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Abstract

To elucidate the roles of oral keratinocytes in the adaptive immune response of oral mucosa, global gene expression analysis
was performed by microarray technique and integrating computational methods, including hierarchical clustering, biological
process Gene Ontology analysis, Kyoto Encyclopedia of Genes and Genomes pathway analysis, self-organizing maps (SOMs)
and biological association network analysis (BAN). Raw data from microarray experiments were uploaded to the Gene
Expression Omnibus Database, http://www.ncbi.nlm.nih.gov/geo/ (GEO accession GSE28035). We identified 666
differentially expressed genes in the early stage (48 h) and 993 in the late stage (96 h) of the oral mucosal adaptive
immune response. The analysis revealed that oral keratinocytes exerted diverse biological functions in different stages of
immune response. Specifically, in 48 h the differentially expressed genes encompassed an array of biological ontology
associated with immune response, such as antigen processing and presentation, and positive regulation of T-cell-mediated
cytotoxicity. Several pathways which have been reported to be critical in inflammation, including mitogen-activated protein
kinase pathway, were activated. Furthermore, after BAN construction, some putative hub genes and networks such as
interleukin-1« and its subnetwork were recognized. Taken together, these results give substantial evidence to support the

active roles of keratinocytes in the oral mucosal adaptive immune response.
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Introduction

Keratinocytes are the major constituent of epithelial cells at
mucosal surfaces and skin, which cover organs, internal cav-
ities and the body. Traditionally, keratinocytes have been con-
sidered as an inert component of the multilayered epithelium
to protect the subepithelial compartments from the pathogenic
microorganisms, toxic stimuli and physical trauma. However,
accumulated researches of the airway, gastrointestinal tract
and skin have demonstrated that keratinocytes function in
the development of the immune system, promotion of patho-
logical inflammation and even impose diverse decisions on
immune cells.!"* On the other hand, compelling evidence
has indicated that the dysregulation of immune cells may
stem from inappropriate keratinocyte response.”>° As a new
subject ‘epimmunome’, which aims to define all the epithelial
molecules that direct the actions of immune cells, has
emerged, the novel and pleiotropic roles of keratinocytes in
the initiation, regulation and resolution of immune responses
at several mucosa sites and skin will be disclosed.”

Oral mucosa is the mucous membrane lining the inside of
the oral cavity, which is the entry portion of the alimentary
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canal. A lot of inflammatory/autoimmune-associated dis-
eases occurred in the oral mucosa, including oral lichen
planus (OLP), discoid lupus erythematosus, pemphigus
and recurrent aphthous ulcer. The etiology and pathogen-
esis of these diseases, which have histopathological features
of immune cells and keratinocyte disorder, are still unclear.
Previous studies, which aimed to elucidate the mechanisms
underlying these diseases, mainly focused on immune
cells whereas the role of keratinocytes has long been under-
estimated.”® In recent years, more and more research
has indicated the implication of keratinocytes in oral
inflammatory/immunol diseases. For instance, Youngnak-
Piboonratanakit ef al.” found that keratinocytes in OLP
lesion expressed B7-HI, the ligand of immune regulatory
molecule PD-1, suggesting that the induction of B7-H1 on
keratinocytes may play an important role in tolerance induc-
tion in the inflamed oral mucosa. Immunohistochemical
analysis revealed that OLP lesional keratinocytes overex-
pressed CXCL9, CXCL10 and CXCL11 while the infiltrating
T-cells expressed their ligand of CXCR3.'® Obviously, it is
reasonable to hypothesize that oral keratinocytes play
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active and distinct roles in the oral mucosal adaptive
immune response. In this pilot study, the global gene
expression analysis was performed to disclose the transcrip-
tional profiles of oral keratinocytes from an animal model
with some features of oral mucosal adaptive immunity
developed in our lab. Moreover, the identification of some
functional modules that were influenced by differentially
expressed genes will provide a framework for further
study and may be of practical relevance for future treatment
of oral mucosal immune diseases.

Materials and methods
Animals

Male C57BL/6] mice and BALB/c mice were obtained from
the Guangdong Medical Laboratory Animal Center
(Guangzhou, China). These mice were maintained in accre-
dited animal facilities at the Ophthalmic Animal
Laboratory, Zhongshan Ophthalmic Center, Sun Yat-sen
University (Guangzhou, China). The study was approved
by the Animal Use and Care Committees of Sun Yat-sen
University. The mice were acclimated for at least one week
prior to use in these experiments at 7-8 weeks of age weigh-
ing about 20 g.

Animal model

BALB/c mice were sacrificed and the tongues, inner part of
the cheeks and plates were obtained. After trimming sub-
mucosal tissue attached to the oral mucosa, the tongues,
plates and cheeks were immersed in Dispase II (1.2 U/mL;
Roche, Lewes, UK) to be digested at 4°C overnight.
Subsequently, the epithelial layer was enzymatically and
mechanically separated from the underlying connective
tissue and was further incubated in 0.25% trypsin/0.02%
ethylenediamine tetraacetic acid (EDTA; Gibco, Grand
Island, NY, USA) for 3-5 min with vigorous pipetting to
achieve cell dispersion. After trypsin was inactivated by
10% fetal bovine and washing, the cell suspension was
re-suspended in phosphate-buffered saline to the concen-
tration of 1 x 10" cells/mL. After being intraperitoneally
anesthesized with chloral hydrate, C57BL/6] mice were
given a subcutaneous injection with 50 uL cell suspension
obtained from BALB/c mice into the foreneck. Seven days
later, 25 uL cell suspension was injected to the same
C57BL/6] mouse into tongue submucosa under anesthesia.

Histology and immunohistochemistry

Two groups of six C57BL/6] mice at 48 and 96 h after
tongue submucosal injection and control group without
any manipulation were sacrificed. Tongues were excised
and fixed in 10% buffered formalin, embedded in paraffin,
cut into 4-um sections and stained with hematoxylin-
eosin for histological staining. The immuno-histochemical
staining was carried out based on the manufacturer’s
instructions (R&D Systems, Minneapolis, MN, USA).
Briefly, the sections were incubated with a rat IgG mono-
clonal anti-mouse CD3 antibody (1:50; MAB4841; R&D

Systems) at 4°C overnight. Cell and Tissue Staining Kits
(R&D Systems) was applied to locate and visualize the
antigen-antibody complex with diaminobenzidine. Tissue
sections were counterstained with Mayer’s hematoxylin.

