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ABSTRACT:  Chronic exposure to 2,3,7,8-tetrachlorodibeno-p-dioxin (TCDD) and related 

polyhalogenated organic pollutants occurs as a consequence of modern life. Exploring the 

cellular basis for their action is anticipated to help understand the risk they pose and improve the 
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foundation for their regulation. A basis for the striking change in human keratinocyte colony 

morphology due to TCDD exposure has been investigated by shotgun proteomics. Concentrating 

on changes in protein levels among three cell strains has revealed significant decreases in the 

differentiation markers filaggrin, keratin 1 and keratin 10. EGF treatment in concert with TCDD 

enhanced the changes in these markers and several other proteins while reducing the levels of 

certain other proteins. The only protein stimulated by TCDD in all three strains and reversed by 

EGF in them was vimentin, not previously observed to be in the Ah receptor response domain. 

Although TCDD is often proposed to enhance keratinocyte differentiation, proteomic analysis 

reveals it uncouples the differentiation program and suggests that reduced levels of 

differentiation marker proteins contribute to the observed excessive stratification it induces. 

INTRODUCTION 
Polychlorinated dioxins and dibenzofurans came to public attention in the 1960’s and 1970’s as 

contaminants of chlorinated phenolic herbicides and polychlorinated biphenyls encountered in 

warfare,1 industrial accidents2 and food processing.3,4 Worrisome incidents of food 

contamination occur periodically in Europe5 and around the world. Polychlorinated dioxins and 

dibenzofurans are highly active members of the larger category of polyhalogenated organic 

pollutants, generated primarily from combustion of halogenated organic compounds, to which 

humans are chronically exposed in the diet, especially from meat and dairy products where they 

concentrate in lipid.6  Many of these compounds act through the aryl hydrocarbon (AH) receptor 

to activate gene expression, a well-studied mechanism.7 In addition to halogenated pesticides and 

industrial compounds, pharmaceuticals, natural products in the diet and even compounds that are 

endogenous in us or are produced by micro-organisms8 can act as AH receptor ligands.9 As a 

prototypic ligand, TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) is a carcinogen in laboratory 
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animals and induces numerous other toxic manifestations including perturbations of 

development, reproduction and immune response. Of the many tissue targets in animals, the most 

obvious response in humans is in the skin, potentially long lasting chloracne.10 

While many direct transcriptional target genes of the Ah receptor pathway are now known, 

much remains to be learned about downstream effects leading to toxicity.7 Directed to filling this 

gap in knowledge, initial studies in cultured cells did not detect toxic effects of TCDD until 

application to a keratinocyte line derived from a mouse teratoma,11 leading subsequently to 

investigation in human keratinocytes.12 In these studies, TCDD elicited enhanced stratification in 

surface culture, interpreted as increased cell differentiation. Enhanced stratification was also seen 

in organotypic culture,13 leading to the observation that TCDD accelerates filaggrin expression in 

mouse embryos.14 This phenomenon is consistent with the finding that TCDD exposure for a day 

stimulates expression of a number of genes in the epidermal differentiation complex and 

accelerates, by a day, appearance of the epidermal barrier in the embryos.15 

Transcriptional studies provide important information on cellular responses to chemical 

perturbants. The present study provides complementary information on protein level changes 

under conditions mimicking chronic exposure. Optimized for growth, the culture medium for 

human epidermal cells ordinarily is supplemented with EGF, which improves colony forming 

ability and delays senescence.16 This work exploits the dramatically altered appearance of 

colonies induced by TCDD in the absence of EGF. Previous work indicated that levels of two 

prominent keratins were substantially altered at the transcriptional level by this treatment in both 

normal epidermal cells and a spontaneously immortalized line exhibiting minimal deviation from 

normal in its properties.17 Present work provides a comprehensive analysis of this interaction at 
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the protein level, suggesting the observed change in stratification is at least in part an adaptive 

response to reduced differentiation. 

