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Abstract

Autoimmune regulator (AIRE) is a transcriptional regulator that is primarily expressed in
medullary epithelial cells, where it induces tissue-specific antigen expression. Under pathological
conditions, AIRE expression is induced in epidermal cells and promotes skin tumor development in
association with stress-responsive keratin KRT17. This study aimed to clarify the role of AIRE in the
pathogenesis of oral squamous cell carcinoma (OSCC). AIRE expression was evaluated in seven
OSCC cell lines and in OSCC tissue specimens. Transient or constitutive expression of AIRE in 293 A
cells induced KRT17 expression. cDNA microarray analysis of 293A cells stably expressing AIRE
revealed that STAT1 and ICAM1 were significantly upregulated by AIRE. Expression of KRT17,
STATI1, ICAM1, MMP9, CXCL10, and CXCL11 was elevated in 293 A cells stably expressing AIRE,
and conversely, was decreased in AIRE-knockout HSC3 OSCC cells when compared to the respective
controls. Upregulation of KRT17, STAT1, and ICAM in OSCC cells was confirmed in tissue
specimens by immunohistochemistry. We provide evidence that AIRE exerts transcriptional control
in cooperation with ETS1. Expression of STAT1, ICAMI1, CXCL10, and MMP9 was increased in
293A cells upon Etsl transfection, and coexpression of AIRE resulted in enhanced expression of
STATI. AIRE coprecipitated with ETS1 in a modified immunoprecipitation assay using formaldehyde
crosslinking. Chromatin immunoprecipitation and quantitative PCR analysis revealed that promoter
fragments of STATI1, ICAM1, CXCL10, and MMP9 were enriched in the AIRE precipitates. In oral

cancer cells, ETS1 was diffusely located in the nucleus and partially overlapped with dot-like AIRE
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accumulation sites. Nuclear translocation of AIRE was promoted by cotransfection with E#s/. These

results indicate that AIRE is induced in OSCC and supports cancer-related gene expression in

cooperation with ETS1. This is a novel function of AIRE in extrathymic tissues under the pathological

condition.
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Introduction

The burden of oral cancer has significantly increased in many parts of the world, causing more
than 145.000 death in 2012 worldwide [1]. Despite the advances in modern medicine, oral cancer can
have devastating effects on critical life functions. About 90 percent of oral cancers are squamous cell
carcinomas (OSCCs) that arise from keratinocytes of the oral mucosa.

Cancer development requires the acquisition of several properties, such as unlimited
proliferation, vascularization, and invasion [2]. Aberrant growth control in cancer cells is the
consequence of accumulated disorders in multiple cell-regulatory systems. Molecular analysis of
OSCCs has uncovered genetic and epigenetic alterations in several distinct driver pathways, including
mitogenic signaling and cell-cycle regulatory pathways, which lead to continual and unregulated
proliferation of cancer cells. In addition, cancer cells recruit surrounding non-transformed cells, such
as stromal cells and inflammatory cells, to create a tumor microenvironment that fosters tumor growth
and invasion. Under the influence of interaction with the tumor microenvironment, cancer cells express
a unique group of proteins that are absent or expressed at very low levels in normal cells. Differentially
expressed proteins in OSCC compared to normal keratinocytes include various cytokines, chemokines
(for example, CXCLs), extracellular matrix proteins, matrix remodeling enzymes (for example, matrix
metalloproteases (MMPs)), cell adhesion molecules, and cytoskeletal proteins [3,4]. Among these
factors that characterize cancer cells, we have been interested in keratin 17 (KRT17) because it is

consistently and strongly induced in OSCC, and because of its unique functions. Keratins are a family
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of intermediate filaments that are indispensable for the structural stability of epithelial cells. KRT17 is

regarded a “stress-response keratin” that is not expressed or at a very low level in normal squamous

epithelium and is induced under pathological conditions, such as wound healing, inflammation, and

cancer. KRT17 exerts diverse functions, including the regulation of Thl-type chemokine expression,

which promotes tumor growth [5]. Interestingly, KRT17 has been recently reported to interact with

AIRE [6]. AIRE was first identified as a causative gene for autoimmune polyendocrinopathy-

candidiasis-ectodermal dystrophy syndrome, which gives rise to multiple endocrine disorders, chronic

mucocutaneous candidiasis, and various ectodermal defects.