Oral keratinocyte collection

Groups of six C57BL/6] mice at 48 and 96 h after tongue
submucosal injection and control without any manipulation
were sacrificed. Tongues were excised and subcutaneous
tissue and blood were trimmed. The epithelia were obtained
after being digested in Dispase II (1.2 U/mL; Roche) at 4°C
overnight. Subsequently, the epithelial layer was enzymati-
cally and mechanically separated from the underlying con-
nective tissue. The epithelial layer was further incubated
in 0.25% trypsin/0.02% EDTA (Gibco) at 37°C for 3-5 min
with vigorous pipetting to achieve cell dispersion. After
trypsin neutralization by fetal calf serum and washing, the
keratinocytes were collected for the following experiments.

RNA isolation and purification

Oral keratinocytes of three groups of C57BL/6] mice at 48,
96 h and control group were collected for gene microarray
and reverse transcriptase polymerase chain reaction
(RT-PCR) analysis. Total RNA was extracted with Trizol
reagent (Invitrogen, Gaithersburg, MD, USA) according to
the manufacturer’s instructions. The RNA quality was
assessed by formaldehyde agarose gel electrophoresis and
quantitated spectrophotometrically. The mRNA sample for
chip hybridization was prepared by mixing the mRNA
samples of every mouse from the same group in equal
quantities.

Microarray experiment

The oral keratinocyte gene expression profile of each sample
was examined by use of the mouse genome oligonuleotide
microarray (Affymetrix Gene Chip Mouse Genome 430
2.0 Array; Affymetrix, Santa Clara, CA, USA) at
Capitalbiochip Corporation (Beijing, China) in which the
gene chip microarray service is certificated by Affymetrix.
The chip measures the expression of over 45,000 probe
sets representing over 34,000 well-substantiated mouse
genes. The protocol for microarray processing was carried
out according to the GeneChip® Expression Analysis
Technical Manual (Affymetrix, 701021, Rev.5). The hybri-
dized microarrays were then scanned wusing the
GeneChip® Scanner 3000 and converted into TIFF images
in preparation for analysis.

Data processing and analysis

The expression values for each gene were acquired using the
GeneChip® operating system (GCOS 1.4, Affymetrix). Data
normalization and filtering were conducted with a
DNA-Chip analyzer (dChip). In the present study, signifi-
cant fold changes among genes were determined by
taking the ratio of the expression between the 48- and 96-h
groups versus control groups. A differentially expressed
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gene was defined as a variation in gene expression no less
than two-fold and a detection P value <0.05. Significance
Analysis of Microarray (SAM) software was used to deter-
mine statistically significant genes. Following SAM analysis,
hierarchical clustering with average linkage was carried out
by Cluster 3.0 and the cluster data were visualized by the
Java Treeview software. The differentially expressed genes
were mapped to Gene Ontology (GO) terms and the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway based on the mouse accession ID, using the mol-
ecule annotation system (MAS; http://bioinfo.capitalbio.
com/mas/) platform. GO terms and KEGG pathways with
false discovery rate (FDR)-corrected P values <0.05 were
considered statistically significant. Clustering of self-
organizing maps (SOMs) was performed by GeneCluster
2.0 package and 6 class (2 x 3) SOMs were constructed.

Quantitative realtime PCR

Oral keratinocyte RNA preparations used for the microarray
were also subjected to realtime PCR validation assays using
primers specific for a randomly selected cohort of those
genes. The primer sets for these genes were designed to
amplify about 100 bp segments and primers specific for
526 ribosomal protein (RPS26) were used as a house-
keeping gene control.'* All primers were custom-designed
from GenBank mRNA sequences and prepared by DaAn
Gene Company (Guangzhou, China). Their sequences are
listed in Table 1. cDNA was synthesized from 4 ug RNA
samples using oligo dT to prime the reverse transcriptase
reaction. RT-PCR was carried out on the ABI 9700 instru-
ment (ABI company, Foster City, CA, USA) with the
QPCR SYBR green detection reagent (ABI company) for
three minutes at 93°C for the initial denaturing, followed
by 40 cycles of 93°C for 30s, 55°C for 45s and 72°C for
45 s. Cell threshold values for each gene were determined
and fold induction compared with RPS26 was calculated

Table 1 Primer designed for quantitative realtime polymerase chain
reaction analysis

GenBank
Gene accession no. Primer sequence
CD83 NM_009856.2 F: 5 AGTGTCCTGGGCCAAGGTCT 3
R: 5 GAATAGGCCCTTCTCCTGGG 3’
CXCL1 NM_008176.3 F: 5 CTGTCAGTGCCTGCAGACCA 3
R: 5 GGCTATGACTTCGGTTTGGGT 3’
CXCL10 NM_021274.1 F: 5 GCTGGGTCTGAGTGGGACTC 3
R: 5" GCTTCCCTATGGCCCTCATT 3’
KRT86 NM_010667.2 F: 5 CATCGACAAGGTGCGCTTC 3
R: 5 TCGAACAGAGGCTCCATGTTG 3
TGFB2 NM_009367.3 F: 5 ACACTGCCCCTGCTGTACCT 3’
R: 5 GGTGCCATCAATACCTGCAA 3’
IL-1a NM_010554.4 F: 5 TACTCGTCGGGAGGAGACGA 3’
R: 5 TTCTGGCAACTCCTTCAGCA 3
ADM NM_009627.1 F: 5 TGCAGGGCCAGATACTCCTT 3’
R: 5 GTCCCGTAGGGTAGCTGCTG 3
IL1F6 NM_019450.3 F: 5 ATTACCTTGCTCCCATGCCA 3
R: 5 CTTTGTGCAGAACAGGCAGC &
PTGS2 NM_011198.3 F: 5 GCATTCTTTGCCCAGCACTT &
R: 5" CACTCCATGGCCCAGTCCT-3'
RPS26 NM_013765 F: 5 CCCAAGGATAAGGCCATCAA 3
R: 5 GAAGCACGTAGGCGTCGAAG 3’

using the AACy method.' RT-PCR results were recorded
for each gene as fold change versus control. PCR products
were evaluated by dissociation curves to confirm single
amplication and the absence of significant primer-dimer
contamination.