METHODS 
 
Cell culture 
Strains of normal human epidermal cells from two different donors (hEpB and hEpE, both 

passages 3-6) and a minimally deviated line of spontaneously immortalized human epidermal 

cells (SIK, passages 35-40)18 from a third donor were co-cultured with a 3T3 feeder layer.19 For 

maintenance of stocks, cells were grown in a 2:1 mixture of Dulbecco-Vogt Eagle’s medium, 

changed twice weekly, that contained 5% fetal bovine serum, 0.4 μg/ml hydrocortisone, 10 ng/ml 

EGF (starting at the first medium change), 5 μg/ml insulin, 5 μg/ml transferrin, 0.18 mM adenine 

and 20 pM triiodothyronine.20 In each experiment, 4 exposure conditions, + EGF and + TCDD 

(10 nM), were analyzed in parallel cultures grown at 37°C in a 5% CO2 atmosphere. 

Envelope quantitation 
Cultures were rinsed with phosphate-buffered saline and lysed by addition of 2% sodium 

dodecyl sulfate (SDS) – 1 mM EDTA - 10 mM Tris buffer (pH 8). After standing overnight, the 

DNA was sheared by passage of the lysate several times through a 22 gauge needle, and the cell 

envelopes were pelleted in a clinical centrifuge. The pellet was rinsed in 0.1% SDS and 

resuspended in 1 ml of this solution for measurement of light scattering (A340) as previously 

described.20 The values obtained, in the range of 0.35 to 1.0 for cultures treated only with TCDD, 

were normalized to protein content of the 2% SDS culture lysate. Addition to the lysate of 

dithioerythritol to 20 mM did not alter the appearance or yield of envelopes. 

Digest preparation 
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After three weeks in culture, the cells were rinsed with 0.5 mM EDTA in phosphate buffered 

saline, removing residual 3T3 cells, and lysed in 0.4 ml of 2% SDS – 0.05 M Tris buffer (pH 8) – 

2 mM EDTA – 25 mM dithioerythritol and pulverized by stirring with a small magnetic stirring 

bar. The samples were alkylated with iodoacetamide, recovered by precipitation with 1 ml of 

ethanol, rinsed and digested for 3 days at room temperature in fresh 0.1 M ammonium 

bicarbonate – 10% acetonitrile with daily additions of methylated TPCK trypsin,21 1% by 

weight. The digest was clarified by centrifugation and submitted for liquid chromatography 

tandem mass spectrometry (LC-MS/MS). Samples were prepared from each cell strain in 3 

independent experiments. 

Mass spectrometry 
The samples (adjusted to approximately equal peptide amounts by A280) were acidified with 

trifluoroacetic acid and loaded onto an Agilent ZORBAX 300SB C18 reverse-phase trap 

cartridge which, after loading, was switched in-line with a Michrom Magic C18 AQ 200 μm x 

150 mm LC column connected to a Thermo-Finnigan LTQ ion trap mass spectrometer through a 

Michrom Advance Plug and Play nanospray source and CTC Pal autosampler. The nano-LC 

column was used with a binary solvent gradient; buffer A was composed of 0.1% formic acid 

and buffer B composed of 100% acetonitrile. The 120 min gradient consisted of the steps 

increasing buffer B from 2 to 35% over 85 min, increasing buffer B from 35 to 80% over 23 min, 

holding at 80% Buffer B for 1 min, decreasing buffer B from 80 to 2% over 1 min, and then 

holding for 10 min, at a flow rate of 2 μl/min, for maximal separation of tryptic peptides. An MS 

survey scan was obtained for the m/z range 375-1400, and MS/MS spectra were acquired from 

the 10 most intense ions in the MS scan by subjecting them to automated low energy CID. An 

isolation mass window of 2 Da was used for the precursor ion selection, and normalized collision 
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energy of 35% was used for the fragmentation. A two minute duration was used for the dynamic 

exclusion. 

Protein identification 
Tandem mass spectra were extracted with Xcalibur version 2.0.7. All MS/MS samples were 

analyzed using X! Tandem (The GPM, thegpm.org; version TORNADO (2011.05.01.1)). X! 