AIRE consists of four domains, including a caspase recruitment domain/homogeneously

staining region (CARD/HSR) domain that drives nuclear localization and oligomerization, an Sp100,

AIRE, NucP41/75, DEAF1 (SAND) domain, and plant homeodomain 1 (PHD1) and PHD2 domains.

The closest homolog of AIRE is Sp100, which shares the CARD, SAND, and PHD domains [7]. AIRE

localizes in the nucleus in discrete, punctate structures that resemble promyelocytic leukemia nuclear

bodies, which contain Sp100 family members. The nuclear localization and the presence of domains

that are shared by transcription factors suggested a role for AIRE in the regulation of gene expression,

and indeed, numerous in-vitro studies have demonstrated that AIRE functions as a transcriptional

activator [7]. AIRE is expressed in medullary thymic epithelial cells (mTECs), in which it induces

ectopic expression of peripheral tissue-specific antigens, thereby facilitating the elimination of self-

reactive T cells. AIRE expression has been also reported in extrathymic tissues, including epidermal
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keratinocytes [8-11]. In the mouse epidermis, Aire is induced by inflammatory or tumorigenic stimuli
concurrently with Krt17 and stimulates the transcription of several chemokine genes, such as Cxc/10
and Cxcll1, and a gene encoding matrix-degrading enzyme, Mmp?9, in keratinocytes [6]. The onset of
genetically induced skin tumor is delayed in Aire-knockout mice, which mimic the phenotype of
Krtl7-knockout mice [6]. These results suggest a novel role of AIRE in extrathymic epithelial tissues
under pathological conditions; however, the significance of AIRE in other cancers remains to be
elucidated.
The above findings inspired us to evaluate whether AIRE participates in the pathogenesis of

OSCC. To this end, we first assessed the expression of AIRE in OSCC. Then, we explored the role of

AIRE in the regulation of KR7'17 and other genes associated with OSCC development.

Materials and Methods
Chemically induced mouse model of tongue and esophageal cancer

CD-1 mice were obtained from Sankyo Labo Service Co. (Tokyo, Japan) and were housed
in groups of less than five in plastic cages in a temperature-controlled room with 12 h light-12 h dark

cycles, and were provided free access to tap water and food. To establish the cancer model, 4-
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nitroquinoline-1-oxide (4-NQO) was added to the drinking water at a concentration of 100 pg/ml and
administered to 6-week-old mice for 8 weeks. After the administration period, normal drinking water
was given. The health of the animals was monitored daily. Behavioral changes were used as criteria
to determine a humane endpoint. None of the mice reached the endpoint before the day of sacrifice.
Mice were euthanized by cervical dislocation at 30 weeks of age, and tongues and esophagi were
harvested. The animal studies were reviewed and approved by the institutional animal care and use
committee of Tokyo Medical and Dental University (registration numbers: 0150213A and

0160316A).

Histology and immunohistochemistry

The tissues were fixed in 10% neutral buffered formalin for 2448 h and embedded in
paraffin. Four micrometer-thick tissue sections were cut and stained with hematoxylin and eosin. For
immunohistochemistry, the tissue sections were incubated in antigen retrieval buffer (10 mM Tris
(pH 9.0), | mM EDTA) at 120°C for 15 min. Endogenous peroxidase activity was quenched by 3%
H,O; for 10 min. The sections were incubated with primary antibody diluted 1:500 in TBST (10 mM
Tris (pH 7.4), 150 mM NaCl, 0.1% Tween 20) at 4°C overnight. After washing, the sections were
incubated with a secondary antibody at room temperature for 1 h. 3,3’-Diaminobenzidine (DAB) was
used for chromogenic detection. Primary antibodies used in this study were anti-AIRE (C-2, Santa

Cruz Biotechnology, Santa Cruz, CA, USA) for detection of human AIRE, anti-AIRE (M300, Santa
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Cruz Biotechnology) for detection of mouse AIRE, anti-keratin 17 (EPR1624Y, Abcam, Cambridge,

UK), anti-keratin 17 (polyclonal, #1900, Abcam (Epitomics)), anti-GAPDH (D16H11, Cell

Signaling Technology, Danvers, MA, USA), anti-STAT1 alpha (EPYR2154, Abcam), anti-STATI1

phospho S727 (EPR3146, Abcam), anti-ICAM1 (EP1442Y, Abcam), anti-ETS1 (DSOS8A, Cell

