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Abstract

Nickel is a ubiquitous and virtually unavoidable environmental pollutant and occupational hazard, 
but its molecular and cellular effects are not well understood. Human epidermal keratinocytes are 
the sentinel and the primary target for nickel. We treated with nickel salts skin equivalents 
containing differentiating epidermal keratinocytes grown on air-liquid interface in standard cell 
culture conditions. We identified the transcriptional profiles affected by nickel in reconstructed 
human epidermis (RHE) using DNA microarrays. The Ni-regulated genes were determined at two 
time points, immediate-early, 30 min after treatment, and late, at 6 h. Using in silico data analysis, 
we determined that 134 genes are regulated by nickel; of these, 97 are induced and 37 suppressed. 
Functional categories of regulated genes suggest that Ni inhibits apoptosis, promotes cell cycle and 
induces synthesis of extracellular matrix proteins and extracellular proteases. Importantly, Ni also 
regulates a set of secreted signaling proteins, inducing VEGF, amphiregulin, PGF, GDF15, and 
BST2, while suppressing IL-18, galectin-3, and LITAF. These secreted proteins may be important 
in Ni-caused allergic reactions. Ni induced inhibitors of the NF B signaling pathway, and 
suppressed its activators. Correspondingly, NF B binding sites were found to be overrepresented in 
the Ni-suppressed genes, whereas cFOS/AP1 binding sites were common in the Ni-induced genes. 
Significant parallels were found between the Ni-regulated genes and the genes regulated by TGF , 
EGF, glucocorticoids, or Oncostatin-M. The comprehensive identification of Ni-regulated genes in 
human epidermal equivalents significantly advances our understanding of the molecular effects of 
nickel in skin. J. Cell. Physiol. © 2008 Wiley-Liss, Inc.
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Article Text

The carcinogenic and allergenic effects of metallic nickel and its salts have been known for a long 
time, over a century (Blaschko, [1889]). Nickel is both a well recognized occupational carcinogen 
and one of the most common allergens, second only to poison ivy/poison oak as the cause of 
allergic contact dermatitis in US (Kasprzak et al., [2003b]; Costa et al., [2005]; Durham and Snow, 
[2006]). The North American Contact Dermatitis Data Group surveys show that 16.7% of the 
population have allergy to nickel, and this incidence seems to be increasing (Krob et al., [2004]; 
Pratt et al., [2004]). Nickel is virtually ubiquitous and essentially unavoidable in daily life: it is 
found in coins, jewelry, zippers, buttons, all stainless steel products etc. (Nestle et al., [2002]). The 
ear and body piercing vogue has triggered an epidemic of allergy to nickel. Nickel is also an 
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occupational hazard for workers in nickel production, purification and especially electroplating, as 
well as toll collectors, cleaning crews, musicians, hospital staff etc. Nickel allergy presents as a skin 
rash caused by contact with nickel-containing objects. Like other allergies, nickel allergy is 
acquired, usually after prolonged exposure. It is more common in women, but the incidence in men 
is increasing because of the popular trend in body piercing. Nickel can also be found in certain 
foods, particularly in legumes, grains, and fish. Nickel allergy may develop at any age and persists 
for many years, often for a lifetime. At the moment there is no therapeutic approach to desensitize a 
person with nickel allergy and avoiding skin contact is the only effective prevention of nickel 
caused rashes. Usually symptoms clear up once the contact with nickel is prevented and a cortisone 
cream or lotion is applied topically. Particularly insidious aspect of this problem is the essentially 
unavoidable, ubiquitous presence on nickel in our everyday lives like in coins, which we handle all 
the time (Nestle et al., [2002]). While nickel allergies constitute a widespread and serious health 
hazard, the molecular effects of nickel in the epidermis have not been systematically studied.