Tandem was set up to search a Uniprot human database (261004 entries) plus an equal number of 

reverse sequences assuming trypsin as the digestion enzyme. X! Tandem was searched with a 

fragment ion mass tolerance of 0.40 Da and a parent ion tolerance of 1.8 Da. Iodoacetamide 

derivative of cysteine was specified in X! Tandem as a fixed modification. Deamidation of 

asparagine and glutamine, oxidation of methionine and tryptophan, sulfone of methionine, 

tryptophan oxidation to formylkynurenin of tryptophan and acetylation of the N-terminus were 

specified in X! Tandem as variable modifications. Scaffold (Scaffold version 4.0.4, Proteome 

Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein 

identifications. Peptide spectrum matches were accepted if they could be established at greater 

than 80% probability as specified by the Peptide Prophet algorithm (decoy false discovery rate 

0.1%).22 Protein identifications were accepted if they could be established with at least 99% 

probability and contained at least 2 identified peptides (decoy false discovery rate 0.4%). Protein 

probabilities were assigned by the Protein Prophet algorithm.23 Proteins that contained similar 

peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy 

principles of parsimony. Numbers of assigned spectra were tabulated. Assigned spectra for the 

samples were adjusted for shared peptides24 using a locally developed script.25 

Statistical analysis 
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Spectral counting data were analyzed using SAS JMP Genomics software (Version 6.0; SAS 

Institute Inc., Cary, NC). The data were imported and log2 transformed, with shift factor as 2.  

After quantile normalization, significant differentially expressed proteins for different treatment 

conditions for each cell line were identified by ANOVA modeling. The ANOVA model included 

the cell line, culture treatment and the interaction of cell type and treatment as fixed effects, 

persons performing the experiments (two) and date of treatment as random effects. The false 

positive rate was used to filter outlying individual data points with large residuals from the 

analysis. The criteria for selection were a fold change >2 plus p-value < 0.05.  

RESULTS 
Under the usual culture conditions with EGF supplementation of the medium, adding TCDD had 

no microscopically obvious effect on growth or colony appearance as the cultures reached and 

were maintained at confluence. In the absence of EGF, however, where the growth rate is 

considerably slower, TCDD had a noticeable influence, illustrated in Figure 1 (compare panels a 

and b). After exposure to TCDD for two weeks, when the effect of treatment was maximal, 

colony sizes were smaller (confluence was not reached), and the degree of stratification appeared 

much greater. In previous work, cellular morphology was found also to be altered with the most 

superficial cells appearing enlarged.17 

Rapidly growing human epidermal cell cultures synthesize few cross-linked protein envelopes 

spontaneously, and the number is reduced in cultures grown in the presence of EGF.26 The 

appearance of cultures grown with TCDD but without EGF raised the possibility that this 

condition increased envelope formation, a marker of terminal differentiation. As shown in Figure 

2, TCDD increased envelope formation at least 5 fold in the absence of EGF for each cell strain. 
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In the presence of EGF, the absolute level of envelope formation was much lower, but TCDD 

treatment also appeared to increase envelope formation slightly. 

To characterize the cellular response on a more global basis, cultures were submitted to 

shotgun proteomic analysis. As shown in Supplementary Table S1, 408 proteins were identified 

by the stringent criteria employed. Among these, 171 displayed significant differences in level 

among the various treatment conditions by statistical analysis (Supplementary Table S2). 

Summarizing the numbers of protein differences in these comparisons, Table 1 shows the 

responsiveness of the cell strains to the various treatment conditions. Hierarchical clustering of 

pairwise differences among the samples (Supplementary Figure S1) revealed that the untreated 

cultures were most similar to each other, and the samples treated with EGF only were most 

similar to each other. However, SIK, hEpB and hEpE together formed a subcluster when treated 

with either TCDD or TCDD+EGF, indicative of the influence of cell strain. Thus, further 

analysis focused on changes that were consistently observed among the three cell strains. As 

indicated in Table 1, cultures treated with TCDD displayed the most changes in protein level 

compared to untreated cultures, and those treated with TCDD+EGF compared to untreated 

exhibited the most changes in common among the cultures. 