Signaling Technology), anti-keratin 14 (LL002, Abcam), anti-Flag M2 (Sigma-Aldrich, St. Louis,

MO, USA), and anti-HA (12CAS, Roche Diagnostics, Basel, Switzerland). Secondary antibodies

used in this study were Envision/HRP (Dako, Glostrup, Denmark), HRP-donkey anti-rabbit IgG

(Thermo Fisher Scientific, Waltham, MA, USA), and HRP-rabbit anti-mouse IgG, Alexa Fluor 488

goat anti-rabbit IgG, Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 594 goat anti-rabbit IgG,

and Alexa Fluor 594 goat anti-mouse IgG (Thermo Fisher Scientific).

Cell culture

Ca9-22 (derived from OSCC of the gingiva) and HSC5 (derived from OSCC of the tongue)

cell lines were obtained from the RIKEN Bioresource Center (Tsukuba, Japan). HSC3 (derived from

OSCC of the tongue) and HOIN1 (derived from OSCC of the buccal mucosa) were obtained from the

Japanese Collection of Research Bioresources (Osaka, Japan). BHY (derived from OSCC of the

gingiva) was provided by Dr. Masato Okamoto (Tsurumi Univ.). SAS (derived from OSCC of the

tongue) and HSC4 (derived from OSCC of the tongue) were provided from Dr. Masao Saito

(Yamanashi Univ.). 293A was purchased from Thermo Fisher Scientific Co. These cells were
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maintained in Dulbecco’s modified Eagle’s medium: nutrient mixture F-12 (Sigma-Aldrich) with 10%

fetal bovine serum. Primary human keratinocytes isolated from neonatal foreskins were obtained from

Kurabo Co. (Osaka, Japan) and were maintained in HuMedia-KG2 (Kurabo).

Plasmid constructs

A pET32a plasmid containing human A/RE cDNA was provided by Dr. Yoshitaka Yamaguchi
(Keio Univ). The open reading frame of A/RE was recovered by PCR using this plasmid as a template
and PrimeSTAR GXL DNA Polymerase (Takara, Shiga, Japan). The PCR product was digested with
EcoR1 and inserted into pcDNA6-3xFlagN (in-house plasmid made using pcDNA6/V5-HisA (Thermo
Fisher Scientific) as a backbone vector), or pAcGFP-C2 (Takara) to create N-terminally 3xFlag-tagged
AIRE (Flag-AIRE), and GFP-tagged AIRE (GFP-AIRE), respectively. The plasmid construct targeting
exon 2 of human A/RE (AIREKO) was created using pSpCas9(BB)-2A-GFP (a gift from Dr. Feng
Zhang, #48138, Addgene, http://n2t.net/addgene:48138 ; RRID:Addgene 48138) as a backbone
vector [12]. The guide sequence was GGAGCGCTATGGCCGGCTGC. pCMV-mFlagEts1 was a gift
from Dr. Barbara Graves (# 86099, Addgene; http://n2t.net/addgene:86099; RRID:Addgene 86099)
[13]. To remove the Flag tag, a fragment containing the coding region of mouse Ets/ was amplified

by PCR, digested with BamH1 and Spel, and inserted into pcDNA6/V5-HisA.

Generation of AIRE-overexpressing and AIRE-knockout cells

10
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Transfection was carried out using Polyethylenimine Max (Polysciences, Warrington, PA,
USA). To establish AIRE-overexpressing clones, 293A cells were transfected with Flag-AIRE and
selected on blasticidin (5 pg/ml), and clones were isolated from colonies. To establish knockout clones,
HSC3 cells were transfected with AIREKO, GFP-positive cells were sorted using BD FACSAria 11
(BD Biosciences, San Jose, CA, USA) 72 h after transfection to compensate for the low transfection
efficiency of HSC3 cells, and expanded through limiting dilution. Clones harboring a nonsense

mutation were determined by PCR-direct sequencing using BigDye Terminator v3.1 Cycle Sequencing

Kit (Thermo Fisher Scientific).

Immunofluorescence staining of cultured cells

Cells cultured in a chamber slide were fixed with methanol for 10 min. The cells were
permeabilized with 0.5% Triton X-100 for 15 min, washed in PBS, incubated with Image-iT FX Signal
Enhancer (Thermo Fisher Scientific) at room temperature for 30 min, and then incubated with primary
antibodies (1:500 dilution) for 3 h, followed by incubation with secondary antibodies (1:500 dilution)

for 1 h. Nuclei were counterstained with propidium iodide or 4’,6-diamidino-2-phenylindole (DAPI).

