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Hexavalent chromium [Cr(VI)] is a recognized
environmental toxin with ubiquitous distribution
in industrialized societies. Its concentration in
ambient air derives from several sources includ-
ing but not limited to chemical processes, the
burning of fossil fuels and the production of
cement. It is a food contaminant because of its
deposition info bodies of water. The majority of
published studies on the effects of Cr(VI) concern
animal models and these studies have shown
that it can induce a variety of cytotoxic and gen-
otoxic reactions that affect the immune system. In
order to identify the specific cellular impact of
Cr(Vl) on humans, we studied its effect on pro-
tein production and gene expression in human
peripheral blood mononuclear cells (PBMC)
obtained from both men and women of each
major ethnic group including Caucasians, His-
panics, Asians and African-Americans. High-
throughput protein profiling using bead-based

protein arrays showed a concentration-depend-
ent biphasic effect of Cr(VI) on the expression of
many cytokines and chemokines by activated
PBMC. High-density oligonucleotide microarray
analysis identified several functional families of
genes including those involved in immune
response, intracellular signaling, cell cycle, apo-
ptosis, RNA transport and binding, organelle or-
ganization and biogenesis that were strongly
affected by Cr(VI). Cr(VI) suppressed many cellu-
lar receptor genes involved in immune response
and activated many cell cycle-related and proa-
poptotic genes. These results defined responses
that were unique to Cr(VI). This methodology
defined an effective manner for identifying in-
jurious/toxic human exposures to Cr(VI) at the
cellular level that may facilitate the identifica-
tion and monitoring of efficacious treatments for
Cr(Vl)-related maladies. Environ. Mol. Mutagen.
48:650-657, 2007.  © 2007 Wiley-Liss, Inc.
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INTRODUCTION

Chromium (Cr) is a heavy metal that exists primarily
in trivalent Cr(IIl) and Cr(VI) forms. Cr(VI) is a widely
used industrial chemical and is a recognized occupational
carcinogen that is released by many industries including
chrome plating, stainless steel production, welding,
chrome pigmenting, and leather tanning [Grevatt, 1998].
High doses of Cr(VI) or chronic exposures can induce a
variety of cytotoxic and genotoxic effects that affect the
immune system. Chromium enters the body through inha-
lation, the gastrointestinal tract, and the skin [Costa and
Klein, 2006]. Inhalation is the most common route of
occupational exposure of Cr(VI) and is associated with an
increased risk of lung cancer. Dermal exposures to chro-
mium may induce irritant and allergic contact dermatitis
[Shrivastava et al., 2002]. Upon entering the cell, Cr(VI)
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is reduced to Cr(IIl) resulting in the formation of reactive
intermediates, which contribute to cytotoxicity, genotoxic-
ity, and carcinogenicity of Cr(VI) compounds [Shrivas-
tava et al., 2002; O’Brien et al., 2003]. In contrast, Cr(III)
compounds are essential micronutrients involved in carbo-
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hydrate and lipid metabolism. They have been shown to
promote the action of insulin [Vincent, 2004; Guerrero-
Romero, 2005].

It is widely accepted that the central and unifying fac-
tor in regard to the toxicity and carcinogenicity of transi-
tion metals is the generation of reactive oxygen species
by the Fenton reaction leading to oxidative stress, DNA
lesions, DNA-protein, and DNA-DNA cross links [Valko
et al.,, 2005]. The extensive DNA damage results in the
activation of the p53 pathway, cell-cycle arrest, and apo-
ptosis [Carlisle et al., 2000a,b; Bagchi et al., 2001; Wang
and Shi, 2001]. Although this concept regarding the
mechanism of toxicity and genotoxicity of Cr(VI) com-
pounds has received much attention, a number of findings
have suggested that non-Fenton-like pathways, such as
the formation of chromium-DNA adducts and the genera-
tion of reactive carbon-based radical species may also
produce secondary toxicological effects [O’Brien et al.,
2003; Valko et al., 2005].

Regardless of the mechanism, Cr(VI) exposure has
pleiotropic effects on the cell. Besides mutagenic and
transforming effects, chromium treatment inhibits DNA
replication, transcription, translation, mitochondrial respi-
ration, and other cellular processes. [O’Brien et al., 2003].
Evidence shows that at least some of these effects are in-
dependent of DNA damage. Workplace and indirect expo-
sures from chromium have been documented to cause
numerous health effects, including allergic skin reactions,
skin irritation, skin ulcers, and irritations of the mucous
membranes that line the upper respiratory tract and lungs.
The determination of a body burden or injurious effect
from chromium has, in the past, relied upon serum chro-
mium measurements, which are imprecise for document-
ing long-ago or chronic exposures to chromium. More-
over, because the injurious effects of Cr(VI) are often not
recognized until the disease has advanced, the need for
identifying subclinical effects as well as the effects of
low-dose exposures to chromium is vital.

