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ABSTRACT

Background: Epithelia are barrier-forming tissues that protect the organism against 

external noxious stimuli. Despite the similarity in function of epithelia, to date only few 

common protective mechanisms that are employed by these tissues have been system-

atically studied. Comparative analysis of genome-wide expression profi les generated by 

means of SAGE is a powerful approach to yield further insight into epithelial host defense 

mechanisms. We performed an extensive comparative analysis of SAGE data sets of two 

diff erent types of epithelial cells, namely bronchial epithelial cells and keratinocytes, in 

which the response to pro-infl ammatory cytokines was assessed. These data sets were 

used to elucidate a common denominator in epithelial host defense.

Results: Bronchial epithelial cells and keratinocytes were found to have a high degree of 

overlap in gene expression. Using an in silico approach, an epithelial-specifi c molecular 

signature of gene expression was identifi ed in bronchial epithelial cells and keratino-

cytes comprising of family members of keratins, small proline-rich proteins and pro-

teinase inhibitors. Whereas some of the identifi ed genes were known to be involved in 

infl ammation, the majority of the signature represented genes that were previously not 

associated with host defense. Using polymerase chain reaction, presence of expression 

of selected tissue-specifi c genes could be validated. 

Conclusion: Our comparative analysis of gene transcription reveals that bronchial epi-

thelial cells and keratinocytes both express a subset of genes which are likely to be es-

sential in epithelial barrier formation in these cell types. The expression of these genes is 

specifi c for bronchial epithelial cells and keratinocytes and is not seen in non-epithelial 

cells. We show that bronchial epithelial cells, similar to keratinocytes, express compo-

nents that are able to form a cross-linked protein envelope that may contribute to an 

eff ective barrier against noxious stimuli and pathogens.
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BACKGROUND

Epithelial tissues in the mammalian airways and skin are among the largest organs 

and form the interface between the internal milieu of the host and the outside world. 

They not only protect the host against invading pathogens but also provide an eff ec-

tive barrier to noxious external (chemical and physical) stimuli and dehydration 1,2. The 

eff ectiveness of the epithelial barrier is demonstrated by the rare incidence of severe 

infections to the lung or skin in healthy individuals. It has become clear that epithelia 

also play an active role in innate and adaptive immunity 3,4. Epithelial tissues display 

three main mechanisms to protect the organism from infection. First, epithelial cells 

form an impermeable physical barrier which both prevents pathogen entry and mini-

mizes dehydration. Second, epithelial cells are capable of producing defense molecules 

such as antimicrobial peptides and proteinase inhibitors. Finally, epithelial cells are able 

to produce signaling molecules such as cytokines and chemokines. These molecules 

may attract or activate cells of the innate and adaptive immune system 5,6. Interaction 

between cells of the immune system is mediated by adhesion molecules and cytokine 

receptors 7,8 that are present on epithelial cells. 

Host defense mechanisms in epithelial cells are coordinated by a complex program of 

gene expression. Very powerful and sophisticated laboratory techniques such as SAGE 
9 and DNA microarrays 10 have been developed to assess the expression of thousands 

of genes at the mRNA level in a single experiment. To delineate the barrier function of 

epithelial cells, the transcriptional change induced by pro-infl ammatory cytokines was 

recently assessed by means of SAGE in two well-established culture models of epithe-

lial infl ammation using subcultures of primary bronchial epithelial cells 11 and primary 

keratinocytes 12. These independent studies showed a marked overlap in gene families 

expressed in response to pro-infl ammatory cytokines in both cell types. Upon cytokine 

exposure, in particular genes associated with cytoskeletal architecture and epidermal 

barrier function such as keratins, S100 calcium-binding proteins and various antimicro-

bial proteinase inhibitors were diff erentially expressed. These studies indicate that bron-

chial epithelial cells and keratinocytes might respond similarly to external infl uences to 

ultimately provide eff ective host protection. This is especially of interest because the 

epithelia of the skin and conducting airways are markedly diff erent in morphology. The 

potential functional resemblance of these types of epithelia is also demonstrated by 

comparative analysis of genetic studies in patients with asthma and atopic dermatitis 

showing that similar patterns of gene expression may contribute to susceptibility to 

these diseases 13. This prompted us to a conduct a comparative analysis of gene expres-

sion in culture models of epithelial infl ammation. The aim was to test the hypothesis 

whether bronchial epithelial cells and keratinocytes employ similar mechanisms for 

providing eff ective host defense at these epithelia.
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Therefore, in the present study SAGE data sets derived from bronchial epithelial cells 
11 and keratinocytes 12 that were exposed to pro-infl ammatory cytokines were compared 

to identify a common denominator in host defense in the diff erent types of epithelial 

cells. SAGE libraries of resting and IL-1β/TNFα-exposed primary bronchial epithelial cells 