As seen in Figure 3, treatment with TCDD produced changes in 5 proteins in all three strains. 

Another 13 proteins were seen to change in at least two of the three strains. Among the genes 

encoding these proteins are several known to be induced by TCDD, including ALDH1A3, 

CYP1A1 and SERPINB2. Among the proteins consistently suppressed were the major 

differentiation markers FLG, KRT1 and KRT10. These are all illustrated in Figure 4, which 

shows the degree of change and its direction under the four treatment conditions for each strain. 
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Comparison of the condition TCDD+EGF with the untreated condition (neither EGF nor 

TCDD) showed the most protein changes shared by the cell strains (Table 1), identified in Figure 

5. Among the 11 proteins found in all three were FLG, KRT1 and KRT10. As seen in Figure 4, 

these were suppressed further by the combined treatment (TCDD+EGF) than with either TCDD 

or EGF alone. Among the proteins consistently stimulated by TCDD alone but not by the 

combination was VIM (Figure 6), not previously known to be stimulated by TCDD. The 

remaining two way comparisons, displaying a smaller proportion of common changes, are 

presented in Supplementary Figure S2. 

For this protein analysis, the spectral counts were adjusted for shared peptides, providing a 

more refined assessment of the peptide yield.24 In parallel, the statistical analysis was also 

conducted without this adjustment (Supplementary Table S3) to find whether it made a 

substantial difference in the outcome. In the latter case, changes were detected in 220 proteins in 

two way comparisons, of which half (109) overlapped those in the analysis adjusted for shared 

peptides (Figure 7). Most of the protein changes that did not overlap (80 + 4%) were seen in only 

one treatment condition in a single cell strain. Hierarchical clustering of the sample results was 

similar to that illustrated in Supplementary Figure S1. Despite the lower accuracy of the 

unadjusted data, the major changes observed were seen with both, consistent with a previous 

observation with mouse hair shaft that, for most proteins, relative amounts were not changed 

substantially.27 

DISCUSSION 
Transcriptomic and proteomic studies provide a wealth of information that must be carefully 

evaluated to find critical responses, since many may not be relevant to the phenomenon of 

interest. The present culture system helps in this effort by permitting study of individual 
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epidermal samples, which display a range of responses reflecting those in the polymorphic 

human population. Thus, the system can highlight features that are common among a selection of 

tissue donors. As is generally the case for genetic disease and toxic response, individuals exhibit 

a range of sensitivities and severities in response to TCDD exposure, presumably due to the 

modifying influence of alleles of other genes. Thus the present study has permitted a focus on 

common responses in samples from three individuals. 

The success of modeling human tissue responses using cell cultures depends upon the 

faithfulness with which the cells recapitulate the tissue properties. Human epidermal 

keratinocytes resemble the natural epithelium in major ways, including expression of 

differentiation markers, ability to stratify after confluence and rapidly becoming 

indistinguishable from normal when used as human autografts.28 The surface cultures can be 

maintained for several weeks where they become well stratified in the absence of EGF, although 

not as fully as floating organotypic cultures (which lack EGF). Thus, they are appropriate for 

modeling effects of treatments for extended periods. 

Monitoring subjects afflicted with TCDD exposure indicate that epidermal hyperplasia and 

chloracne do not appear immediately but can occur after days or weeks, and the parakeratotic 

epidermis displays incomplete keratinization.10 The present results are consistent with such 

observations as well as findings that TCDD can suppress human keratinocyte differentiation, 

including keratin content, under certain circumstances in culture.29 They are also consistent with 

the observation that TCDD stimulates stratification, now seen here to include envelope formation 

in an estimated 10-20% of the cells in the absence of EGF. The interesting observation that 

TCDD treatment for one day stimulates transcription of genes, including filaggrin, in the 
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epidermal differentiation complex15, suggests an adaptation process occurs over longer time 

periods. 