As a carcinogen, nickel works in lung cells through mechanisms involving epigenetic gene 
silencing and hypoxia signaling pathways (Costa et al., [2005]). The nickel-induced carcinogenic 
mechanisms range from ascorbate depletion, histone modification, chromatin damage and 
reorganization, production of reactive oxygen species and paradoxically, induction of hypoxia-
inducible transcription factor HIF-1, as well as prevention of apoptosis, perhaps via the activation 
of the NF B pathway (Reid et al., [1994]; Chen et al., [2001]; Zoroddu et al., [2002]; Costa et al., 
[2003]; Salnikow et al., [2003]; Kasprzak et al., [2003a]; Salnikow and Kasprzak, [2005]; Ding et 
al., [2006]; Karaczyn et al., [2006]). Notwithstanding the extensive studies of nickel-induced 
carcinogenesis, very little is actually known about the signal transduction pathways responsive to 
nickel: NF B and HIF-1 are the only two nickel-responding transcription factors identified. It is not 
known whether the same signal transduction mechanisms may be involved in the epidermis. 
Bioinformatics of nickel action is in its infancy: to date, only three studies used DNA microarrays to 
examine the transcriptional effects of nickel (Cheng et al., [2003]; Hirota and Moro, [2006]; 
Schoeters et al., [2006]).

Keratinocytes are the primary target of nickel and initiate both the antigen presenting immune 
responses and the proinflammatory signals in nickel allergies. Unfortunately, very little is known 
about the molecular effects of nickel in keratinocytes (Nestle et al., [2002]; Garner, [2004]; Krob et 
al., [2004]; Pratt et al., [2004]). While the nickel-responsiveness in various T cells received 
significant attention (Sebastiani et al., [2002]; Cavani et al., [2003]; Minang et al., [2006]), the 
molecular effects of nickel on the epidermal keratinocytes, the cells that are in the primary contact 
with nickel, have not been extensively studied. It was shown that nickel can induce in keratinocytes 
the production of cytokines TNF , IL-1, and IL-6 (Oxholm et al., [1991]; Gueniche et al., [1994]; 
Lisby et al., [1995]). Nickel also induces keratinocyte proliferation and KGFR expression 
(Marchese et al., [2003]). Importantly, nickel induces the expression of CD80 (a.k.a. B7), an 
essential co-stimulatory protein on antigen presenting cells (Wakem et al., [2000]). This suggests 
that keratinocytes, nonprofessional antigen presenting cells, are the initiator of allergic contact 
sensitivity reaction to nickel. The antigen-presenting role of keratinocytes in nickel allergies 
remains virtually unexplored.

Our goal is to elucidate the molecular events triggered by nickel in human epidermal keratinocytes. 
We decided to explore the transcriptional effects of NiSO4 in epidermal keratinocytes using 
Affymetrix DNA microarrays. We used reconstructed human epidermis (RHE) rather than cultured 
keratinocytes or human skin because, on one hand, keratinocyte monolayers cannot differentiate in 
culture and to that extent do not faithfully represent the three-dimensional differentiation epidermis 
(cf. Finelt et al., [2005]; Gazel et al., [2006b]), and on the other hand, we have found that the 
responses of human skin from donors can be quite variable, which requires multiple samples to 
obtain reliable data (Gazel et al., [2003]). We also decided to examine two time points, 30 min and 
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6 h after the treatment with nickel. The first one aims to identify the immediate-early  response 
genes, which may include the signal transduction proteins and transcription factors directly 
responsible to nickel treatment. The 6 h point could also include the genes regulated by the 
immediate-early  genes. We chose NiSO4, the standard source of soluble nickel, at the relatively 
high concentration, which was determined in preliminary experiments to having a profound effect 
on the skin equivalents. We chose these conditions to ensure a clear, robust and unambiguous 
response by the keratinocytes.

We found that nickel regulates 134 genes, 97 are induced, and 37 suppressed. Nickel suppresses 
apoptosis-related genes, while promoting cell cycle and the remodeling of the extracellular matrix. 
Importantly, nickel also regulates a set of secreted signaling proteins, which may be important in 
nickel-caused allergic reactions. cFOS/AP1 binding sites were found to be overrepresented in the 
nickel-induced genes, while NF B sites were numerous in the nickel-suppressed ones. The set of 
nickel-regulated genes significantly overlaps the sets regulated by TGF , EGF, glucocorticoids or 
Oncostatin-M.