(~28,000 tags in each library) were compared to SAGE libraries of resting and TNFα-ex-

posed human primary keratinocytes (~13,000 tags in each library). The in silico method 

“tissue preferential expression” 14 was used for the recognition of putative cell-specifi c 

gene expression in these SAGE libraries. To verify the in silico prediction analysis of tis-

sue specifi c gene expression, polymerase chain reaction was performed on seven target 

genes that were identifi ed by the Tissue Preferential Expression (TPE) algorithm in a 

panel of nine diff erent cell types. We have identifi ed and validated a signature of specifi c 

gene expression for bronchial epithelial cells and keratinocytes. The majority of genes in 

this signature was previously not associated with host defense or infl ammation. These 

results indicate that epithelia of the airways and skin exploit unifi ed host defense strate-

gies to protect the host, despite their morphological diff erences.

MATERIAL AND METHODS

Experimental SAGE data

SAGE libraries that were compared in this study were derived from two models of epithe-

lial infl ammation in which primary bronchial epithelial cells and primary keratinocytes 

were used. The bronchial epithelial cells were exposed for 6 hours to a mixture of IL-1β 

and TNFα 11 whereas the keratinocytes were exposed for 48 hours to TNFα 12. All librar-

ies were constructed using NlaIII as anchoring enzyme and BsmFI as tagging enzyme 

according to the protocol described previously 9. The data discussed in this publication 

have been previously deposited in NCBI’s Gene Expression Omnibus (http://www.ncbi.

nlm.nih.gov/geo/; 32) and are accessible through GEO accession numbers GSM37337 

(PBEC_unstimulated), GSM37339 (PBEC_IL-1beta/TNFalpha), GSM1121 (NormCultKC_

Diff ) and GSM1122 (TNF_AlphaCultKC). Each of the PBEC libraries contained approxi-

mately 28.000 tags whereas the KC libraries contained approximately 13.000 tags per 

library. Statistical analyses were performed on the non-normalized libraries within tis-

sues only using the SAGE2000 v4.13. Tags occurring only once were discarded from the 

SAGE libraries for further analysis.

For tag mapping, the libraries were compared with NCBI’s “reliable Unigene cluster 

to SAGE tag map” (ftp://ftp.ncbi.nlm.nih.gov/pub/sage; 33) and with SAGEgenie of the 

Cancer Genome Anatomy Project (http://cgap.nci.nih.gov/SAGE; 34). Both maps were 

based on Unigene build#171. Additionally, to enhance the reliability of tag identity we 

included the virtual tag classifi cation as used in SAGEgenie to assess the location of each 
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tag within the corresponding transcript. Reliable tags can be discriminated from tags 

that are not isolated from the 3’-end such as internally primed transcripts and tags de-

rived from internal NlaIII restriction sites 34,35. In the data set comparisons, only tags were 

included that were derived from the most 3’ restriction site of NlaIII, tags that matched to 

undefi ned 3’-end transcripts and tags for which no additional information was available. 

The last category may contain tags that correspond to novel transcripts.

TPE analysis

Epithelial-specifi c gene expression in PBEC and KC was identifi ed using the Tissue Pref-

erential Expression (TPE) algorithm 14. The calculated Tissue Preferential Expression (TPE) 

value is based both on the presence of a particular tags and its level of expression in 

the SAGE library of interest in comparison to a panel of reference SAGE libraries derived 

from a range of diff erent whole tissues. To allow calculation of TPE values, each of the 

PBEC and KC SAGE libraries as well as the reference libraries were normalized to an equal 

number of tags per library. TPE values were determined for each tag in the individual 

PBEC and KC libraries by selecting each of the libraries as library of interest before apply-

ing the TPE algorithm. After calculation, the TPE values were ranked according to their 

value. Large positive TPE values represent tissue-specifi c genes that are overexpressed 

in the PBEC and/or KC libraries. Tags with TPE values of <4 were excluded from further 

analysis since these tags occur very frequently in other cell types as well. The threshold 

value for the TPE analysis that is indicative for tissue-specifi c expression was chosen very 

high to prevent possible false positives. Tags with a corresponding TPE value of ≥9 is 

indicative for tissue preferential expression in the epithelial cells used in this analysis. 