Biological association network analysis

Biological association network (BAN) analysis was con-
structed with the aid of GeneSpring GX software v11.0
(Agilent Technologies, Santa Clara, CA, USA). This software
package generates interaction networks starting with the
differential expressed gene list, taking into account the infor-
mation present in a database of known molecular interactions.
Details of this network construction were described in a
previous study.'

Protein isolation and Western blot

Oral keratinocytes of three groups from mice at 48 and 96 h
after tongue submucosal injection, and control group, were
collected, respectively, for Western blot analysis. Proteins
from keratinocytes were extracted using RIPA buffer with
addition of Protease inhibitor Cocktail and Phosphatase
inhibitor Cocktail (Beyotime Institute of Biotechnology,
Haimen, Jiangshu, China) according to the commercial pro-
tocol. The soluble supernatant was normalized for total
protein concentration using the bicinchoninic acid method
and the sample was stored at —20°C. Cell protein extracts
were boiled for 5 min in 2x sample buffer and were separ-
ated on 10% sodium dodecyl sulfate-polyacrylamide gel
and transferred onto Immuno-Blot polyvinylidene fluoride
membrane. After blocking in 5% non-fat dry milk in TBST
(Tris-buffered saline Tween-20), the membrane was incu-
bated with antibodies specific for anti-mouse interleukin
(IL)-1a antibody (1:1000, AF-400-NA), CXCL1 antibody
(1:800, MAB4531), CXCL10 antibody (1:1000, MAB466)
from R&D Systems and glyceraldehyde phosphate dehy-
drogenase antibody (1:1000, 2118) from Cell Signaling
Technology (Danvers, MA, USA) overnight at 4°C. After
washing in TBST, the membrane was incubated in horse-
radish peroxidase conjugated goat secondary antibodies
(Beyotime Institute of Biotechnology) at 1:5000 dilution for
one hour at 37°C. Incubation with BeyoECL plus reagents
(Beyotime Institute of Biotechnology) was performed
before exposure to X-ray films. After the films were devel-
oped and dried, the images were digitized using an HP
Deskscan II® flat bed scanner, exported into Quantity One
(Bio-Rad Laboratories Inc, Hercules, CA, USA). Gray
levels were measured over a line in the middle of each
strip. The greatest gray level in the peak was assigned to
each band.

Results
Histology and immunohistochemistry

Sections of the mouse tongue biopsy from different exper-
imental groups revealed that in the 48-h group there was
an extensive, dense mononuclear cell infiltration in the
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Figure 1

Histological and immunohistochemical studies of the 48-h group tongue biopsy. (a) The extensive, dense mononuclear cell infiltration was observed in

the tongue submucosal area. Hematoxylin—eosin staining was performed at x 200 magnification high-power fields. Bar = 50 um. (b) The infiltrated mononuclear
cells were predominantly CD3-positive. Inmunohistochemical staining was performed at x200 magnification high-power fields. Bar = 50 um

tongue submucosal area (Figure 1a). Immunohistochemical
staining showed the infiltrated mononuclear cells to be pre-
dominantly T-cells, positive for CD3 (Figure 1b).

Differentially expressed genes in keratinocytes
during oral mucosal adaptive immune response

Nine groups of oral keratinocyte RNA samples, three
groups from control mice and three groups from experimen-
tal mice at two time points (48 and 96 h after oral submuco-
sal injection) each, were collected for gene microarray
hybridization (six mice per group). Affymetrix Mouse
Genome 430 2.0 microarrays containing over 45,000 probe
sets representing over 34,000 well-substantiated mouse
genes were employed in this experiment. After the microar-
ray experiment, data were normalized and analyzed by
SAM software as described in Materials and methods. In
the 48-h groups, 666 probe sets were identified as differen-
tially expressed (591 up-regulated and 75 down-regulated),
while in the 96-h groups, 993 probe sets were found to
express differentially (90 increased and 903 decreased).
The highest regulated probe sets are listed in Table 2.
Obviously, some genes whose expression increased highly
at 48 h down-regulated significantly at 96 h, such as adreno-
medullin (ADM), prostaglandin-endoperoxide synthase 2
(PTGS2), chemokine (C-X-C motif) ligand 1 (CXCL1) and
thymic stromal lymphopoietin (Tslp). These data revealed
that hundreds of genes in keratinocytes were activated
during the oral mucosal adaptive immune response.

Verification of microarray data by realtime PCR

A randomly selected subset of nine genes was used to vali-
date the microarray results. Quantitative realtime PCR was
used to evaluate the relative abundance of these nine genes
in keratinocyte samples from control and experimental
mice. The fold change gene expression of experimental
groups versus control groups measured by RT-PCR was
then compared directly to the fold change obtained by
Affymetrix hybridization. The result presented a high level
of agreement between the fold change measured by
RT-PCR and by Affymetrix (Table 3). Taken together, the
results of these RT-PCR studies validated the microarray data.

Hierarchical clustering of genes in oral keratinocytes

In the present study, a total of nine microarray hybridiz-
ations were available for analysis. To explore differences in
mRNA abundance among samples in this experiment, an
unsupervised cluster analysis of probe sets differentially
expressed during the oral mucosal adaptive immune
response was presented (Figure 2). The samples from the
same group (control, 48 or 96 h) clustered together. The
experimental groups’ gene expression differed considerably
from that of the control groups and the experimental groups
in two time points also differed substantially from each
other. This result confirmed that keratinocyte gene
expression varied at two time points during oral mucosal
immune response.