Materials and Methods

Production and maintenance of skin equivalents

The reconstructed human epidermis, RHE, (SkinEthic Laboratories, Nice, France) consists of a 
fully differentiated three-dimensional multi-layered keratinocyte structure grown on the air-liquid 
interface at 37°C, 5% CO2 and saturated humidity for 17 days in modified, chemically defined 
medium MCDB 153, supplemented with 1 ng/ml EGF, 0.4 µg/ml hydrocortisone, and 5 µg/ml 
insulin (growth medium) (Rosdy and Clauss, [1990]; Rosdy et al., [1997]; Bernard et al., [2000]; 
Tornier et al., [2006]; Gazel et al., [2003], [2006b]). All cells were expanded and treated according 
to the SkinEthic quality-controlled production procedures according to SkinEthic institutional 
approval.

NiSO4 tissue treatment

At day 17.4 cm2 RHE samples were incubated in 1 ml of maintenance medium in six-well plates. 
Untreated tissues and 0.05% sodium dodecyl sulfate (SDS) treated tissues (120 µl) were used as 
controls. To treated cultures, we added 120 µl of NiSO4, 1.7 mg/ml diluted in 0.05% SDS solution, 
for the final concentration of 11 µM (Sigma-Aldrich, Saint Quentin Fallavier, France). NiSO4 was 
applied topically onto each tissue. The NiSO4 and 0.05% SDS solutions were spread 

homogeneously onto the whole surface of the stratum corneum using a 4 cm2 piece of sterile gauze. 
Duplicate tissues were incubated for 30 min or for 6 h, at 37°C, 5% CO2. The treated and untreated, 
control samples were harvested for microarray analysis, immunohistochemical studies, Western 
blotting, and quantitative real-time RT-PCR analysis. We chose this treatment because it allowed us 
to harvest all samples on the same day, that is, at the exactly the same stage of growth, 
differentiation and cornification. The untreated tissues were used as negative controls. The 
concentration chosen, 1.7 mg/ml NiSO4, 11 µM, was guided by our preliminary experiments and 
the experiments described in the literature (Cheng et al., [2003]).

Preparation and hybridization of probes

We isolated the total RNA from treated and untreated keratinocytes using RNeasy kits (Qiagen, 
Valencia, CA) according to the manufacturer's instructions. The inserts from artificial skin 
substitutes were first detached in 4 ml dispase II (Roche, Meylan, France) in a 100 mm Petri dish at 
room temperature. After 3 min, the epidermal tissues were removed from the polycarbonate filter 
inserts with fine RNase-free forceps and further processed. All solutions contained RNAse 
inhibitors; skin is particularly rich in RNAses, necessitating their inhibition. To ensure good RNA 
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quality, 28S and 18S ribosomal bands were visualized on a non-denaturing agarose gel and 
OD260/280 spectrophotometric ratio of at least 1.8 is ascertained. Approximately 5 µg of total RNA 
was reverse-transcribed, amplified, and labeled as described (Li et al., [2001]; Banno et al., [2004c]; 
Gazel et al., [2006b]). Fifteen micrograms of labeled cRNA was fragmented and hybridized to 
HGU95Av2 arrays (Affymetrix, Santa Clara, CA), with the capacity to display transcript levels of 
approximately 12,000 human genes. Arrays were washed, stained with anti-biotin streptavidin-
phycoerythrin labeled antibody and scanned using the Gene Array Scanner system (Hewlett-
Packard, Palo Alto, CA), and GeneChip 3.0 software (Affymetrix) to determine the expression of 
each gene, as described by Affymetrix.