Cell culture

Primary Bronchial Epithelial Cells (PBEC) and Primary Keratinocytes (KC): Subcultures of hu-

man primary bronchial epithelial cells and human primary keratinocytes were derived 

and cultured as described previously 36,37.

A549 and NCI-H292 cells: the lung derived epithelial cell lines A549 (CCL-185, American 

Type Culture Collection, Rockville, MD, USA) and NCI-H292 (CRL-1848, American Type 

Culture Collection) were cultured according to the supplier’s recommendation. Prior to 

stimulation, cells were cultured overnight in serum free medium.

Human airway smooth muscle cells (HASM): Human airway smooth muscle cells (HASM) 

from two donors were purchased from Stratagene (La Jolla, CA) and were cultured as 

described previously 38.

Human mast cells (HMC-1):HMC-1 were kindly provided by J.H. Butterfi eld 39 and were 

cultured in IMDM medium containing 25 mM Hepes, 2 mM L-glutamine, 20 U/ml penicil-

lin, 20 μg/ml streptomycin (all from Bio Whittaker, Walkersville, MD), 5 μg/ml apo-trans-

ferrin, 0,36% β-mercaptoethanol and 10% heat-inactivated Fetal Calf Serum (FCS; Gibco-
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BRL/Life Technologies, Breda, The Netherlands). Prior to stimulation, cells were cultured 

overnight in serum free medium (same as above, without heat-inactivated FCS).

Human lung fi broblasts (HFL-1): HFL-1 (CCL-153, American Type Culture Collection) 

were cultured according to the supplier’s recommendations. Prior to stimulation, cells 

were cultured overnight in serum free medium.

Monocytes: CD14-purifi ed monocytes were kindly provided by the department of 

Nephrology (Leiden University Medical Center, Leiden, The Netherlands), and were 

resuspended in RPMI 1640 medium supplemented with 20 U/ml penicillin, 20 μg/ml 

streptomycin, 2 mM glutamine (all from Bio Whittaker) and 10% heat-inactivated FCS 

and were seeded in 6-wells plates to allow adherence. After 2 hours, the medium was 

replaced by serum free medium (same as above, without heat-inactivated FCS) for over-

night incubation prior to stimulation.

Human umbilical vein endothelial cells (HUVEC): HUVEC were kindly provided by the 

department of Nephrology, Leiden University Medical Center, Leiden, The Netherlands. 

All cell cultures were performed at 37°C, 5% CO
2
 and 95% relative humidity. 

Stimulation of cell cultures

All cell types, except for the keratinocytes, were stimulated for 6 hours with either me-

dium alone, a mixture of the pro-infl ammatory cytokines IL-1β (20 ng/ml; PeproTech, 

Rocky Hill, NJ) and TNFα (20 ng/ml; PeproTech). Keratinocytes were stimulated with 

TNFα (25 ng/ml) for 48 hours as described previously 12.

Reverse Transcription PCR

RT-PCR was used to verify preferential expression of genes identifi ed in the TPE analy-

sis. Total RNA from the nine diff erent cell cultures was extracted using the RNeasy mini 

kit (Qiagen Benelux BV, Venlo, The Netherlands) and on-column DNA digestion was 

performed with DNase I (Qiagen), all according to the manufacturer’s instructions. 