Advances in high-throughput gene microarray technol-
ogy have made it possible to analyze the expression of
many genes in the human genome thereby allowing sys-
tematic analyses of cellular responses to chemical agents.
Statistical analyses of large data sets generated in such
studies may identify cellular processes and pathways that
can lead to the comprehensive understanding of the bio-
logical effects of environmental hazards. It is well estab-
lished that the mutagenic and transforming effects of
chromium are observed under conditions that are toxic to
the cells. However, exposure doses, which occur at below
cellular toxicity levels, can remain hazardous to humans,
as were proven by particular epidemiological studies
[Costa and Klein, 2006]. Gene expression analyses of the
cells of the immune system, which were exposed to low
levels of toxicants, may detect early changes in the
affected cells and identify “molecular signatures” of such
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exposures. Therefore, we analyzed gene expressions in
peripheral blood mononuclear cells (PBMC) exposed to
low doses of Cr(VI).

MATERIALS AND METHODS

Isolation and Culture of Peripheral Blood
Mononuclear Cells

We collected 20-30 ml of blood from eight healthy volunteers by ven-
ipuncture and diluted it with equal volumes of Hank’s balanced salt solu-
tion (HBSS, GIBCO-BRL). Peripheral blood mononuclear cells (PBMC)
were isolated by Ficoll gradient centrifugation. Blood samples were lay-
ered on top of Ficoll (Histopaque, Sigma) and centrifuged at 1,200 rpm
at room temperature for 20 min. PMBC were harvested from the inter-
phase. Cells were washed in HBSS and their viability was determined
using Trypan-blue staining. Cells were cultured in triplicate at a density
of 1 X 10° cells/ml in complete RPMI medium supplemented with anti-
biotics and 10% fetal bovine serum. We added 1 pg/ml phorbol-12-my-
ristate-13-acetate (PMA, Sigma) in combination with 1 pg/ml of ionomy-
cin (Calbiochem) and/or various concentrations of sodium bichromate
(Sigma) to some samples. After culturing PBMC for 18 h, cells were
centrifuged at 2,000 RPM for 5 min and the supernatant was removed
and placed at —80°C for storage. The cells were either immediately
lysed for RNA extraction or placed at —80°C for storage.

Collection of Cells for RNA Isolation and Cell Lysis

RNA was isolated using Trizol Reagent (Invitrogen) according to the
manufacturer’s instructions. Briefly, 500 pl of Trizol was added to the
tube and the cells were lysed by pipetting. We added 100 ul of chloro-
form to the lysates, and the samples were shaken for 15 s. The tubes
were centrifuged at 15,000g for 10 min, and the aqueous phase was col-
lected. RNA was precipitated from the aqueous phase with 250 pl of iso-
propanol, the RNA pellets were washed with 500 pl of 70% ethanol,
dried, and dissolved in 100 pl of RNA-free water. Total cellular RNA
was isolated using RNeasy columns (Qiagen, Valencia, CA), according
to the manufacturer’s instructions. The RNA concentration was deter-
mined by the absorbance at 260 nm and its quality was assessed by aga-
rose gel electrophoresis. RNA samples were stored at —80°C.

Cytokine Assay

Concentrations of 15 cytokines and chemokines in blood plasma as
well as in culture supernatants were determined by a multiplex bead im-
munoassay using a BioPlex fluorescence bead reader (BioRad) and fol-
lowing manufacturer’s instructions. Three panels of antibody-conjugated
beads (BioSource) for measuring GM-CSF, IL-18, IL-6, IL-8, and TNF-
o as proinflammatory molecules, IFN-y, IL-2, IL-4, IL-5, and IL-10 as
Th1/Th2 cytokines, and MIP-la, MIP-1B3, MCP-1, Eotaxin, and
RANTES as proinflammatory chemokines were used in the experiments.