GO analysis for differentially expressed genes

The differentially expressed genes were uploaded to the
MAS (http://bioinfo.capitalbio.com/mas/) for GO analysis
as described in Materials and methods. The results demon-
strated that these altered genes encompassed a diverse array
of cellular, molecular and biological ontology. The differen-
tial genes in oral keratinocytes from 48-h groups fell into
various biological processes, including antigen processing
and presentation, immune response, antigen processing
and presentation of peptide antigen via major histocompat-
ibility complex (MHC) class I, antigen processing and pres-
entation of exogenous peptide antigen via MHC class 1I,
positive regulation of T-cell mediated cytotoxicity, etc. The
differential genes in keratinocytes from the 96-h groups
were associated with DNA replication, cell division,
antigen processing and presentation of exogenous peptide
antigen via MHC class II, mitosis, positive regulation of
T-cell-mediated cytotoxicity, etc. The first five ranking bio-
logical processes involved in 48 h were associated with
immunity and were quite different from that of 96 h.
Biological processes enriched in differentially expressed
genes are shown in Table 4.

Pathway analysis for differentially expressed genes

In addition, to facilitate the biological interpretation of dif-
ferentially expressed genes, we perform KEGG analysis
using the MAS (http://bioinfo.capitalbio.com/mas/).
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Table 2 Fold change expression of genes up/down-regulated in keratinocytes during oral mucosal immune response (microarray data)

Probe set ID UniGene ID Gene symbol Gene name Fold change
(@) More than six-fold up-regulated genes in 48 h
1421134_at Mm.8039 Areg Amphiregulin 11.2143333
1416701_at Mm.46497 Rnd3 Rho family GTPase 3 9.92788053
1417487 _at Mm.6215 Fosl1 Fos-like antigen 1 9.87731218
1416077 _at Mm.1408 Adm Adrenomedullin 9.54756042
1417263_at Mm.292547 Ptgs2 Prostaglandin-endoperoxide synthase 2 9.54253893
1419209_at Mm.21013 Cxcl1 Chemokine (C-X-C motif) ligand 1 8.05828655
1436329_at Mm.103737 Egr3 Early growth response 3 7.95340515
1417273_at Mm.235547 Pdk4 Pyruvate dehydrogenase kinase, isoenzyme 4 7.63486336
1449161_at Mm.284855 Edn2 Endothelin 2 7.55690596
1448728 _a_at Mm.247272 Nfkbiz Nuclear factor of kappa light polypeptide gene enhancer 7.53490285
in B-cells inhibitor, zeta
1458899 _at Mm.477800 Usp53 Ubiquitin specific peptidase 53 7.52876289
1433699 _at Mm.116683 Tnfaip3 Tumor necrosis factor, alpha-induced protein 3 7.51443275
1418349 _at Mm.289681 Hbegf Heparin-binding EGF-like growth factor 7.46922677
1450004_at Mm.143716 Tslp Thymic stromal lymphopoietin 7.23380749
1427683_at Mm.290421 Egr2 Early growth response 2 7.15439799
1418283 _at Mm.7339 Cldn4 Claudin 4 7.14069217
1453238_s_at Mm.332931 1200016E24Rik RIKEN cDNA 1200016E24 gene 6.41857538
1418280_at Mm.275036 KIf6 Kruppel-like factor 6 6.33768579
1438239 _at Mm.34441 Mid1 Midline 1 6.32879771
1419208 _at Mm.3275 Map3k8 Mitogen-activated protein kinase kinase kinase 8 6.15365362
1416576_at Mm.3468 Socs3 Suppressor of cytokine signaling 3 6.10657079
1449833 _at Mm.10692 Sprr2f Small proline-rich protein 2F 6.10378513
1422134 _at Mm.248335 Fosb FBJ osteosarcoma oncogene B 6.07243989
1450716_at Mm.1421 Adamts1 A disintegrin-like and metallopeptidase (reprolysin type) with 6.05466655
thrombospondin type 1 motif, 1
1419816_s_at Mm.318841 Errfid ERBB receptor feedback inhibitor 1 6.04371395
(b) More than 2.5-fold down-regulated genes in 48 h
1428304 _at Mm.249280 Esco2 Establishment of cohesion 1 homolog 2 0.39949223
1419798 _at - 2610019E17Rik RIKEN cDNA 2610019E17 gene 0.39673391
1424766_at Mm.31911 Erccél Excision repair cross-complementing rodent repair deficiency 0.39459228
complementation group 6-like
1417926_at Mm.476893 Ncapg2 Non-SMC condensin Il complex, subunit G2 0.39450011
1435597 _at Mm.89551 Atad5 ATPase family, AAA domain containing 5 0.39006446
1437370_at Mm.32800 Sgol2 Shugoshin-like 2 (S. pombe) 0.38946729
1435575_at Mm.441089 Kntc1 Kinetochore associated 1 0.37956845
1429169 _at Mm.128512 Rbm3 RNA binding motif protein 3 0.36770253
1429178_at Mm.42191 0Odz3 Odd Oz/ten-m homolog 3 (Drosophila) 0.36261494
1418497 _at Mm.7995 Fgf13 Fibroblast growth factor 13 0.34778804
1449986 _at Mm.160339 2310034C09Rik RIKEN cDNA 2310034C09 gene 0.32225177
1421575_at Mm.358728 2310057N15Rik RIKEN cDNA 2310057N15 gene 0.30566554
1427365_at Mm.383183 Krt86 Keratin 86 0.28145343
1420358 _at Mm.353193 Krtap13 Keratin associated protein 13 0.26421677
(c) More than three-fold up-regulated genes in 96 h
1449963 _at 1449963_at Krtap9-3 Keratin associated protein 9-3 5.32971698
1425165_at 1425165_at Gzmn Granzyme N 3.45391735
1420358 _at 1420358_at Krtap13 Keratin associated protein 13 3.42418913
1421575_at 1421575_at 2310057N15Rik RIKEN cDNA 2310057N15 gene 3.05940671
1437258 _at 1437258 _at Sprr2a Small proline-rich protein 2A 3.03612952
(d) More than 10-fold down-regulated genes in 96 h
1418280_at Mm.275036 KIfé Kruppel-like factor 6 0.09842331
1432032_a_at Mm.56897 Artn Artemin 0.09829484
1438133_a_at Mm.1231 Cyr61 Cysteine rich protein 61 0.09443038
1417273 _at Mm.235547 Pdk4 Pyruvate dehydrogenase kinase, isoenzyme 4 0.09283405
1448728 _a_at Mm.247272 Nfkbiz Nuclear factor of kappa light polypeptide gene enhancer in 0.09179761
B-cells inhibitor, zeta
1447016_at Mm.286353 LOC100046817 Hypothetical protein LOC100046817 0.09175075
1437302_at Mm.5598 Adrb2 Adrenergic receptor, beta 2 0.08495619
1421134 _at Mm.8039 Areg Amphiregulin 0.08436756
1418349 _at Mm.289681 Hbegf Heparin-binding EGF-like growth factor 0.08279353
1416701_at Mm.46497 Rnd3 Rho family GTPase 3 0.08266456
1448890_at Mm.26938 Kif2 Kruppel-like factor 2 (lung) 0.08263401
1433699_at Mm.116683 Tnfaip3 Tumor necrosis factor, alpha-induced protein 3 0.08263269