Single-stranded cDNA was synthesized of total RNA using M-MLV Reverse Transcriptase 

primed with Oligo-dT (both from Invitrogen/Life Technologies, Breda, The Netherlands) 

in the presence of a RNase inhibitor (RNaseOUT; Invitrogen/Life Technologies) accord-

ing to the manufacturer’s instructions. Gene-specifi c primers were designed for keratin 

6A (KRT6A), small proline-rich protein and 1B (SPRR1B), the calcium-binding protein 

S100A2, IL-1 family member 9 (IL-1F9), calmodulin-like 5 (CALML5) and β-actin (ACTB) 

as internal control (Table 1). Primers for the small proline-rich protein 1A and 2A 40 were 

kindly provided by Claude Backendorf. Primers were synthesized by Isogen (Maarssen, 

The Netherlands). All PCR reactions were carried out according to the following PCR 

conditions: initial denaturation of 3 minutes at 95°C, then 35 cycles of 15 seconds dena-

turing at 95°C, 15 seconds primer annealing, 30 seconds elongation at 72°C, and a fi nal 

extension of 3 minutes at 72°C in the last cycle. For β-actin, the cycle number was limited 
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to 25. PCR products were visualized on 1% agarose gels using ethidium bromide. Both 

the reverse transcription and PCR reactions were performed on a Biometra T-Gradient 

thermocycler (Biometra GmbH, Goettingen, Germany).

RESULTS

Transcriptional overlap between PBEC and KC and epithelial-specifi c gene expression 

upon cytokine exposure was characterized. By comparing the four SAGE libraries of 

primary bronchial epithelial cells (PBEC) and keratinocytes (KC), an overlap in tags of 

approximately 80% was observed indicating a high similarity in the repertoire of genes 

expressed by these types of epithelial cells. Although remarkable commonalities were 

found in gene families found to be expressed by PBEC and KC, the repertoire of tran-

scribed family members diff ered among the two cell types (Table 2). To extract a pattern 

of genes that is specifi cally expressed in epithelial cells that could likely be involved in 

epithelial host defense we explored which of the genes are preferentially expressed by 

PBEC and KC using the TPE algorithm. The scatter plot in Figure 1 displays the individual 

tags observed in the cytokine-exposed PBEC and KC libraries. Each dot represents a sin-

gle tag with the corresponding TPE values for PBEC and KC. In this analysis, four groups 

of tags were identifi ed: epithelial non-specifi c tags (i), tags preferentially expressed by 

Table 1: Primer sequences and conditions for RT-PCR. Gene sequences used for primer design were retrieved from the Ensembl website (http://

www.ensembl.org). Primer sequences, annealing temperature and MgCl
2
 concentration used in PCR reactions are listed.

Target Ensembl ID Sense Antisense
Annealing 
T (°C)

MgCl2 
(mM)

KRT6A ENSG00000074729
5’-CTG AGG CTG AGT CCT 
GGT AC-3’

5’-GTT CTT GGC ATC CTT 
GAG G-3’

56 2.5

SPRR1A ENSG00000169474
5’-ACA CAG CCC ATT CTG 
CTC CG-3’

5’-TGC AAA GGA GCG ATT 
ATG ATT-3’

52 2

SPRR1B ENSG00000169469
5’-AGA CCA AGC AGA AGT 
AAT GTG-3’

5’-AGA CCT TCA GCT TCA TTC 
AGA G-3’

61 4

SPRR2A ENSG00000163212
5’-TGG TAC CTG AGC ACT GAT 
CTG CC-3’

5’-CCA AAT ATC CTT ATC CTT 
TCT TGG-3’

58 2

IL1F9 ENSG00000136688
5’-TGG GAA TCC AGA ATC 
CAG-3’

5’-TTG GCA CGG TAG AAA 
AGG-3’

61 3.5

S100A2 ENSG00000160675
5’-CAA GAG GGC GAC AAG 
TTC-3’

5’-GCC CAT CAG CTT CTT 
CAG-3’

59 3

CALML5 ENSG00000178372
5’-GGT TGA CAC GGA TGG 
AAA CG-3’

5’-AAC CTC GGA GAT GAG 
TTT CCT TAG-3’ 

60 3

ACTB ENSG00000075624
5’-AAG GAA GGC TGG AAG 
AGT GC -3’

5’-CTA CAA TGA GCT GCG 
TGT GG -3’

56 2
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either PBEC (ii) or KC (iii) and tags that were preferentially expressed by both PBEC and 

KC (iv). The expression of the 30 tags observed in the latter group represents putative 

epithelial-specifi c genes because a TPE score ≥9 was observed in both PBEC and KC 

(Table 3). Almost half of these tags corresponded to genes encoding for keratins, small 

proline-rich proteins, kallikreins and proteinase inhibitors (Table 3). Interestingly, the 

expression of a large proportion of these genes was found to be aff ected by cytokine 

exposure in PBEC or KC (or both) as observed in the initial SAGE studies (as indicated by 

underlined tag numbers in Table 3). A similar picture in preferential tag expression was 

obtained when using the libraries of resting PBEC and KC since the majority of genes 

do not show an on/off  expression profi le upon stimulation with cytokines (data not 

shown). 