Proliferation and migration assays
Cell proliferation was assessed by measuring metabolic activity using Cell Counting Kit-8

(Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer’s instructions. Transwell
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migration assays were conducted using ThinCert cell culture inserts with 8 pm pore diameter (Greiner

Bio-One, Wemmel, Belgium) according to the manufacturer’s instructions.

Northern blotting, RT-PCR, real-time RT-PCR, and cDNA microarray
analysis

Total RNA was isolated from Ca9-22 and HSC3 cells using NucleoSpin (Macherey-Nagel,
Diiren, Germany). Northern blot analysis was conducted using DIG Easy Hyb and an RNA probe made
with Dig RNA labeling Mixture (Roche Diagnostics, Basel, Switzerland) according to the
manufacturer’s protocol. RNA was reverse-transcribed to cDNA using oligo(dT) primers and M-
MuLV reverse transcriptase (Thermo Fisher Scientific). PCRs were run with PrimeSTAR GXL DNA
Polymerase (Takara) using the following thermal cycling program: 98°C for 1 min, 30 cycles of 98°C
for 10 s, 58°C for 15 s, and 68°C for 2 min (KR77) or 20 s (others), and 68°C for 2 min. GAPDH was
used as an internal control. Quantitative RT-PCR was conducted using Platinum SYBR Green qPCR
SuperMix-UDG (Thermo Fisher Scientific) and a LightCycler Nano system (Roche Life Science)
using the following thermal cycling program: 95°C for 10 min, 40 cycles of 95°C for 10 s, 60°C for
10 s, and 72°C for 15 s. Primer sequences are available in S1 Table. For cDNA expression microarray
analysis using SurePrint G3 Human GE 8x60K Ver.2.0 (Agilent Technologies, Santa Clara, CA, USA),

total RNA was sent to a commercial service (Hokkaido System Science, Sapporo, Japan).

12
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Western blot analysis

Cells were lysed in RIPA buffer (20 mM Tris pH 7.4, 150 mM NacCl, 1% NP40, 0.1% SDS
and 0.5% sodium deoxycholate, containing protease inhibitor cocktail cOmplete (Sigma-Aldrich).
Protein samples were subjected to 10% SDS-PAGE and transferred to Hybond-ECL (GE Healthcare,
Pittsburgh, PA, USA). The blotted membranes were blocked in 2% non-fat milk for 30 min and then
incubated with primary antibodies (1:2,000) at 4°C overnight, followed by incubation with secondary

antibodies (1:20,000) at room temperature for 1 h, and visualized using ECL Select (GE Healthcare).

OSCC tissue specimens and immunohistochemistry

The study was reviewed and approved by the institutional ethics committee (registration
number: D2012-078). As we used archival tissue specimens obtained for pathology diagnosis, the
ethics committee approved waiver of the informed consent requirement in accordance with Ethical
Guidelines for Clinical Studies by the Ministry of Health, Labor and Welfare of Japan. OSCC tissue
specimens were randomly collected from sixty lateral tongue cancer cases from the archives of the
Dental Hospital of Tokyo Medical and Dental University. Three tissue microarrays harboring 20 spots
of 4 mm in diameter were constructed as previously described [14]. Fifty one spots were fully
evaluable after the loss of spots due to multiple sectioning. Histological evaluation was done as
previously described [15]. Cancer-associated inflammation was scored based on the density of

inflammatory cell infiltrates around tumor nests at the invasion front. Expression of AIRE, KRT17,
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ICAM1, pSTAT1 and STAT1 in cancer was scored based on staining intensity in cancer versus normal
epithelium, with “+/=" indicating that expression was undetected or detected but without noticeable
upregulation in cancer, “+” indicating slight upregulation in cancer as revealed by a noticeable increase
in staining intensity in cancer cells, and “++” indicating distinctive upregulation in cancer. All scorings

were performed by two pathologists in a blinded manner, and the judgment was discussed until consent

was obtained.