Gene Expression Analysis

An oligonucleotide-based Affymetrix Human U133A GeneChip Array
was used for the gene expression analysis. The array, which contains
over 22,000 probe sets, represents 18,400 transcripts, which are derived
from ~ 14,500 well-characterized human genes. All labeling reactions
and hybridizations were carried out according to the Affymetrix Gene-
Chip® eukaryotic target labeling protocol. Test hybridizations were per-
formed using “Test3” arrays (Affymetrix, Santa Clara, CA) to insure the
quality of the biotinylated probe sets. Bound probes were detected by
laser excitation of the fluorescent markers and scanning of the resultant
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TABLE I. Effect of Cr(VI) on Secretion of Extracellular Cytokines and Chemokines by PBMC

Cr(VI)

Plasma Media 0.2 uM 1 uM 10 uM
GM-CSF 132 £ 15 <20 <20 <20 <20
IFN-y 202 = 1.2 <10 <10 <10 <10
IL-18 <100 <50 <50 <50 <50
IL-2 <10 <5 <5 <5 <5
IL-4 81.5 = 4.1 <10 <10 <10 <10
IL-5 <5 <3 <3 <3 <3
IL-6 11.2 = 0.6 43 *0.2 <5 <5 <5
IL-8 17.7 = 1.1 144 + 28 97.1 = 51.7 738 = 17.3 100 * 27
IL-10 21.7 £ 1.8 <3 <3 <3 <3
TNF-a <20 <20 <20 <20 <20
MIP-13 79.0 = 3.9 41.6 = 3.0 325 £ 158 235 =102 214 = 1.1
MCP-1 1732 = 9.6 80.8 = 30.6 36.2 = 10.0 19.1 = 1.0 329 =54
Eotaxin 143.6 = 7.2 6.8 =03 74 *0.8 9.6 = 0.8 251 *+22
MIP-1« 160.5 = 7.6 384+ 19 373 £ 1.9 403 = 5.7 727 = 5.0
RANTES 13087 = 654 383 + 19 448 * 50 555 £ 73 1958 = 98

Concentrations of proteins (pg/ml) were determined in the plasma as well as in the supernatants of PBMC cultured in the presence of sodium bichro-
mate at indicated concentrations. “Media” corresponds to un-stimulated PBMC cultures. Means and standard deviations from at least three independ-

ent experiments are shown.

emission spectra was accomplished using a scanning confocal laser
microscope (Probe Array Scan, Agilent Technologies). Data acquisition
was performed using GCOS (Affymetrix GeneChip Operating Software
Package). Data normalization, background correction, and all subsequent
statistical tests for significant differential expressions were performed
using an S+Array Analyzer statistical software package (Insightful). CEL
files were exported from GCOS into the ArrayAnalyser module of the
package and used for calculation of the Affymetrix expression summary
(RMA method, quintiles normalization). Student’s t-test was applied to
calculate statistically significant differentially expressed genes. Raw P
values were corrected for FDR (false discovery rate) using the Benjamini
and Hochberg procedure [Benjamini and Hochberg, 1995]. Only genes
with FDR < 0.05 were used for further analysis.

Differentially expressed transcripts were initially annotated by using
the NetAffx Analysis Center (http://www.affymetrix.com) according to
the most up to date version of the Gene Ontology Database (http:/
www.geneontology.org/). Further biological annotation was performed
using the DAVID web-based functional annotation tool (http://davi-
d.abcce.nciferf.gov) and the PathwayStudio functional annotation software
package (Ariadne Genomics).

RESULTS AND DISCUSSION
Effect of Cr(VI) on Expression of Extracellular Cytokines

Cr(VI) is an industrial and environmental compound
with many recognized adverse health effects. It is vital to
determine when injurious Cr(VI) exposures have occurred
long before the appearance of overt clinical signs and
symptoms in humans. Because these injurious effects
most certainly develop in a discrete cellular manner,
developing a methodology to find and categorize these
cellular effects is crucial.

Although much data has been gained on the effects of
Cr(II) on the immune system, very little information on
the effects of Cr(VI) has been accumulated [Shrivastava
et al., 2002]. In this study, our aim was to identify bio-