To validate this in silico TPE prediction analysis, expression of seven putative epithelial-

specifi c genes by PBEC and KC was assessed by reverse transcriptase polymerase chain 

reaction (RT-PCR) in nine diff erent cell types. Each cell type in the panel was exposed to 

medium alone or to IL-1β/TNFα. KC were exposed to medium or TNFα alone to maintain 

comparability with the original SAGE experiment. In concordance with the SAGE data 

and TPE analysis, expression for SPRR2A was only observed in PBEC. On the other hand, 

CALML5 was expected to be expressed by KC alone. However, PBEC were shown to be 

positive for this transcript as well and weak expression was observed in NCI-H292 cells. 

Figure 1: TPE scatter plot of SAGE tags of PBEC and KC libraries after cytokine exposure. Reliable 3’-end tags with TPE>4 and tag frequency 

of ≥2 in at least one library were plotted. Tags with corresponding TPE values ≥9 in both libraries were considered to be potential epithelial 

cell-specifi c tags as indicated by the threshold lines in the fi gure. A similar plot was obtained when TPE values of tags from the resting libraries 

were plotted.
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6As demonstrated by the TPE analysis KRT6A, SPRR1A, SPRR1B, IL-1F9, S100A2 all showed 

TPE values of ≥9 in both PBEC and KC libraries. The RT-PCR results in Figure 2 demon-

strates that preferential expression of SPRR1B was found in PBEC, KC and NCI-H292 cells, 

whereas moderate to weak expression was also detected in fi broblasts, HUVEC, HASM 

and monocytes. Expression of KRT6A is restricted to PBEC, KC and the bronchial epithe-

lial cell line NCI-H292, whereas expression of this transcript was negative in all other cell 

types. Transcription of SPRR1A, IL-1F9 and S100A2 was only detected in primary cultures 

of PBEC and KC and was completely absent in all other cell types. 

DISCUSSION

Epithelial cells fulfi ll an eminent barrier function against external infl uences. A molecular 

signature of epithelial host defense was delineated by comparing genome-wide SAGE 

expression profi les derived from bronchial epithelial cells and keratinocytes that were 

exposed to pro-infl ammatory cytokines. Comparative genomics approaches have the 

potential to gain additional insight into a biological process at the mRNA expression 

level by integrating and combining data obtained from similar model systems with over-

Figure 2: PCR verifi cation of 7 potential preferentially expressed tags identifi ed using the TPE algorithm. The expression of these seven genes 

was assessed both under resting conditions and after cytokine exposure in all cell types. On the right, the TPE values of the gene are listed for 

both PBEC and KC after cytokine exposure. Tags for which no TPE value could be calculated because of absence of the tag in the particular library 

is indicated by “not available” (N/A). The predicted preferential expression could be verifi ed for all genes. The expression of six of these genes 

seems to be selective for epithelial cells only. Whereas SPRR1B is preferentially expressed by epithelial cells, moderate to low levels of expression 

were also detected in other cell types as well. SPRR2A is preferentially expressed by PBEC only. No tags for SPRR2A were found in the KC libraries 

after TNFα exposure whereas expression for CALML5 was observed by RT-PCR in both PBEC and KC, while no tags for this gene were found in 

PBEC libraries.
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lapping biological functions. In particular the SAGE platform is excellent for performing 

comparative genomic studies since this technology yields digital, scalable expression 

data and no complex mathematical normalization methods are required for comparison 

of multiple data sets. With available computational tools SAGE provides a solid basis for 

comparative expression analysis. Although the source SAGE studies used in the present 

analysis were not initially intended for comparative genomic research, remarkable com-

monalities in epithelial-specifi c gene expression were found.