Present findings support the observed EGF antagonism of TCDD action in the induction of 

CYP1A130 and certain members of the epidermal differentiation complex.15 Expression of 

vimentin fits that scenario, but this phenomenon was not seen in general with the proteins 

detected. Expression of substantial vimentin but low expression of CYP1A1, suprabasal keratins 

(KRT1, KRT10) and filaggrin are suggestive of conditions suppressing differentiation such as 

low calcium medium.31-34 Since TCDD has been reported to increase cytosolic free calcium,35 

which the observed increase in cross-linked envelopes could reflect, present results likely reflect 

an uncoupling of differentiation marker expression, a phenomenon commonly observed as a 

result of toxic exposures, including in keratinocytes.36 Factors that could help rationalize the 

EGF reversal of TCDD-induced excessive stratification are the weakening of intercellular 

junctions37 and the increased motility of the cells, an important factor in EGF’s ability to sustain 

their growth,38 and its ability to increase epidermal cell desquamation and thus lessen 

stratification.39  

TCDD effects are often species- and cell type-specific.7 The observed perturbation of human 

keratinocyte homeostasis may be explainable at several levels that are not mutually exclusive. 

Alteration of transcriptional cofactor level or availability,30, 40 is plausible. Second, perturbing 

influences could include reactive oxygen generation,41,42 since the degree of differentiation is 

known to depend on oxygen tension,43 or vitamin A utilization, which can affect envelope 

formation.44 A third level of explanation involves the response of epidermis to altered expression 

of certain differentiation markers themselves. The ichthyoses, characterized by defective 

epidermal barrier function, respond in a compensatory fashion with increased stratification.45 
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This phenomenon is seen in humans with filaggrin insufficiency or where the gene for KRT10 

(or certain other components) has been ablated.46 Thus, an initial perturbation by TCDD of 

filaggrin and major keratins could lead subsequently to enhanced stratification, providing a 

rationale for the evident uncoupling of differentiation features. 
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Figure 1. Human epidermal (hEpE) cultures after treatments with (a) neither EGF nor TCDD, 

(b) TCDD only, (c) EGF only and (d) EGF+TCDD. The cultures show the microscopic 

appearance at the time of harvest, all at the same magnification (scale bar in panel a = 0.2 mm). 

Among the SIK colonies in (a) and (b), 3T3 feeder layer cells are visible, several of which are 

indicated by arrows. In (c) and (d), the 3T3 cells (none visible) are pushed off the dishes by the 

advancing keratinocytes (now confluent), which adhere much more tightly to the dish. 

 

 

 

 

 

 

 

 

Figure 2.  TCDD-induced increases in cross-linked envelope formation. The degree of envelope 

formation is indicated by light scattering (A340) normalized to protein content of cultures treated 

as indicated. Shown are the averages and ranges in two samples of each strain. Microscopic 

counting of envelopes in the samples and, in parallel cultures, total cell numbers permitted 

estimation of envelope formation as 10-20% in cultures treated with TCDD alone. The cultures 

were treated with TCDD (T), EGF (E), the combination (TE) or neither (N). 
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Figure 3.  Common changes in protein level in pairwise comparisons of cultures treated with 

TCDD versus no treatment. An upward arrow indicates an increase in amount under TCDD 

treatment compared to no treatment, and a downward arrow shows a decrease under TCDD 

treatment compared to no treatment. Proteins in parentheses increased in one cell strain and 

decreased in another. 



 15 

Figure 4.  Comparison of levels in selected proteins in the four treatment conditions. Filaggrin 

(FLG), keratin 1 (KRT1) and keratin 10 (KRT10) were suppressed by TCDD (T) and EGF (E).  