(Continued)
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Probe set ID UniGene ID Gene symbol Gene name Fold change
1456446_at - 4930523C07Rik RIKEN cDNA 4930523C07 gene 0.08109883
1421811_at Mm.4159 LOC640441 Similar to thrombospondin 1 0.08103646
1416953_at Mm.393058 Ctof Connective tissue growth factor 0.08075579
1436329 _at Mm.103737 Egr3 Early growth response 3 0.07712165
1418932_at Mm.136604 LOC100046232 Similar to NFIL3/E4BP4 transcription factor 0.07661714
1449161 _at Mm.284855 Edn2 Endothelin 2 0.07386316
1450716_at Mm.1421 Adamts1 A disintegrin-like and metallopeptidase (reprolysin type) 0.07333121
with thrombospondin type 1 motif, 1
1453238_s_at Mm.332931 1200016E24Rik RIKEN cDNA 1200016E24 gene 0.06469242
1422134 _at Mm.248335 Fosb FBJ osteosarcoma oncogene B 0.06318883
1450004_at Mm.143716 Tslp Thymic stromal lymphopoietin 0.05967813
1449363_at Mm.2706 Atf3 Activating transcription factor 3 0.05901173
1443551_at Mm.227583 Atp2a2 ATPase, Ca ++ transporting, cardiac muscle, slow twitch 2 0.05775053
1417487 _at Mm.6215 Fosl1 fos-like antigen 1 0.05765282
1458899 _at Mm.477800 Usp53 Ubiquitin specific peptidase 53 0.05384773
1417262 _at Mm.292547 Ptgs2 Prostaglandin-endoperoxide synthase 2 0.04052199
1419209_at Mm.21013 Cxcl1 Chemokine (C-X-C motif) ligand 1 0.03501333
1416077 _at Mm.1408 Adm Adrenomedullin 0.02774768
1427682_a_at Mm.290421 Egr2 Early growth response 2 0.02329115

Notably, many KEGG pathways associated with immune
and inflammation responses were up-regulated in 48 h,
and the number of these pathways was decreased in 96 h.
The pathways in 48h included the mitogen-activated
protein kinase (MAPK) signaling pathway, cell cycle, trans-
forming growth factor (TGF)-beta signaling pathway, cell
adhesion molecules, antigen processing and presentation,
and Jak-STAT signaling pathway. The pathways in 96 h
had particular relevance to the cell cycle, DNA polymerase,
antigen processing and presentation, and cell communi-
cation circadian rhythm (Table 5).

SOM analysis of gene expression profiles at three
time points

To obtain insight into the kinetics of keratinocyte’s gene
expression during the adaptive immune response, 1148
differentially expressed genes from the 48- and 96-h exper-
imental groups were irrespectively organized into six clus-
ters, C1 through C6, using SOM analysis (Figure 3). C1
contained 90 transcripts which peaked at 96h, such
as interleukin 1 family, member 6 (I11f6), interleukin 2

Table 3 Realtime polymerase chain reaction verification of micro-
array data

Fold change (48 h) Fold change (96 h)

Gene symbol Microarray RT-PCR Microarray RT-PCR
CXCL1 8.058 6.764 0.380 0.693
CXCL10 4.291 6.751 1.532 1.266
ADM 9.548 45.063 0.341 0.234
IL-1a 3.798 15.133 1.078 1.476
IL1F6 1.306 4.168 2.924 1.958
PTGS2 9.543 38.741 0.356 0.323
CD83 2.711 5.141 0.426 1.217
KRT86 0.281 0.602 0.890 2.038
TGFB2 0.451 0.613 0.672 1.594

RT-PCR, reverse transcriptase polymerase chain reaction; TGFp,
transforming growth factor beta; IL, interleukin

receptor, gamma chain (I12rg), CD3 antigen, gamma poly-
peptide (Cd3g) and chemokine (C-X-C motif) ligand 9
(CXCL9). C2, C5 and C6 contained 865 transcripts whose
expression increased at 48 h and dramatically decreased to
even lower than the control groups at 96 h, including
Mapk6, suppressor of cytokine signaling 2 (Socs2), Tslp,
keratin 7, 8 and 18. Those genes that showed a predominant
decline in expression at 48 h were found in C3 (95 tran-
scripts). Finally, C4 contained 98 transcripts such as CD83,
histocompatibility 2, D region locus 1(H2-D1), IL-1a and
intercellular adhesion molecule 1 (ICAM1), which increased
at 48 h and slightly decreased at 96 h. To facilitate the bio-
logical interpretation of screened genes, we uploaded the
genes from the same cluster to the MAS to perform GO
analysis. Particularly, the cluster C4, which was up-regu-
lated during the experiment and peaked at 48 h, had
crucial relevance to the immune and inflammation
response. The cluster C2, C5 and C6 are associated with epi-
thelial cell differentiation, regulation of transcription and
antiapoptosis (data not shown).