Cell-specifi c tag expression in SAGE libraries can be identifi ed using the “Tissue 

Preferential Expression” (TPE) algorithm. This method was previously used to identify 

preferential expression of SAGE tags that did not match to any known sequence in order 

to fi nd novel genes that may serve as specifi c markers for disease 14,15. In the current 

study, we applied this method to identify gene expression patterns in bronchial epi-

thelial cells and keratinocytes that might be characteristic for epithelial barrier function 

under infl ammatory conditions. A subset of tags appeared to be specifi cally expressed 

in both bronchial epithelial cells and keratinocytes (pane iv in Figure 1) and these 30 

epithelial-specifi c tags are contained in Table 3. The TPE threshold was chosen very high 

to limit the rate of false positive. 

To verify predicted cell type-specifi c gene transcription, validation was performed 

by means of RT-PCR on selected epithelial-specifi c genes. To demonstrate the predic-

tive power of the TPE analysis also two genes were included that were selectively ex-

pressed in either PBEC (SPRR2A) or KC (CALML5). The PCR setup was as such to detect 

true presence or absence of the selected validation genes and was not intended to be 

quantitative. Some of the validation genes that were negative in the preceding SAGE 

analysis appeared to be expressed in the cell types of interest as determined by RT-PCR. 

This discrepancy can be explained by the diff erence in detection sensitivity between 

the techniques for assessing gene expression: RT-PCR is far more sensitive than SAGE in 

detecting low abundant gene expression. To establish bronchial epithelial cell-specifi c 

gene expression of selected genes, a number of cell types was chosen that are normally 

present in the airways or lungs and included both infl ammatory and resident cells of 

the lungs. The diff erent cell types were subjected to exposure of IL-1β/TNFα in analogy 

with the initial PBEC SAGE study. The airway- and lung-derived H292 and A549 cell lines 

served as additional control for the primary bronchial epithelial cells because these cell 

lines are frequently used to study epithelial cell function. The observed correlation be-

tween the preferential expression predicted by the TPE algorithm and our experimental 

RT-PCR data (Figure 2) demonstrates the feasibility and usefulness of in silico analysis 

of tissue preferential expression as also demonstrated by others14,15. Therefore, we con-

clude that the 30 tags identifi ed by the TPE algorithm provide the basis for a molecular 

signature in epithelial host defense of bronchial epithelial cells and keratinocytes. 
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Among these 30, the identity of 6 tags remained unknown since these tags neither 

matched any genetic database nor corresponded to non-characterized transcribed 

sequences and thus, might represent novel transcripts. All other tags corresponded to 

known genes. Two of the 30 tags were directly associated with immunity: the novel IL-1 

family member IL-1F9 and a novel HLA member HCG9. The function of these recently 

discovered genes remains to be elucidated, but it is intriguing that these genes may 

possibly fulfi ll specifi c tasks in epithelial cells. Migration and repair are key processes in 

maintaining tissue integrity and eff ective barrier function. Two tags matched to genes 

that are associated with migration (C4.4A; 16) and re-epithelization (LGALS7; 17). How-

ever, the majority of tags of the molecular signature corresponded to genes that encode 

for structural components of the cytoskeletal architecture (keratins, small proline-rich 

proteins, elafi n) or for proteins that are involved in the assembly/disassembly (i.e. trans-

glutaminase 1, kallikreins and matrixmetalloproteinases) of the cornifi ed cell envelope 

in keratinocytes (reviewed in 18). 

The observation that not only keratinocytes but also bronchial epithelial cells express 

the components that may form a cross-linked envelope in this cell type is relevant to 

our understanding of host defense at the epithelial surface of the airways. Whereas 

the existence and function of the cornifi ed envelope in keratinocytes has been well 

documented, only few studies provide evidence of such a cross-linked envelope in 

bronchial epithelial cells. In these studies it was suggested that the expression of e.g. 