markers for chronic exposure to chromium. This has sev-
eral advantages over looking at only the early markers.
For example, unlike in vivo where the cytokine levels
dramatically decrease because of their binding to cognate
receptors expressed on various cells, dilution in the body
fluids or degradation, in the current approach, we can
identify a range of cytokines that will be released and
accumulated in the culture supernatant allowing for a
more comprehensive analysis. To better understand how
chromium exposure impacts the immune system, we
investigated the effects of Cr(VI) on PBMC. To determine
the long-term effects of chromium exposure, we identified
changes in the gene expression patterns and selected cyto-
kine and chemokine expressions after 18 h of incubation.
The cells were cultured in the medium alone or in the
presence of 0.2, 1, and 10 uM levels of sodium bichro-
mate. Cell viability was monitored by propidium iodide
staining followed by FACS analysis, and we consistently
found ~90% of the cells to be healthy (not shown). The
cellular response was analyzed by measuring the secretion
of 15 cytokines and chemokines using a multiplex bead
array system. Table I shows the concentrations of individ-
ual cytokines and chemokines in the media after incuba-
tion with or without Cr(VI). No change in the production
of inflammatory cytokines was observed upon the addition
of chromium (the concentrations of most of those cyto-
kines were below the detection limit). In contrast, the
secretion of chemokines varied. Three chemokines,
Eotaxin, MIP1-a, and RANTES, showed dose-dependent
increases in secretion, while MIP-1p secretion was inhib-
ited by Cr(VI) in a concentration-dependent manner. The
changes in concentrations of two chemokines, IL-8 and
MCP-1, showed a biphasic pattern. Although a decrease
in chemokine production at lower Cr(VI) (0.2 and 1 uM
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TABLE Il. Effect of Cr(VI) on Mitogen-Stimulated Expression of Extracellular Proteins
PMA/ionomycin
Cr(VI)
Media Media 0.2 uM Cr(VI) P value 1 uM 10 pM

GM-CSF <20 1224 = 94 1162 = 64 779 + 43 308 + 26
IFN-y <10 4446 = 301 4506 * 272 4022 = 351 1799 = 177
IL-1B <50 277 = 14 310 = 12 0.037 236 = 16 160.4 = 8.0
IL-2 <5 22870 = 1140 21650 = 1180 21780 = 1090 13512 = 734
IL-4 <10 98.7 £ 5.0 132.2 £ 6.6 0.003 100.3 = 3.6 62.8 * 6.8
IL-5 <3 111 £ 10 123.7 £ 4.5 100.1 £ 4.0 46.7 £ 2.3
IL-6 43 0.2 986 =102 960 * 48 696 * 127 171 = 24
IL-8 144 *= 28 7261 * 545 8033 = 402 7357 = 755 1916 = 305
IL-10 <3 410 = 20 436 = 45 373 £ 14 144 £ 16
TNF-a <20 12890 * 436 20390 = 3440 0.021 14370 = 1740 7330 = 450
MIP-1B 41.6 = 3.0 14580 *= 1970 16530 = 1110 17560 *= 1570 7150 = 650
MCP-1 80.8 = 30.6 612 = 27 628 * 31 378 £ 37 541 £ 7.1
Eotaxin 6.8 =03 477 £ 24 49.6 £ 2.5 50.6 £ 1.4 43.1 £ 22
MIP-1a 384 19 6836 = 342 7297 *= 365 7042 *= 352 2285 = 118
RANTES 383 £ 19 9592 * 480 11676 *= 459 0.006 11650 = 580 11410 = 570

PBMC from a donor were stimulated with PMA and ionomycin and cultured in the presence of sodium bichromate as described under Materials and
methods. P values correspond to the change in the expression of extracellular cytokines in cells treated with 0.2 pM Cr(VI) compared to PMA/iono-
mycin alone. Only P values < 0.05 are shown. For other details, see Table I.

sodium bichromate) concentrations was noted, the levels
were increased when exposed to a higher dose (10 pM)
of sodium bichromate.

Biphasic Effect of Cr(VI) Exposure on Cytokine Secretion
by Mitogen-Activated Cells

Earlier studies have demonstrated that Cr(VI) ions have
a biphasic effect on the function of the cells of the
immune system both in vitro and in vivo, inducing stimu-
lation at low doses and inhibition at high doses. For
example, Cr(VI) ions stimulated the phytohemagglutinin-
induced blastogenesis of human lymphocytes at low con-
centrations (0.01-1 pM) and inhibited it at concentrations
higher than 1 uM [Borella et al., 1990]. Low chromium
(VD) concentrations also stimulated the phagocytic activity
of alveolar macrophages in exposed rats and increased the
humoral immune responses; while higher Cr(VI) doses
depressed both functions [Yucesoy et al., 1999]. There-
fore, we investigated the effects of chromium exposure on
leukocyte function. We treated mitogen-activated cells
with hexavalent chromium and monitored the response.
PBMC activation by phorbol-12-myristate-13-acetate
(PMA) in combination with ionomycin stimulates all
types of cells found in PBMC and causes an increase in
the production of most cytokines and chemokines [Jason
and Larned, 1997; Kurtzhals et al., 1995; Tsuchida and
Sakane, 1988]. Thus, we activated PBMC by PMA-iono-
mycin mixture in the presence of sodium bichromate and
measured the cytokine production. As shown in Table II,
the addition of these agents stimulated the secretion of all
cytokines and chemokines tested resulting in a dramatic
increase in cytokine levels in the medium by 10 to several