Gene array data analysis

Generally, we used the same data analysis approach as described in our previous publications (Li et 
al., [2001]; Banno et al., [2003], [2004b],[c], [2005]; Finelt et al., [2005]; Molenda et al., [2006]; 
Radoja et al., [2006]; Gazel et al., [2006a],[b]). Intensity values from the chips were obtained using 
Microarray Suite version 5.0 (Affymetrix), and scaled by calculating the overall signal for each 
array. To compare data from multiple arrays, the signal of each probe array was scaled to the same 
target intensity value of 500 arbitrary units. To eliminate genes exhibiting potential false positive 
differential expression, first we calculated the median intensity for all genes scored as absent  on 
the chips and the standard deviation of this intensity; then we select for further analysis only genes 
that possessed relative signal intensity greater than one standard deviation above that median. We 
included in the analysis only those genes determined by the Affymetrix algorithm to be present in at 
least one sample. The eliminated genes are not expressed in keratinocytes, or expressed at such low 
level that their measurements are unreliable. This selection usually eliminates approximately half of 
the genes represented on the chips. To improve reliability even more, we checked individually the 
absolute expression levels and detection P values at all time points. Differential expressions of 
transcripts at each time point is determined two ways: using the standard discrimination evaluation 
GeneChip data mining software Affymetrix-DMT3.0 and using the RMAExpress set of programs to 
select genes with a twofold or better difference in expression (Bolstad et al., [2003]). Thus, we 
combined two different and stringent selection criteria, one requiring a statistically significant 
difference in signal intensity, the second a significant fold change, which ensures that the genes we 
list as regulated  are reliably affected by our experimental treatment. Affymetrix' GCOS programs 
was used to derive scatter-plots, perform the t-test and the Mann-Whitney test, and calculate fold 
change in preliminary data analyses.

The regulated genes were functionally classified according to an extensive gene annotation table 
describing the molecular function and biological category of the genes present on the chip (Banno 
et al., [2003], [2004a], [2005]). The table is based on the Gene Ontology Consortium 
http://cgap.nci.nih.gov/genes/gobrowser. In addition, we used L2L program to identify biological 
processes and cell components statistically over-represented in our lists of differentially expressed 
genes (Newman and Weiner, [2005]). We used the 2005-06-15 version. The lists of regulated genes 
were compared with the gene ontology categories of Biological Process, Molecular Function and 
Cellular Component, as well as with a set of lists of regulated genes in the L2L database. These 
analyses followed the established patterns we have used to identify the biological processes and 
signaling pathways over-represented among the genes regulated by Interferon- , TNF , IL-1, 
glucocorticoids etc., as published (Banno et al., [2005]; Molenda et al., [2006]; Radoja et al., 
[2006]; Gazel et al., [2006a],[b]; Stojadinovic et al., [2007]).

To identify the transcription factors responsive to NiSO4 signaling, we used the oPOSSUM set of 
microarray data analysis programs. The oPOSSUM program uses weighted recognition site 
matrices of transcription factor binding sites to analyze the homologous sequences of the human 
and murine genomes (Ho Sui et al., [2005]). Given a list of genes induced by NiSO4, the program 
first identified the genes for which both the human and murine sequences are available, and are 
homologous above a certain threshold. Presumably, the homologous sequences have been 
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conserved through evolution and the transcription factor binding sites within them are more relevant 
than in random, un-conserved sequences. We used the 70% sequence conservation threshold. Next, 
the program identifies the transcription factor binding sites in the retained sequences, and finally 
calculates the statistical probability of finding that many sites, relative to the number of sites in a 
collection of 7,000 randomly selected genes.

We used the LOLA programs for comparing lists of genes (Cahan et al., [2005]). LOLA program 
compared the lists of NiSO4-regulated genes with the lists of genes regulated by various treatments 
in our extensive databank (Li et al., [2001]; Banno et al., [2003], [2004b],[c], [2005]; Finelt et al., 
[2005]; Molenda et al., [2006]; Radoja et al., [2006]; Gazel et al., [2006a],[b]).

The raw data from the experiments presented in this work are deposited with the GEO, 
http://www.ncbi.nlm.nih.gov/geo/, under the access number (pending).