Detection of node genes upon generation of
biological association networks

To provide a functional context to the genes shown to be dif-
ferentially expressed over time, GeneSpringGX software
v11.0 (Agilent Technologies) was employed to construct
the BANs. One hundred and fifty-two network eligible
genes and 454 interactions were involved in BANs of 48 h
(Figure 4a). In BANs constructed with differentially genes
from 96 h, 76 network eligible genes and 134 interactions
were shown (Figure 4b). After the BANs were generated,
several highly interconnected nodes were identified such
as Cebpb, Myc and Jun, as well as Rel in 48 h, and Cdc2a
and Statl in 96 h. PTGS2 and Stat3 were the mostly highly
interconnected nodes in both 48 and 96 h. Among the
BANSs, a subnetwork of cytokine IL-1a and its regulated
genes, including CXCL1, CXCL10, ADM, ICAMI1 and
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PTGS2 was identified (Figure 4c). These nodes seemed to be
important nodes of these newly constructed networks and
may be selected for further study.

Validation of IL-1« subnetwork genes’ expression

In order to testify the IL-1a subnetwork, Western blot was
employed to assay the protein expression of IL-la and
some of its target genes, including CXCL1 and CXCL10.

Control-1
Control-2
Control -3
48h-2
48h-1
48h-3
96h-1
96h-2
96h-3

e T e
WMo ~Ithw
OOWOOO0

Figure 2 Hierarchical clustering analysis of differentially expressed genes in
keratinocytes during the oral mucosal immune response at different time
points. After conducting Significance Analysis of Microarray analysis, we
identified 1148 probe sets whose hybridization signal intensities showed sig-
nificant (P < 0.05) variation during the oral mucosal immune response in ker-
atinocytes. An unsupervised cluster analysis of probe sets differentially
expressed during the oral mucosal immune response was performed by
Treeview software. Intensity in the red and green color spectrum denotes
up-regulated and down-regulated genes, respectively. The black intensity
denotes no changes in gene expression levels compared with the control
group. The above column indicated samples from the same group clustered
together and the gene expression from control, 48- and 96-h groups were
different from each other

Table 4 Biological processes enriched in differentially expressed
genes in oral keratinocytes

Related
GO term genes P value q value
(a) Biological processes in 48-h groups
G0:0019882 antigen processing 10 0.0 0.0
and presentation
G0:0006955 immune response 21 0.0 0.0
G0:0002474 antigen processing 8 0.0 0.0

and presentation of peptide
antigen via MHC class |
G0:0042590 antigen processing 3 0.0 0.0
and presentation of exogenous
peptide antigen via MHC class Il

G0:0001916 positive regulation of 5 0.0 0.0
T-cell-mediated cytotoxicity

G0:0042742 defense response to 3 0.0 3.0E-6
bacterium

G0:0001892 embryonic placenta 4 1.0E-6  7.0E-6
development

G0:0042159 lipoprotein catabolism 1 2.2E-5 1.3E-4

GO0:0030216 keratinocyte 5 8.2E-5  4.69E-4

differentiation

G0:0032331 negative regulation of 3 1.09E-4 6.15E-4
chondrocyte differentiation

(b) Biological processes in 96-h groups

G0:0006260 DNA replication 16 0.0 1.0E-6

GO0:0051301 cell division 22 0.0 0.0

G0:0042590 antigen processing 3 0.0 0.0
and presentation of exogenous
peptide antigen via MHC class I

GO:0007067 mitosis 16 0.0 0.0

G0:0001916 positive regulation of 6 0.0 0.0
T-cell-mediated cytotoxicity

G0:0006955 immune response 22 0.0 0.0

G0:0007623 circadian rhythm 4 0.0 2.0E-6

G0:0007076 mitotic chromosome 4 0.0 2.0E-6
condensation

G0:0019882 antigen processing 6 0.0 0.0
and presentation

G0:0006270 DNA replication 7 0.0 0.0
initiation

MHC, major histocompatibility complex

IL-1a expression increased significantly at 48 h after submu-
cosal injection and decreased 48 h later (Figur. 5a). The
expression tendency of CXCL1 and CXCL10 was similar
to that of IL-1e in time course (Figures 5b and c).

Discussion

It has been recognized for a long time that immune cells
play active roles and have profound effects on keratinocytes,
which were passive as the target in mucosal immune
responses. However research accumulated during the last
decades on the airway, gastrointestinal tract and skin has
provided substantial evidence to support the active roles
of keratinocytes in the generation and progression of protec-
tive immune responses and immunopathological reac-
tions.'~* Compared with keratinocytes in other mucosa
sites, relevant research on oral keratinocytes are scattered
and how they participate in immune response is largely
unknown. Therefore, the main objective of the present
work was to testify the hypothesis that oral keratinocytes
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Table 5 Kyoto Encyclopedia of Genes and Genomes pathways
enriched in differentially expressed genes in oral keratinocytes

Related
Pathway name genes P value q value
(@) Pathways in 48-h groups
MAPK signaling pathway 23 0.0 0.0
Cell cycle 12 0.0 0.0
TGF-beta signaling pathway 10 0.0 2.0E-6
Wnt signaling pathway 12 2.0E-6 1.1E-5
Cell adhesion molecules (CAMs) 13 2.0E-6 1.2E-5
Antigen processing and 14 7.0E-6 3.2E-5
presentation
Jak-STAT signaling pathway 10 2.5E-5 9.8E-5
Leukocyte transendothelial 7 3.9E-5 1.38E-4
migration
T-cell receptor signaling pathway 10 1.11E-4 3.62E-4
Type | diabetes mellitus 9 1.3E-4 3.97E-4
(b) Pathways in 96-h groups
Cell cycle 15 0.0 0.0
DNA polymerase 10 0.0 0.0
Antigen processing and 9 1.0E-6 5.0E-6
presentation
Cell communication 7 4.6E-5 3.25E-4
Circadian rhythm 3 7.2E-5 4.49E-4
Pyrimidine metabolism 6 9.7E-5 5.43E-4
Type | diabetes mellitus 5 3.24E-4 0.00163
Purine metabolism 6 8.85E-4 0.004047
Oxidative phosphorylation 1 0.003145 0.013169
Cell adhesion molecules 5 0.007247 0.028233

MAPK, mitogen-activated protein kinase; TGF, transforming growth factor

play active roles in the oral mucosal adaptive immune
response and provide more in-depth and detailed infor-
mation on their participation.