Immunoprecipitation and chromatin immunoprecipitation (ChIP)

Cells were crosslinked with 1% formaldehyde at room temperature for 10 min. The reaction
was stopped by incubating the cells with 10% glycine for 15 min. The cells were rinsed twice with
PBS and lysed in RIPA buffer. The cell lysate was sonicated for 5 min and centrifuged to pellet the
debris. The cleared lysate was divided into two parts, one of which was used for immunoprecipitation
and western blot analysis, and the other for immunoprecipitation and DNA quantitative PCR assay.
For immunoprecipitation and western blotting, the lysate was incubated with anti-ETS1 antibody
(1:100 dilution) at 4°C overnight. Dynabeads Protein G (Thermo Fisher Scientific) were added to the
sample, which was incubated for an additional 1 h. The beads were washed with RIPA buffer three
times using a magnet stand. Protein was eluted and crosslinks were reversed by heating the beads in
SDS gel loading buffer (50 mM Tris-HCI pH6.8, 2% SDS, 10% glycerol, 5% beta-mercaptoethanol,

0.01% bromophenol blue) at 95°C for 10 min. Eluted proteins were subjected to western blot analysis.

14
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For ChIP, the lysate was incubated with anti-AIRE antibody at 4°C overnight, then with Dynabeads
Protein G for an additional 1 h. The sample was washed first with low-salt wash buffer (20 mM Tris-
HCI pHS.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), then with high-salt wash
buffer (20 mM Tris-HCI pH8.0, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), and then
with LiCl wash buffer (10 mM Tris-HCI1 pH8.0, 0.25 M LiCl, 1 mM EDTA, 1% NP-40, 1% sodium
deoxycholate). DNA was eluted in elution buffer (100 mM NaHCOs;, 1% SDS). Crosslinks were
reversed by incubation at 65°C overnight, in the presence of RNaseA. Protein in the sample was

digested with proteinase K at 60°C for 1 h, and DNA was purified by phenol/chloroform extraction.

Primers for quantitative PCR analysis are available in S1 Table.

Statistical analysis

Quantitative data are presented as the mean + standard error of at least three replicated
experiments. Means were compared using Student’s 7-test or Mann-Whitney U test. For analysis of
relative protein or gene expression data, the ratio t-test was used. P < 0.05 was considered statistically

significant.

Results
AIRE is induced in chemically induced cancer of the upper digestive

tract in mice
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We first examined AIRE expression in the healthy mouse thymus by immunohistochemical

staining. AIRE-expressing cells were detected specifically in some, but not all epithelioid cells in the

medulla (Fig 1A). AIRE-positive cells were also positive for keratin 14 (KRT14), confirming that they

were mTECs. AIRE localized in the nuclei in punctate regions, which were more clearly observed by

fluorescence than by chromogenic detection (Fig 1A). This AIRE protein distribution was in

agreement with previous reports [16,17], validating the immunohistochemical method for AIRE

detection.

We induced tumorigenesis in the upper digestive tract by administering the carcinogen 4-

NQO to mice via the drinking water. Multiple tumors developed in the esophagi of all 4-NQO-treated

mice (n = 5), whereas no tumor developed in control mice (n = 5). The tumors were histologically

confirmed to be SCC or squamous intraepithelial neoplasia. We examined AIRE expression in these

esophageal tumors. Although barely detectable in normal epithelium, AIRE expression was

distinctively observed in neoplastic cells (Fig 1B, 1C). Nuclear dots as seen in the mTECs were evident

in neoplastic cells based on immunofluorescence staining, but they were fewer than in the mTECs (Fig

1A, 1B). In chromogenic detection, cytoplasmic staining was observed in addition to nuclear staining

(Fig 1C), the significance of which was uncertain. We examined KRT17 expression in tumor tissues

by immunohistochemical staining. KRT17 was barely detected in normal squamous epithelium, but it

was clearly observable in tumor tissues, in which it colocalized with AIRE (Fig 1C).
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Fig 1. AIRE expression in esophageal tumors in mice. A) AIRE expression in the thymic medullary
epithelium. Hematoxylin and eosin staining (left panel), immunohistochemical staining using 3,3'-
DAB (middle panel), and immunofluorescence double staining with KRT14 (right panel). Scale bar:
50 um (left and middle panels), 10 um (right panel). B) AIRE expression in neoplastic cells of the
esophagus. Immunofluorescence staining (middle panel) and immunofluorescence double staining
with KRT14 (right panel). PI: propidium iodide. Scale bar: 50 pm (left), 5 pm (middle and right panels).