thousand-fold. The presence of 0.2 pM sodium bichro-
mate had stimulatory effects on the extracellular expres-
sion of proinflammatory cytokines IL-1(3, TNF-«, Th2-
type cytokine IL-4, and chemokine RANTES. An increase
in the chromium concentration to 1 uM decreased the
expression of most cytokines and chemokines with the
exception of IL-2, MIP-1B3, Eotaxin, and RANTES. Chro-
mium (10 pM) strongly inhibited, by 2- to 10-fold, the
secretion of all cytokines and most chemokines. Eotaxin
and RANTES were the only chemokines whose expres-
sion remained unchanged. The observed dose-dependent
changes in cytokine levels are consistent with the biphasic
effect of Cr(VI) on PBMC. They correlated with the pre-
vious studies [Borella et al., 1990; Yucesoy et al., 1999].
Similar biphasic effects of Cr(VI) on mitogen-mediated
lymphocyte proliferation and cytokine production by
PBMC was recently observed in a group of industrial
workers [Mignini et al., 2004]. In addition, this approach
allowed us to determine the effects of exposure to lower
doses of chromium that were not apparent when directly
tested against unstimulated PBMC (Table I).

Gene Expression Profiling in Cr(VI)-Exposed Cells

To develop a more comprehensive understanding of the
effects of low doses of Cr(VI) on the immune system, we
performed a large-scale gene expression profiling in chro-
mium-exposed PBMC using high-density microarrays. We
determined the gene expression profile in PBMC cultured
in the presence of 0.2 uM sodium dichromate and identi-
fied genes that were differentially expressed relative to
those in untreated cells. Gene expression was analyzed
using Affymetrix GeneChip Human Genome U133A 2.0
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arrays representing 18,400 transcripts including those repre-
senting 14,500 well-characterized human genes. Significantly
altered gene expression in PBMCs, due to their exposure to
chromium, was identified by the Student’s t-test. A total of
1,659 genes with significantly altered expression (FDR <
0.05) were identified in five PBMC samples, treated with
0.2 uM sodium dichromate, and compared to eight untreated
samples, which represented 11.4% of the total number of
genes in the array. Of those genes, 867 were downregulated
and 792 were upregulated (for a complete list of the genes,
see the online supplementary material).

Once the affected genes were identified, those that
showed statistically significant differential expression
were further analyzed to elucidate biological and molecu-
lar functions most affected by the treatment. A list of
differentially expressed transcripts was exported into the
web-based application DAVID (Database for Annotation,
Visualization, and Integrated Discovery at http://david.
abcc.nciferf.gov), annotated, and grouped according to
Gene Ontology (level 3 of Biological Process and Molecu-
lar Function) and KEGG Pathway-based terminology.
Modified Jackknife Fisher exact probability scores were cal-
culated to assess the statistical significance of the enrich-
ment of the functional groups with differentially expressed
genes. A selected list of functional groups identified as sig-
nificantly enriched for differentially expressed genes, and
the corresponding P values are shown in Table IIL

Several functional families of genes were strongly
affected by Cr(VI) including cellular metabolism, immune
response, intracellular signaling, apoptosis, RNA transport
and binding, organelle organization, and biogenesis, as
well as transition metal binding. Cr(VI) ions have a dra-
matic effect on genes related to the immune response. We
observed a significant suppression of many cellular recep-
tor genes including CDI63 (hemoglobin scavenger),
MRC1I (pathogen recognition), CD93 (complement bind-
ing), SLAMF8 (B-cell activation), STABI (pathogen bind-
ing), VSIG4 (complement binding), CD36 (microbial bind-
ing), CCRI (MIP1-o/RANTES receptor), LY96 (TLR4
cofactor), FCGRIA (IgG receptor), CSFIR (M-CSF recep-
tor), CD14 (binding of apoptotic cells), LAIR! (leukocyte-
associated immunoglobulinlike receptor), LILRB2 (leuko-
cyte immunoglobulinlike receptor), LST! (activating NK
receptor), and others. Of the 60 genes that were downregu-
lated by more than 3.5-fold in all Cr(VI) samples, at least
19 genes represented cellular receptors and receptor cofac-
tors, and at least 10 other genes coded for other proteins
involved in the cellular immune response. For example,
the CCL2 gene encoding chemokine MCP1 was the second
in the list of most downregulated genes. Although MCP1
secretion was suppressed by only 20% in Cr(VI)-treated
cells (Table I), the expression of the corresponding gene
was suppressed almost 40-fold. A significant number of
downregulated genes belonged to the GTPase-mediated
signal transduction and protein kinase family of genes.