small proline-rich proteins is associated with squamous diff erentiation19 or epithelial 

repair 20. In contrast, low expression of small proline-rich proteins has been described as 

a characteristic of squamous cell carcinoma 21 whereas high levels of SPRR1B were found 

to enhance G0-arrest resulting in growth arrest 22. The diff erent building blocks of the 

cross-linked or cornifi ed envelope (including keratins, small proline-rich proteins and 

elafi n) are linked by transglutaminase 1. Except for other transglutaminases no other 

enzymes have been described to perform this particular function (reviewed in 23). In 

addition to elafi n (SKALP/PI3) the proteinase inhibitors cystatin B (CSTB) and serine pro-

teinase inhibitor B5 (SERPINB5) protect against exogenous proteinases and endogenous 

proteinases such as kallikreins (KLK7, KLK10) and metalloproteinases. Kallikreins may 

degrade the cross-linked/cornifi ed envelope in the process of desquamation 24. Metal-

loproteinases (e.g. MMP11) have been described to be involved in matrix remodeling 25. 

A delicate balance between proteinases and their inhibitors is essential in maintaining 

an eff ective and effi  cient epithelial physical barrier 26. 

Additional support for a possible existence of a cross-linked/cornifi ed envelope not 

only in keratinocytes but also in bronchial epithelial cells, is provided by abundant 

transcription of numerous genes that are known to be involved including S100 cal-

cium-binding proteins 27, annexins 27 and cystatins 28,29 (Table 2). Interestingly, both the 

families of small proline-rich proteins and S100 calcium-binding proteins are encoded in 
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the epidermal diff erentiation complex (EDC) located in chromosomal region 1q21-q24 
30,31. Proteins encoded by genes in this region share signifi cant sequence similarities, in 

particular in the glutamine- and lysine-rich regions that are involved in the cross-linking 

by transglutaminases 23. This indicates that these two types of epithelial cells not only 

share structural characteristics, but also may share functional characteristics. 

A disadvantage of the present study might be the diff erences in type of cytokine-

exposure and duration of the treatment. As shown in Table 2, opposite directional 

changes in expression in gene families between PBEC and KC were observed. These 

diff erences could be explained either by dissimilarities in the initial model systems or by 

the inherent morphological diff erences between PBEC and KC. However, despite these 

contrasts PBEC and KC not only showed commonalities in overall expression profi les but 

also in epithelial-specifi c gene expression as identifi ed by the TPE algorithm. Notably, 

in the TPE algorithm both the occurrence and the frequency of tags are of importance. 

However, the more unique a tag is to a particular tissue, the less important is its level 

of expression allowing cell-specifi c expression to be predicted largely independently 

from transcriptional levels (Table 2). We, therefore, are confi dent that the signature of 

epithelial host defense that was extracted is representative for bronchial epithelial cells 

and keratinocytes. 

Computational subtraction methods such as the Tissue Preferential Expression al-

gorithm allow functional clustering of genes derived from genome-wide expression 

profi les without having full knowledge of the repertoire of genes involved in biological 

processes of interest. Genome-wide expression profi les are often very large and com-

plex data sets. The TPE algorithm provides a reliable way to accelerate defi ning future 

research directions based on available genome-wide expression data. Although the 

identifi ed molecular signature of host defense is characteristic for bronchial epithelial 

cells and keratinocytes it would be of great interest to study whether this gene expres-

sion pattern is also applicable to other types of epithelial cells as well thereby greatly 

enhancing our understanding of epithelial defense strategies. 

CONCLUSION

In summary, our comprehensive comparison of overlapping genes across bronchial 

epithelial cells and keratinocytes provides novel insights in epithelial host defense 

strategies, in particular of the airway epithelium. Combining in silico and experimental 

approaches is very valuable in accelerating the interpretation of genomics data and 

defi ning follow-up research. We identifi ed an expression signature of genes that were 

specifi cally expressed by bronchial epithelial cells and keratinocytes. These genes are 

likely to play an eminent role in epithelial host defense. Based on the present fi ndings we 



A molecular signature of epithelial host defense

127

C
h

ap
te

r 
6

propose that formation of a cross-linked protein envelope by bronchial epithelial cells is 

an eff ective host defense strategy of the mucosal epithelium in the human airways. This 

function would be analogous to the host defense function of cornifi ed keratinocytes. 

Finally, a better understanding of unifi ed host defense strategies in diff erent epithelia 

may lead to the identifi cation of novel therapeutic targets for epithelial infl ammatory 

disorders such as asthma and atopic dermatitis.
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