C) Expression of AIRE and KRTI17 in neoplastic cells of the esophagus as revealed by

immunohistochemical staining using DAB. Scale bar: 50 pm.

AIRE is upregulated in human OSCC tissues and cell lines

We first examined AIRE expression in human OSCC using 7 OSCC cell lines and cultured
primary keratinocytes as a normal reference. AIRE expression was examined by RT-PCR using an
intron-spanning primer set targeting AIRE. Gene-specific primers were designed and validated (data
not shown). A/RE mRNA was detected by RT-PCR in all the OSCC cell lines examined as well as in
normal keratinocytes (Fig 2A). Northern blot analysis failed to detect A/RE in any cells, suggesting a
low amount of transcripts.

Western blot analysis using the anti-AIRE antibody revealed that all the OSCC cell lines
examined expressed AIRE at substantially higher levels than did normal keratinocytes, which hardly

expressed AIRE (Fig 2B). We further investigated the cellular localization of AIRE. For validation of
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the antibody in cultured-cell staining, 293 A or Ca9-22 cells were transfected with Flag-AIRE and then

stained using anti-AIRE or anti-FLAG antibody 48 h after transfection. Both antibodies produced

identical nuclear-dot staining patterns (Fig 2C). The same nuclear localization pattern was observed in

live cells expressing GFP-AIRE, and protein distribution was not altered by fixation. Although

endogenous AIRE expression was weaker than exogenous expression and the size and number of

nuclear dots were lower than those in transfected cells, nuclear dots in HSC3 cells were positive for

AIRE as indicated by laser scanning microscopy (Fig 2C). Next, we examined AIRE expression in 50

OSCC tissue specimens. AIRE was detected by immunohistochemical staining in the nuclei and

cytoplasm of cancer cells. Immunofluorescence staining also revealed a nuclear dot pattern of AIRE,

with substantially less cytoplasmic signal (Fig 2D). Therefore, we regarded the cytoplasmic staining

as nonspecific and scored AIRE expression in OSCC based on the nuclear staining intensity in

comparison to normal epithelium. Twenty-seven cases showed a distinctive increase (“++7), 20 cases

showed a weak increase (“+”), and four cases showed unremarkable change (“+/~”) in AIRE

expression. These results indicated that AIRE expression is significantly increased in OSCC compared

to normal epithelium (Fig 2E). Next, we examined whether AIRE expression was associated with

clinicopathological parameters, including the differentiation grade, invasion pattern, lymph node

metastasis, and level of inflammatory cell infiltration in the cancer stroma. OSCC with strong AIRE

expression tended to exhibit severer inflammation (Fig 2F).
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Fig 2. AIRE expression in OSCC. A) RT-PCR analysis of various oral cancer cell lines. NE: normal

epithelium from gingiva. GAPDH was used as a positive control. B) Western blot analysis of OSCC

lysates using anti-AIRE antibody. GAPDH was used as a loading control. NE: normal epithelial

primary cultured cells derived from neonatal foreskin. C) Nuclear localization of AIRE in cultured

cells. Upper left and right panels: Ca9-22 cells were transfected with Flag-AIRE. The cells were fixed

and subjected to immunofluorescence staining. Lower left panel: Ca9-22 cells were transfected with

GFP-AIRE. The cells were examined under ultraviolet light. Lower right panel: endogenous AIRE in

the nucleus of an HSC3 cell as revealed by immunofluorescence staining using laser scanning

microscopy. PI: propidium iodide. Scale bar: 10 um in upper left panel, 5 pm in lower right panel,

scale bars were omitted in upper right and lower left panels. D) Representative images of

immunohistochemical staining of AIRE in OSCC tissue specimens. Upper left, lower left, lower right

panels: chromogenic detection using DAB. Upper right panel: fluorescence detection. Scale bar: 10

pum (upper left, upper right), 500 pm (lower left), 50 um (lower right). E) Summary of

immunohistochemical evaluation of AIRE in OSCC tissue specimens. Expression was compared

between normal squamous epithelium and cancer in the same specimen and was scored as +/—: no

upregulation in cancer; +: upregulation in cancer; ++: strong upregulation in cancer. Mann-Whitney

U test. F) Comparison of AIRE expression with clinicopathological parameters (Mann-Whitney U test).