Cr(V]) treatment had a stimulatory effect on the expres-
sion of certain cell-cycle genes, including cyclins E2, G1,
T2, L1, and D3; cell division cycle genes CDCS5L and
CDC14A; and gene encoding CDC-kinases 1, 3, and 4 as
well as CDC2-related kinase CRKRS. Expression of
many other genes encoding cell-cycle regulatory proteins,
such as CDC28 protein kinase regulatory subunit CKS2,
cyclin-dependent kinase inhibitor CDKNI1B, cyclin Bl
interacting protein CCNB1IP1, cyclin D binding myb-like
transcription factor DMTF1, and others also increased. In
contrast, suppression of cell-cycle regulator RB1 and
genes encoding growth-arrested cell-specific proteins
GAS7 and GAS2L1 was observed. An increase in the
expression of many cell-cycle-related genes was accompa-
nied by changes in the expression of apoptotic-related
genes and might reflect an early onset of apoptosis. For
example, we observed the activation of caspase 4 gene
CASP4 and TNFRSFI10B—a gene that encodes a member
of the tumor necrosis factor receptor (TNFR) family. We
noted upregulation of two other genes that encode the
Map-kinase activating death domain MADD [Schievella
et al., 1997] and the RIPK1 serine/threonine kinase [Hsu
et al., 1996]. These two proteins interact with TNFR. We
also observed the induction of other proapoptotic genes,
such as the STKI7B gene, encoding apoptosis-inducing
serine/threonine protein kinase [Sanjo et al., 1998] as well
as the death inducer-obliterator gene DIDOI [Garcia-
Domingo et al., 2003]. These findings as well as suppres-
sion of the gene encoding apoptosis inhibitory protein
BIRCI1 correlate well with the Cr(VI)-mediated induction
of apoptosis observed previously [O’Brien et al., 2003].

Cr(VI) also has a dramatic effect on cellular metabo-
lism, particularly nucleobase, nucleoside, nucleotide and
nucleic acid metabolism, and adenyl nucleotide binding.
Cr(VI) also affects phosphorus metabolism including ki-
nase and phosphotransferase activity as well as phosphor-
anhydride hydrolase activity. Other previous reports have
found similar effects of Cr(VI) on gene expression in
human epithelial cell lines [Ye and Shi, 2001; Andrew
et al., 2003].

Cluster Analysis of Gene Expression

Recent studies have demonstrated that the PBMC
response to Cr(VI) treatment depends on the genotype of
individuals, particularly on the presence of a specific hap-
lotype of human leukocytes antigen (HLA) [Mignini
et al., 2004]. We utilized a diverse group of donors, of
both genders representing four major ethnic groups
including, Caucasian, African-American, Hispanic, and
Asian. To understand the impact of genetic diversity on
cellular responses to Cr(VI) treatment, we performed hier-
archical clustering of Cr(VI)-treated and untreated sam-
ples based on the expression of the top 500 genes identi-
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TABLE lll. Functional Groups Over Represented with Differentially Expressed Genes
Term Number of genes P value
BIOLOGICAL PROCESS
Response to pest, pathogen or parasite 79 2.28E-08
Intracellular signaling cascade 123 2.83E-06
Nucleobase, nucleoside, nucleotide and nucleic acid metabolism 317 1.90E-05
Programmed cell death 68 3.49E-05
Inflammatory response 33 6.02E-05
Organelle organization and biogenesis 92 8.43E-05
Establishment of RNA localization 12 3.95E-04
Humoral immune response 24 0.001795
Vesicle-mediated transport 43 0.002031
Nucleobase, nucleoside, nucleotide and nucleic acid transport 12 0.002165
Intracellular transport 64 0.002275
Regulation of cell cycle 52 0.002286
Establishment of cellular localization 64 0.003033
Immune response 107 0.004685
Protein metabolism 292 0.005473
Regulation of programmed cell death 40 0.006619
Generation of precursor metabolites and energy 71 0.007046
Regulation of caspase activity 7 0.009006
Regulation of protein metabolism 26 0.013035
Phosphorus metabolism 88 0.014252
Hydrogen transport 14 0.016729
Cellular defense response 15 0.017986
Hemostasis 14 0.022964
Organic acid transport 12 0.029816
Detection of pest, pathogen or parasite 4 0.03034
Wound healing 14 0.030777
Positive regulation of hydrolase activity 6 0.046895
MOLECULAR FUNCTION
Adenyl nucleotide binding 147 1.17E-05
Hydrolase activity, acting on acid anhydrides, in phosphorus-containing anhydrides 68 3.25E-04
IgG binding 5 7.01E-04
Transcription cofactor activity 34 9.83E-04
Guanyl-nucleotide exchange factor activity 19 0.004399
SH3/SH2 adaptor activity 10 0.0047
RNA cap binding 4 0.005812
RNA splicing factor activity, transesterification mechanism 6 0.006586
Kinase binding 12 0.008904
Transition metal ion binding 210 0.010399
Nuclease activity 20 0.020505
SH2 domain binding 5 0.021973
Single-stranded RNA binding 4 0.028233
Rho GTPase activator activity 5 0.033067
Kinase activity 89 0.033943
Interferon binding 3 0.042408
Phosphotransferase activity, alcohol group as acceptor 71 0.045489
Chemokine binding 6 0.04843
MOLECULAR PATHWAY
Fructose and mannose metabolism 11 0.005118
Antigen processing and presentation 15 0.007199
Natural killer cell mediated cytotoxicity 21 0.009147
T cell receptor signaling pathway 16 0.018889
Aminosugars metabolism 8 0.020728
Leukocyte transendothelial migration 18 0.030802
ER-associated degradation (ERAD) Pathway 5 0.045234