Results

We compared the transcription profiles of the two NiSO4-treated and two control RHEs at 30 min 
and 6 h after addition of the salt. The results of the microarray studies are highly interesting and 
illuminating. In Table 1 we list the 134 genes identified as regulated by nickel in these experiments. 
The regulation of gene expression is given in the log[2] units, which means +1 is a twofold 
induction, -1 is a twofold suppressed etc. 

 
Table 1. Nickel-regulated genes in skin equivalents 30 min and 6 h after 

treatment
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   The first 2 columns show expression values in control samples, the next two in NiSO4-
treated ones. The following two columns show fold regulation in log[2] units. Please note that 
in the log[2] units +1 means twofold induced, -2 means fourfold suppressed etc. The induced 
genes are marked in red, the suppressed ones in green. Orange shading shows nickel-induced 
genes where the induction does not reach the 1.7-fold value; these genes would not be selected 
were it not for the significant regulation at the other time point. Brackets mark the functional 
categories discussed in the text, a  cell cycle and DNA replication, b  the apoptosis-
associated genes, c  the secreted signaling proteins, growth factors and cytokines and d  
extracellular matrix proteins, secreted proteases and their inhibitors.

In Table 1 we also highlight several interesting functional categories over-represented in the 
regulated genes. For example, the cell cycle and the DNA replication genes (marked with a ), 
often co-regulated and good indicators of a proliferative response, are both induced by nickel. 
Correspondingly, the pro-apoptotic genes are suppressed, while the apoptosis inhibitors are induced 
(marked b ), which suggests that nickel treatment suppresses apoptosis in epidermal keratinocytes.

Notably, several secreted signaling proteins are induced by nickel: VEGF, AREG, PGF, GDF15, and 
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BST2 are induced. These play very important roles in angiogenesis, maturation of B-cells and cell 
proliferation. Their roles in nickel-induced allergies and inflammation will be the subject or our 
future studies. In contrast, IL-18, LGALS3, and LITAF are suppressed. IL18 can induce interferon 
production and is associated with coronary disease, but it apparently inhibits the activation of CD4 
cells (Van Der Sluijs et al., [2005]). Thus, the suppression of IL18 production may be another pro-
inflammatory effect of nickel. LGALS3 (a.k.a. galectin-3) plays a role in re-epithelialization during 
wound healing and interacts with macrophages. LITAF stimulates monocytes and macrophages, 
regulating the activity of TNF . The specific roles of LGALS3 and LITAF in nickel responses are 
currently unexplored.

The potential effects of nickel on the remodeling of the extracellular matrix are one of the 
completely novel insights of these experiments. Specifically, nickel induced the expression of 
extracellular proteases kallikrein 10, prostasin and MMP9 (a.k.a. gelatinase B). Moreover, nickel 
suppressed the expression of protease inhibitors SerpinB3 and SerpinB4 (squamous cell carcinoma 
antigens 1 and 2). Importantly, these Serpins are known to inhibit protease Cathepsin S, which plays 
a role not only in remodeling of the extracellular matrix (Serveau-Avesque et al., [2006]), but also 
in antigen processing and presentation (Schwarz et al., [2002]; Wiendl et al., [2003]). In addition, 
nickel induced the expression of extracellular matrix proteins, including syndecan-4, collagen-16
1, and ECM1. In aggregate, these results point to a previously unknown effects of nickel on the 
extracellular matrix.

We used two sets of microarray analysis programs, L2L and DAVID (Dennis et al., [2003]; 
Newman and Weiner, [2005]) to analyze the ontological categories over-represented in the nickel-
regulated genes. L2L output is presented in Table 2. Interestingly, the nickel regulated processes 
include members of the NF B cascade among both the induced and the suppressed genes. However, 
while all three suppressed genes are activators of the cascade, TNFAIP3, an induced gene, is a 
known strong suppressor. The effects of ECM1, BST2 and FLNA on the NF B pathway are 
indirect. From these data we conclude that nickel suppresses the NF B signal transduction pathway. 
This completely novel and unexpected finding could lead to new treatment modalities for nickel 
allergies. 