By contrast, aldehyde dehydrogenase (ALDH1A3), cytochrome P4501A1 (CYP1A1), and 

plasminogen activator inhibitor 2 (SERPINB2) were induced by TCDD in the absence and 

presence of EGF. Values illustrated are those after quantile normalization. In a given cell strain, 

different letters indicate significantly different spectral counts (p<0.05). 
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Figure 5. Common changes in protein level in pairwise comparisons of cultures treated with 

TCDD+EGF vs no treatment. An upward arrow indicates an increase in amount TCDD+EGF 

treatment compared to no treatment, and a downward arrow shows a decrease in TCDD+EGF 

compared to no treatment. 
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Figure 6.  Comparison of levels in vimentin (VIM) in the four treatment conditions. Values 

illustrated are after quantile normalization. Asterisks indicate that vimentin (VIM) levels in each 

cell strain treated with TCDD (T) were significantly higher (p<0.05) than in those treated with 

EGF (E), TCDD+EGF (TE) or no treatment (N). 

 

 

 

 

 

 

 

 

 

Figure 7.  Overlap of protein changes detected with and without adjustment for shared peptides. 
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TABLE 1. Numbers of significant protein changes in response to treatments as judged by 

pairwise comparisons. 

              

              Treatmenta       

Cells         T vs N         E vs N          T vs E        T vs TE        E vs TE           N vs TE  

SIK  21  27    30  11  20      37 

hEpB  29  16    24  19  19    37 

hEpE  42  23    49  26  20    40  

Totalb  92  66  103  56  59  114 

Commonc  18    8    14    7    4    24  

aTreatments were with TCDD (T), EGF (E), both (TE) or neither (N). 

bTotal significant differences for given conditions. 

cNumber of significant differences seen in at least two of the cell strains. 

ASSOCIATED CONTENT 
Supporting Information.  This material is available free of charge via the Internet at 

http://pubs.acs.org. 

Table S1. Identified proteins - assigned spectra adjusted for shared peptides. Proteins are 

identified by gene name (column A) and their Uniprot accession numbers (column B).  

Table S2. Significant differences in protein expression. For each of the proteins identified, the 

least square mean (Lsmean) and standard deviation (Std) is shown for the log transformed and 

normalized protein spectra for a given cell strain under the given treatment condition (yellow and 

orange highlights, respectively). Also given are the differences in the Lsmean values in pairwise 

comparisons within each strain under given treatment conditions (green highlight). The p values 
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are given as -log10(p-value of Diff) (pink highlight), and significance of the differences is 

indicated by 1 (p<0.05) or 0 (p>0.05) (blue highlight). Proteins are identified by gene name 

(column A) and their Uniprot accession numbers (column B). 

Table S3. Identified proteins - Spectra not adjusted for shared peptides. Proteins are identified 

by gene name (column A) and their Uniprot accession numbers (column B). 

Figure S1.  Hierarchical clustering plot of significant differentially expressed proteins from 

ANOVA. Samples are labeled according to cell strain and treatment with E (EGF), T (TCDD), 

TE (TCDD+EGF) or neither (N). The color scale on the left indicates the intensity range. 

Figure S2. Common changes in protein level in pairwise comparisons. Illustrated are (a) 

treatment with EGF alone vs no treatment, (b) TCDD alone vs EGF alone, (c) Treatment with 

EGF alone vs TCDD+EGF and (d) TCDD alone vs TCDD+EGF. Arrows show the direction of 

change in the first treatment condition compared to the second. Proteins in parentheses showed 

an increase in one cell strain and a decrease in another strain. 
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Supplemental Figures 

 

 

 

 

Figure S1.  Hierarchical clustering plot of significant differentially expressed proteins from 
ANOVA. Samples are labeled according to cell strain and treatment with E (EGF), T 
(TCDD), TE (TCDD+EGF) or neither (N). The color scale on the left indicates the intensity 
range. 

 

 

 

 

 



 

Figure S2. Common changes in protein level in pairwise comparisons. Illustrated are (a) 
treatment with EGF alone vs no treatment, (b) TCDD alone vs EGF alone, (c) Treatment with 
EGF alone vs TCDD+EGF and (d) TCDD alone vs TCDD+EGF. Arrows show the direction of 
change in the first treatment condition compared to the second. Proteins in parentheses showed 
an increase in one cell strain and a decrease in another strain. 
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