The analysis is based on the total number of 1,659 genes that showed altered expression in cells treated with 0.2 uM sodium dichromate. See online
supplemental material for the complete and detailed list of differentially expressed genes.

fied by the Student’s t-test. As shown in Figure 1, the samples and the other containing all untreated samples.
samples were grouped into two clusters showing good Within each of the two clusters, sample subgroups were
separation from each other, one containing all treated closely related. Although more individual variability in
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Fig. 1. Hierarchical clustering of Cr(VI)-treated and untreated samples.
Cluster analysis was based on the top 500 most significant differentially
expressed genes identified by the Student’s t-test in five Cr(VI)-treated
samples H3Cr, H4Cr, C7Cr, H5Cr, and C4Cr compared to eight
untreated samples: H3M, H4M, C7M, H5M, C4M, HIM, H2M, and

the gene expression was observed in the cluster of
untreated samples, little variation was observed within the
group of treated samples suggesting very similar
responses to Cr(VI) treatment from cells obtained from
different individuals.

CONCLUSIONS

We have detailed the discrete and unique responses of
human cells to low doses of Cr(VI). These serve as a
guidepost for ascertaining when exposures to Cr(VI) may
become injurious. These cellular markers categorize when
such exposures have induced human health effects, which
may equate to an accurate and definite diagnosis. We uti-
lized a spectrum of human cells taken from both genders
and from multiple ethnicities to accurately identify
responses. Detection of injurious consequences at a cellular
level will allow us to establish the toxic characteristics of a
chemical. Our approach has been to find and reproduce
those cellular markers. Similar to this study, in an earlier
study, we have studied the cause-and-effect relationships

HiM 4 HIM H3M Ham CEM H3M CTM
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C5M. HI1Cr, H2Cr, and C5Cr samples did not pass the quality control
tests and were excluded from the analysis. Red color denotes down-regu-
lated genes; green color depicts the upregulated genes in a particular
sample. Numbers indicate fold change in gene expression.

of exposure to benzene and benzene metabolites [Gillis
et al., 2007]. This DNA-based approach relies on the most
sensitive of detection techniques. We consequently con-
clude that this approach could replace a past reliance on
detection methods such as serum measurements, which are
incapable of detecting low-dose exposures.

REFERENCES

Andrew AS, Warren AJ, Barchowsky A, Temple KA, Klei L, Soucy
NV, O’Hara KA, Hamilton JW. 2003. Genomic and proteomic
profiling of responses to toxic metals in human lung cells. Envi-
ron Health Perspect 111:825-835.

Bagchi D, Bagchi M, Stohs SJ. 2001. Chromium (VI)-induced oxidative
stress, apoptotic cell death and modulation of pS3 tumor suppres-
sor gene. Mol Cell Biochem 222:149-158.

Benjamini Y, Hochberg, Y. 1995. Controlling the false discovery rate: A
practical and powerful approach to multiple testing. J R Stat Soc
Ser B 57:289-300.

Borella P, Manni S, Giardino A. 1990. Cadmium, nickel, chromium and
lead accumulate in human lymphocytes and interfere with PHA-
induced proliferation. J Trace Elem Electrolytes Health Dis 4:87—
95.