 
Table 2. Significant ontological categories and NF B cascade genes 

regulated by nickel
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   Biological processes and molecular functions with P-value 9.9 × 10-3 or better were selected. 
Note that regulation of NF B kinase  was flagged in both the induced and suppressed 
processes. Therefore, we identified individually all the genes in these two categories (bottom 
box).

The suppression of proteolysis inhibitors is another novel and unexpected aspect of nickel action. 
Proteolysis, in the form of extracellular matrix degradation and release of cytokines from their inert 
precursors, is an important aspect of inflammatory responses, which we propose to study in the 
future.

We note in passing that several amino acid transport proteins are induced by nickel.

Using the oPOSSUM programs (Ho Sui et al., [2005]), we searched for the transcription factors that 
potentially effect the nickel-mediated transcriptional changes. These are listed in Table 3. The 
binding sites for c-FOS and SP1 are over-represented among the nickel-induced genes; these 
transcription factors may be activated by the nickel treatment. As expected from the above analysis 
(Table 2), the NF B sites are over-represented in the genes suppressed by nickel (Table 3). The two 
completely independent lines of data analysis produced congruent results regarding the role of NF
B in responses to nickel, which we find especially satisfying. 

 
Table 3. Transcription factors with binding sites over-represented in the 

nickel-regulated genes
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   The top five binding sites are presented in the induced and suppressed sets. The prominent 
transcription factors discussed in the text are marked with red ovals. Note that the sites for the 
Myc family of factors, n-Myc, Max, and Arnt, were found over-represented in both the induced 
and the suppressed genes.

Interestingly, ARNT and n-MYC binding sites are also present both in the induced and in the 
suppressed genes (Table 3). ARNT is required for the translocation of the ligand-bound dioxin 
receptor (a.k.a. Ah receptor) to the nucleus, causing the induction of cytochromes and other 
enzymes that participate in metabolism of xenobiotics. ARNT is a common dimerization partner of 
Hypoxia-inducible factors-1 and -2 (HIF1, HIF2), transcription factors that play essential roles in 
cellular and systemic homeostatic responses to hypoxia (Wang and Semenza, [1995]; Hogenesch et 
al., [1997]). Hypoxia is a known effect of nickel toxicity (Maxwell and Salnikow, [2004]; Costa et 
al., [2005]). These results give tantalizing early glimpses into the molecular signaling by nickel in 
keratinocytes.

c-MYC is an oncogene transcription factor that regulates epidermal stem cell recruitment and 
differentiation (Gandarillas and Watt, [1997]; Waikel et al., [1999]). We find MYC binding sites in 
both the induced and suppressed genes. Interestingly, a connection between these effects of nickel 
and MYC has been reported before, but not examined in great molecular detail (Zhou et al., [1998]; 
Shimono et al., [1999]; Costa et al., [2005]; Kowara et al., [2005]).

The large database of microarray experiments we performed with human epidermal keratinocytes 
provides a superb background data set that can be easily analyzed in the context of a new approach. 
Using the LOLA set of programs (Cahan et al., [2005]), we compared the nickel-regulated sets of 
genes with the sets identified in our previous experiments. The comparison identified a nexus 
between the TGF -regulated and Ni-regulated genes shown in Table 4 (the TGF  data are from J. 
Zavadil and M. Blumenberg, in preparation). Statistically highly significant overlaps exist both in 
the induced and the suppressed sets. The EGF- and dexametasone-regulated genes (Stojadinovic et 
al., [2006]) also overlap with the nickel-regulated ones. Potentially as important is the inverse 
correlation with the Interferon-  and Oncostatin-M regulated genes: many of the genes induced by 
nickel are suppressed by these two cytokines, while the genes suppressed by nickel are induced by 
OsM (overlap with the interferon-induced genes did not reach statistical significance; we use P-
value 10-5 as cut-off, Table 4). The identification of the genes regulated in common by nickel and 
various growth factors and cytokines (Banno et al., [2003], [2004c], [2005]; Finelt et al., [2005]; 
Haider et al., [2006]; Molenda et al., [2006]), as well as genes shown to be regulated by epidermal 
differentiation and specific signal transduction pathways (Blumenberg, [2005]; Radoja et al., 
[2006]; Gazel et al., [2006a]) will greatly augment our understanding of the molecular effects of 
nickel in human epidermis. 

