further stud-
ies are underway to examine the effect of long-term Cd exposure
on these cells and will hopefully provide more insights into this
area in the future.
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