“Weak” refers to cases with the score +/— or + in E), “strong” refers to the cases with score ++ in E).
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AIRE promotes KRT17 expression

As both AIRE and KRT17 were induced in OSCC, we hypothesized that AIRE regulates
KRT17 expression. To investigate the effect of AIRE on KRT'17 expression, we used 293A cells, which
lack expression of both. On transfection, AIRE localized mainly to the nuclei, in distinctive dots (Fig
3A). AIRE expression was also confirmed by western blot analysis (Fig 3B). RT-PCR revealed that
KRT17 was induced in Flag-AIRE-transfected, but not in mock-transfected cells (Fig 3C). Next, we
examined the effect of constitutive expression of AIRE by generating stable transformants
(293/AIRE+). KRT17 expression was significantly induced in three independent 293/AIRE+ clones
as revealed by western blot analysis (Fig 3D).

A previous study reported that KRT17 colocalized with AIRE in nuclei of A431 cells (derived
from SCC of the skin) treated with leptomycin B, an inhibitor of nuclear export [6]. We checked
whether AIRE and KRT17 colocalized in OSCC cells under natural conditions. Four different
antibodies against human KRT17, along with the anti-AIRE antibody, were used for
immunofluorescence double staining. Three antibodies demonstrated identical filamentous
localization of KRT17 in the cytoplasm of HSC3 cells, but no nuclear KRT17. Only one antibody
(polyclonal, #1900, Epitomics) revealed a nuclear dot pattern of KRT17 expression, which overlapped
with AIRE signal (Fig 3E). However, we found that this polyclonal KRT17 antibody crossreacted with
AIRE in western blot analysis, indicating that the nuclear signal was caused by crossreaction of this

polyclonal KRT17 antibody with AIRE protein.
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Fig 3. AIRE upregulates KRT17. A) Immunofluorescence examination of 293A cells transfected
with Flag-AIRE. Scale bar: 5 um. B) Western blot analysis of 293 A cells transiently transfected with
Flag-AIRE. GAPDH was used as a loading control. C) RT-PCR analysis of KRT17 in 293A cells 72
h after transfection with Flag-AIRE. GAPDH was used as an internal control. D) Western blot analysis
for KRT17 expression in clones C1, C2, C3 of 293A cells stably expressing AIRE using the anti-
keratin 17 antibody (EPR1624Y, Abcam). GAPDH was used as a loading control. E)
Immunofluorescence double staining of HSC3 cells using the anti-AIRE antibody and a polyclonal
anti-keratin 17 antibody (#1900, Epitomics). This anti-keratin 17 antibody was not used in other

experiments. Scale bar: 5 um.

AIRE promotes the expression of STAT1, ICAM1, CXCL10, CXCL11,

and MMP9

To investigate the effect of AIRE on other genes, we performed cDNA microarray analysis to screen
for genes upregulated by AIRE. Genes whose expression was increased by more than 2-fold in AIRE-
expressing compared to control 293A cells in at least three microarray spots are listed in Fig 4A.
Among them, we focused on STATI and ICAMI because these genes 1) have been detected at
considerable levels in our previous cDNA microarray analysis of HSC3 cells [18]; 2) reportedly are

overexpressed and play important roles in OSCC [19,20]; 3) are related to KRT17 in the pathogenesis
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of psoriasis [21]; and 4) KRT17 has been shown to be upregulated in keratinocytes in a STATI1-
dependent manner [22,23]. Western blot analysis confirmed the upregulation of STAT1 and ICAM1

in AIRE-expressing clones (Fig 4B). Phosphorylated STAT! increased in proportion to STATI1

expression.

Fig 4. AIRE promotes the expression of ICAM1 and STATT1 in 293A cells. A) Genes that were

upregulated more than 2-fold in in 293/AIRE+ (C-3) in comparison to non-transfected 293A cells in

at least three spots on the cDNA microarray. B) Western blot analysis of ICAM1 and STATI1 in

293/AIRE+ cells. The results for AIRE and GAPDH are the same as that used in Fig 3B.

To further explore the role of AIRE in OSCC, we disrupted AIRE expression in HSC3 cells.