 
Table 4. Significant commonalities between the 

nickel-regulated genes and other categories in our 
databank
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[Normal View 

   There is a significant overlap between the nickel-regulated 
genes and the TGF -, EGF-, and Glucocorticoids-regulated 
genes (DEX). There is a significant inverse  overlap with the 
interferon- - and OsM-regulated genes (nickel-induced genes 
overlap the OsM-suppressed ones and vice versa).

Discussion

Large scale transcriptional profiling of epidermal equivalents, comprised of keratinocytes 
differentiating from basal through cornified layers, promises to uncover new and important 
molecular processes and mechanisms, not accessible with simpler methods. Here we define the 
transcriptional changes in epidermal equivalents caused by the treatment with nickel, a known 
human allergen and carcinogen. We find that nickel regulates a characteristic set of genes, and that 
among these are prominently featured those associated with cell proliferation, inhibition of 
apoptosis, extracellular matrix remodeling and those encoding secreted signaling proteins.

Analysis of the nickel-regulated genes suggests that the molecular mechanisms responsive to nickel 
include a downregulation of the NF B pathway, which is important in inflammation. Conversely, 
the AP1 transcription factor appears activated in response to nickel salts. The signaling cascade 
responsible for this activation is under investigation. AP1 plays a role in inducing cell proliferation. 
Accordingly, we find cell cycle and DNA replication genes to be induced by nickel; these are novel 
findings, not previously thought to be an effect of nickel.

Our results are consistent with the recent results of Schoeters et al. ([2006]) who, used in vitro-
derived dendritic cells and also found induction of cell cycle proteins by nickel, but did not 
distinguish between the pro- and anti-apoptotic ones. Our results are at variance with the recent 
results by Cheng et al. ([2003]) who found no effect on the cell cycle machinery and the reverse 
effects on the apoptosis genes in immortalized peripheral lung epithelial cell. The differences may 
be due to the different target cells (e.g., primary vs. immortalized, simple vs. stratified epithelia), 
experimental design (3D-differentiating vs. monolayers, time course vs. single time point etc.) or 
other factors. These controversies are the target of our future studies.

Among the most important effects of nickel are the induction of proteases and suppression of 
protease inhibitors. Unexpectedly, we also find an inverse relationship between the nickel-regulated 
and the Interferon-  regulated genes. We propose that the cumulative effects of these changes are to 
enhance the antigen presenting capabilities of the keratinocytes. This effect explains the strong and 
widespread role of nickel in allergic reactions in humans.

Perhaps as interesting are the transcriptional effects of nickel that we did not observe; most 
prominently, nickel did not regulate any of the epidermal differentiation genes. Neither induction 
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nor suppression of the cornification markers was seen, and the lipid synthesis and steroid 
metabolism genes were also not affected. On the other hand, equally conspicuous by their absence 
are the markers characteristic for the basal layer of the epidermis. Although the cell cycle genes are 
induced, we did not observe induction of integrins, BPAGs, basal cell specific junctional proteins 
etc. This suggests that the mechanisms regulating cell cycle per se can be disconnected from those 
defining the basal cell phenotype. Taken together, the data suggest that the treatment with nickel 
neither promotes nor inhibits epidermal differentiation. In this respect, the effects of nickel are 
unusual, when compared to the effects of most other extracellular agents we tested (Li et al., [2001]; 
Banno et al., [2003], [2004b],[c], [2005]; Finelt et al., [2005]; Molenda et al., [2006]; Radoja et al., 
[2006]; Gazel et al., [2006a],[b]).
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