Carlisle DL, Pritchard DE, Singh J, Owens BM, Blankenship LJ, Oren-
stein JM, Patierno SR. 2000a. Apoptosis and P53 induction in
human lung fibroblasts exposed to chromium (VI): Effect of
ascorbate and tocopherol. Toxicol Sci 55:60—68.

Carlisle DL, Pritchard DE, Singh J, Patierno SR. 2000b. Chromium(VT)
induces p53-dependent apoptosis in diploid human lung and
mouse dermal fibroblasts. Mol Carcinog 28:111-118.

Costa M, Klein CB. 2006. Toxicity and carcinogenicity of chromium
compounds in humans. Crit Rev Toxicol 36:155-163.

Garcia-Domingo D, Ramirez D, Gonzalez de Buitrago G, Martinez AC.
2003. Death inducer-obliterator 1 triggers apoptosis after nuclear
translocation and caspase upregulation. Mol Cell Biol 23:3216—
3225.

Gillis B, Gavin IM, Arbieva Z, King ST, Jayaraman S, Prabhakar B.
2007. Identification of human cell responses to benzene and ben-
zene metabolites. Genomics 2007 13 June [Epub ahead of print].

Grevatt PC. 1998. Toxicological review of hexavalent chromium. Wash-
ington, DC: U.S. Environmental Protection Agency.

Guerrero-Romero F, Rodriguez-Moran M. 2005. Complementary thera-
pies for diabetes: The case for chromium, magnesium, and anti-
oxidants. Arch Med Res 36:250-257.

Hsu H, Huang J, Shu HB, Baichwal V, Goeddel DV. 1996. TNF-depend-
ent recruitment of the protein kinase RIP to the TNF receptor-1
signaling complex. Immunity 4:387-396.

Jason J, Larned J. 1997. Single-cell cytokine profiles in normal humans:
comparison of flow cytometric reagents and stimulation protocols.
J Immunol Methods 207:13-22.

Kurtzhals JA, Kemp M, Poulsen LK, Hansen MB, Kharazmi A, The-
ander TG. 1995. Interleukin-4 and interferon-y production by
Leishmania stimulated peripheral blood mononuclear cells from
nonexposed individuals. Scand J Immunol 41:343-349.

Mignini F, Streccioni V, Baldo M, Vitali M, Indraccolo U, Bernacchia
G, Cocchioni M. 2004. Individual susceptibility to hexavalent
chromium of workers of shoe, hide, and leather industries. Immu-

Environmental and Molecular Mutagenesis. DOI 10.1002/em
PBMC Responses to Cr(VI) 657

nological pattern of HLA-B8, DR3-positive subjects. Prev Med
39:767-775.

O’Brien TJ, Ceryak S, Patierno SR. 2003. Complexities of chromium
carcinogenesis: Role of cellular response, repair and recovery
mechanisms. Mutat Res 533:3-36.

Sanjo H, Kawai T, Akira S. 1998. DRAKSs, novel serine/threonine ki-
nases related to death-associated protein kinase that trigger apo-
ptosis. J Biol Chem 273:29066-29071.

Schievella AR, Chen JH, Graham JR, Lin LL. 1997. MADD, a novel
death domain protein that interacts with the type 1 tumor necrosis
factor receptor and activates mitogen-activated protein kinase.
J Biol Chem 272:12069-12075.

Shrivastava R, Upreti RK, Seth PK, Chaturvedi UC. 2002. Effects of
chromium on the immune system. FEMS Immunol Med Micro-
biol 34:1-7.

Tsuchida T, Sakane T. 1988. Intracellular activation signal requirements
for the induction of IL-2 responsiveness in resting T cell subsets
in humans. J Immunol 140:3446-3449.

Valko M, Morris H, Cronin MT. 2005. Metals, toxicity and oxidative
stress. Curr Med Chem 12:1161-1208.

Vincent JB. 2004. Recent advances in the nutritional biochemistry of tri-
valent chromium. Proc Nutr Soc 63:41-47.

Wang S, Shi X. 2001. Mechanisms of Cr(VI)-induced p53 activation: the
role of phosphorylation, mdm2 and ERK. Carcinogenesis 22:
757-1762.

Ye J, Shi X. 2001. Gene expression profile in response to chromium-
induced cell stress in A549 cells. Mol Cell Biochem 222:189-197.

Yucesoy B, Mirshahidi S, Yucesoy C, Karakaya A. 1999. In vitro effects
of various metals on natural killer cell activity in cultured human
lymphocytes. Immunopharmacol Immunotoxicol 21:599-607.

Accepted by—
T. Rossman