As described before, the existence of positive and negative
acting feedback loops between keratinocytes and immune
cells were thought to be responsible for the perpetuation
of the inflammatory process.>”° Therefore, we testified
our hypothesis on our delayed type hypersensitivity
murine model induced by sensitization and elicitation of
allogenic oral keratinocytes, which is characterized by
predominantly ~ T-cell-mediated tongue inflammation
(Figure 1). Relevant study in our groups showed that in
such populations of CD3-positive T-cells from the 48-h
groups, CD4-positive T-cells constituted the major fraction
and significantly increased the mRNA and protein
expression level of IFN-vy in the tongue (data not shown).
Therefore, in our experiment we collected keratinocytes at
two specific time points, which were associated with the
number of T-cells accumulated in oral mucosa. One was at
48h after tongue submucosal injection, whose T-cell
amount reached the highest level, and the other was at
96 h, whose T-cell diminished significantly. We anticipated
that comparing microarray data from these two time
points with control groups would provide us important
information on keratinocyte gene variation in different
stages of the oral mucosal adaptive immune response.

In order to testify our hypothesis, representative gene-
expression profiles from two experimental groups of oral
keratinocytes were compared with the control group. The
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Figure 3 Self-organizing map analysis showing time-course changes of differentially expressed genes. A total of 1148 differentially expressed gene from the 48-
and 96-h experimental groups were irrespectively organized into six clusters, including cluster 1 (C1) through cluster 6 (C6), using GeneCluster version 2.0
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Figure 4 Biological association networks (BANs) of differentially expressed genes in keratinocytes at different time points during oral mucosal adaptive immune
response. To provide a functional context to differentially expressed genes over time, GeneSpringGX software v11.0 was employed to aid in identifying BANs that
were significantly altered during the immune response. (a) BANs of oral keratinocytes in 48 h. Microarray analysis revealed 666 differentially expressed genes in
48 h. One hundred and fifty-two network eligible genes (blue circle highlighted) and 454 interactions (edge) were involved in BANs. (b) BANs of oral keratinocytes
in 96 h. Microarray analysis revealed 993 differentially expressed genes in 96 h. Seventy-six network eligible genes (blue circle highlighted) and 134 interactions
(edge) were involved in BANSs. (c) Subnetwork around interleukin (IL)-1« identified from BANs. From BANs, a subnetwork with IL-1« as the hub gene was ident-
ified. This subnetwork was composed of IL-1« and other five nodes including CXCL1, CXCL10, adrenomedullin (ADM), ICAM1 and prostaglandin-endoperoxide
synthase 2 (PTGS2) which were positively regulated by IL-1a. (d) Node (gene) and edge (gene relationship) symbols were described in the legend. Red-labeled
symbols indicated the genes that were found to be up-regulated by microarray analysis (P < 0.05) compared with control groups, while blue labeling indicated

significant down-regulation

results revealed that 591 probes sets were up-regulated and
75 down-regulated at 48 h while 90 were increased and 903
decreased in the 96-h groups. These results have been vali-
dated by RT-PCR (Table 3). To further evaluate the likeness
of the gene expression profile in these two time points, hier-
archical clustering analysis was employed as the first
exploratory analysis to provide a useful visualized output
after finishing the microarray hybridization. The result
showed that samples from the same experimental groups
clustered together and discrete differences in characteristic
color patterns of gene expression among the control, 48-
and 96-h groups were apparent (Figure 2). These results
demonstrated that hundreds of genes were activated in
this immune response. Furthermore, oral keratinocyte gene

expression profiles varied significantly in different stages
of oral adaptive immune response. At these two time
points the number of T-cells accumulated in the oral
mucosa diversed, which may partially account for the diver-
gence of gene expression profiles and the distinct biological
functions of oral keratinocytes at two stages of the oral
mucosal adaptive immune response.

To explore more biological information about these
differentially expressed genes, we uploaded these genes to
the MAS to undergo GO analysis. The biological processes
involved in 48 h were associated with immune response
while that in 96 h were connected with cell proliferation
(Table 4). As shown in previous studies, keratinocytes have
the potential to act as non-professional antigen-presenting
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Figure 5 Western blot validation of interleukin (IL)-1a subnetwork genes’ protein expression. Oral keratinocytes of three groups from mice at 48, 96 h after
tongue submucosal injection and control group were collected, respectively, for Western blot analysis. IL-1«a expression increased at 48 h after oral submucosal
injection and decreased at 96 h after that (a). CXCL1 and CXCL10, the target genes of IL-1«, had similar expression patterns of IL-1« (b, c). Protein concentration
is expressed as the mean + SD of nine protein samples from three independent experimental groups. *P < 0.05

cells. Black et al.'* found that under inflammatory con-
ditions, human keratinocytes processed and presented
endogenous and exogenous antigen to T-cells via expressing
MHC class I, class 1I, ICAM1 and subsequently induced
rapid effector function in antigen-specific memory CD4+
and CD8+ T-cells. This finding is consistent with our
results in the present study. Differentially expressed genes
from the 48-h groups fell into several biological processes
associated with antigen presentation (Table 4a).
Furthermore, our findings were supported by
immunostaining-based studies on OLP showing that
lesion keratinocytes expressed the immune regulatory mol-
ecules PD-1’s ligand B7-H1, ICAM1, chemokine CXCL9,
CXCL10, CXCL11 while the infiltrating T-cells expressed
their ligands.”'*'® Altogether it is clear that oral keratino-
cytes have multiple biological functions in the adaptive
immune response, hereinto, one of the most important
immunological functions exerted by oral keratinocytes is
antigen presentation.

In addition, to facilitate the biological interpretation of
differentially expressed genes, we performed KEGG
pathway analysis to obtain more details about the pathways
involved in oral keratinocytes (Table 5). From GO analysis
we knew that the biological processes in 48 h were con-
nected with the immune response; accordingly we paid
special attentions on pathways enriched in 48 h. Among
them, the MAPK signaling pathway was the most signifi-
cant over-represented pathway in 48h. The MAPK
pathway has been shown to be fundamental in inflamma-
tory cytokine and chemokine gene expression at both tran-
scriptional and post-transcriptional levels.'® Research on
skin showed that the mechanism of long-lasting inflamma-
tory processes was related with the activation of the
MAPK in keratinocytes, which play a crucial role in the
immune responses.'” In our experiment 23 genes including
TGF-B, IL-1a, Myc and Jun participated in the MAPK
pathway in 48 h; this pathway may be associated with the
chemokine and cytokine expression in the oral mucosal

immune process, suggesting the significant immunoregula-
tor role of oral keratinocyte in this immune response.

It is believed that genes with the same expression kin-
etics may be involved in similar biological progression,
so we employed an unsupervised learning neural
network which was known as SOM to cluster genes by
placing those with similar temporal gene expression pro-
files together."® In the present study, the differentially
expressed genes in the control, 48 and 96-h groups were
irrespectively organized into six clusters, C1 through C6,
using SOM analysis (Figure 3). The expression patterns
of the majority of differentially expressed genes, including
C2, C4, C5 and C6 (peak at 48 h), were in concordance
with the accumulated pattern of T-cell. Tslp was a case
in point (7.2-fold up-regulated in 48 h, 0.06-fold down-
regulated in 96 h) (Table 2). Tslp is an epithelial cell
derived cytokine, which has been reported to be expressed
in the gut, lung, skin and thymus. Signaling via the Tslp
receptor, which is expressed on a wide range of cell
types in immune system, Tslp exerts profound influence
on dendritic cells, T-cells, B-cells and mast cells.
Furthermore, Tslp has been reported to be associated
with the immunopathological processes of inflammatory
bowel disease, asthma, as well as atopic dermatitis.’*?°
Up to date, this is the first report about the expression of
Tslp in oral keratinocytes. This finding gives a significant
clue on oral keratinocytes as strong and active regulators
in immune response, which are similar to their counter-
parts in other mucosa sites and skin.

Another aim of this study was to identify some pivotal
functional modules influenced by the genes whose
expressions were altered during the oral immune response.
We believed that identification of these critical genes and
networks would provide a framework for further study
and may be of practical relevance for future treatment of
oral mucosal immune diseases. In this study we used
the genes differentially expressed in two time points in the
oral mucosal adaptive immune response to construct the
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BANs (Figure 4). Through BANs, some highly intercon-
nected nodes such as Stat3, PTGS2 and IL-1a were recog-
nized to be targets in further studies on oral keratinocyte
immunoregulatory roles. Stat3, the most highly intercon-
nected nodes in both 48 and 96 h, has been confirmed to
perform protective and anti-inflammatory function in the
intestinal mucosa through its actions in epithelia, but its
activation in oral keratinocyte was seldom reported.”!

The most striking observation we found in BANs was a
subnetwork around IL-1a. This subnetwork was composed
of hub gene IL-1a and other five nodes including CXCL1,
CXCL10, ADM, ICAM1 and PTGS2, which were positive,
regulated by IL-1a (Figure 4c). To further validate this sub-
network, we employed Western blot to testify the protein
expression of IL-1a and some of its target genes, including
CXCL1 and CXCL10 (Figure 5). The results show that
there is no significant difference between the 48- and 96-h
groups in IL-la expression (Figure 5a) and also between
the control and 48h groups in CXCL10 expression
(Figure 5¢). A probable reason for no statistical significance
showed is due to the small sample size of proteins. From
these similar protein expression patterns, it is justifiable to
believe that there is a biological regulatory mechanism
between IL-1a and CXCL1 and CXCL10.

IL-1« is constitutively expressed on keratinocyte and has
been known for a long time to promote T-cell responses.”**
It has autocrine actions to upregulate MHC class II
expression, and stimulate cytokine and chemokine pro-
duction. Besides, it also has juxtacrine actions to activate
neutrophils, monocytes and T-cells which infiltrate under
inflammatory conditions.?* It has been reported that IL-1a
was a general amplifier of T-cell responses in several epi-
thelial tissue immune responses.””~*’ In mucosal inflam-
mation such as asthma, inflammatory bowel disease and
ulcerative colitis, increased expression of IL-la was
observed.”*"* In particular, our previous study shown
that in tissue transudate and whole unstimulated saliva
from OLP patients, there was a significantly higher
expression level of IL-la compared with controls.??" In
this subnetwork, CXCL1, CXCL10, ADM, ICAM1 and
PTGS2, which were regulated by IL-1«, have been reported
to be inflammatory enhancers and promoters in mucosa
immune associated diseases such as OLP, asthma and
inflammatory bowel disease.'”' 3 It is worth noting that
IL-1e and its regulated genes have been reported expressed
by epithelial cell under inflammatory condition; however, to
our best of knowledge, this is the first time to report the
regulatory network in mucosa site, especially in oral
mucosa. A complete characterization of IL-1a subnetwork
will illuminate the multiple regulatory functions of keratino-
cytes in oral mucosa or even in other mucosa sites.

Conclusion

The oral keratinocyte microarray data presented in this
study demonstrated that oral keratinocytes play active
roles and exert diverse immunological functions in the
oral mucosal adaptive immune response. We also identified
several putative node genes and interaction networks such

as IL-1a and its subnetwork through BAN construction.
Further characterization of these genes and interaction net-
works will shed light on the mechanisms of keratinocytes
directing the initiation and progression of oral mucosal
adaptive immune response. Studies of T-cells in the same
animal models on gene expression are currently under
way. The results will help to elucidate the cross-talk
between keratinocytes and T-cells in the oral mucosa adap-
tive immune response.
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