First, we tried transient transfection of siRNA, but the knockdown efficiency at the protein level was

less than 20%. Therefore, we used the CRISPR-Cas9 system for gene knockout, and we established

three independent A7TRE-knockout HSC3 cell clones (HSC3/AIRE-C1, C2, and C3, Fig 5A). There was

no significant difference in cell proliferation between HSC3/AIRE cells and HSC3 control cells (Fig

5B). A transwell migration assay revealed that the migration rate was significantly suppressed in

HSC3/AIRE-C1 and C2 compared to control cells (Fig 5C). HSC3/AIRE-C3 exhibited a lower rate of

migration, although the difference was not statistically significant. Western blot analysis revealed that

KRT17 expression was decreased in all HSC3/AIRE™ clones compared to the control (Fig SA). ICAMI,
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STATI1, and phosphorylated STAT1 (pSTAT1) expression were also decreased in HSC3/AIRE

compared to control cells.

Fig 5. KRT17, STATI1, and ICAM1 are upregulated in OSCC. A) Western blot analysis of

KRT17, ICAMI1, pSTATI, and STATI in HSC3/AIRE" clones (C1, C2, C3). GAPDH was used as a

loading control. B) Cell proliferation of HSC3 and HSC3/AIRE™ C1 measured using Cell Counting

Kit-8 (Dojindo Laboratories). Data are shown as the mean + SEM of biological triplicates.C2 and C3

also showed similar proliferation rates as HSC3. Student’s #-test. C) Transwell migration assay. Data

are shown as the mean + SEM of biological triplicates. Student’s #-test, * P < 0.05. D) Western blot

analysis of AIRE, ICAMI1, pSTATI, and STATI in HSC3/KRT17- cells. GAPDH was used as a

loading control. E) Schematic summary of immunohistochemical expression or AIRE, KRT17,

ICAMI, pSTATI, and STATI in 50 cases of OSCC. Horizontal grids represent the cases. Filled

squares denote upregulation compared to normal epithelium in the same specimen. Blank squares

denote no upregulation, i.e., similar staining intensity as in normal epithelium. F) Representative

images of immunohistochemical staining. Scale bar: 50 pm.

The relationship between AIRE and KRT17 was further explored using previously established

KRT17-knockout HSC3 cells (HSC3/KRT177) [24]. In HSC3/KRT17" cells, the expression of AIRE,

ICAM1, and STAT1 was remarkably reduced compared to control cells (Fig 5D). To confirm these
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observations, we investigated the expression of KRT17, ICAM1, and pSTATI1 in 50 OSCC tissue
specimens by immunohistochemistry. In most cases, KRT17, ICAMI, and pSTAT]1 expression was
increased in OSCC tissue compared to normal epithelium (Fig 5E). These findings supported the
results of cell-culture experiments showing that AIRE promoted KRT17, STATI, and ICAM1
expression. AIRE and KRTI17 cooperatively stimulate the expression of the cancer-related
proinflammatory genes MMP9, CXCLI10, and CXCL11 [6]. In line herewith, we found significantly
reduced expression of MMP9, CXCL10, and CXCL11 in HSC3/KRT17- (Fig 6A) and HSC3/AIRE~-
cells (Fig 6B), and significant upregulation of MMP9, CXCLI10, and CXCLI1I in AIRE-expressing

293A cells (Fig 6C). These results suggested a common mechanism that regulates the expression of

these cancer-related genes.

Fig 6. Relative expression of proinflammatory genes. Gene expression in A) HSC3/AIRE-, B)
HSC3/KRT17-, and C) 293/AIRE+ in comparison to respective non-transformed cells as measured by
real-time RT-PCR. GAPDH was used as an internal control. Data are shown as the mean + SEM of
technical triplicates and are representative of three independent experiments. Student’s #-test. *P <

0.05.

AIRE promotes cancer-related gene expression in cooperation with

ETS1
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Nuclear dots containing AIRE reportedly are different from nuclear dots containing Sp100,

the closest homologue of AIRE. However, we found that AIRE and Sp100 colocalized in nuclear dots

as revealed by double staining for AIRE and Sp100 in Flag-AIRE-transfected cells (S1 Fig). Sp100

physically interacts with ETS1 and mediates its transcriptional activity [25,26]. ETS1 is a member of

the ETS family of transcription factors that physically and functionally interact with numerous

molecules to control transcription [27]. Furthermore, various genes that we found to be positively

correlated with AIRE in terms of expression (i.e., KRT17, STATI, ICAMI, MMP9, CXCLI10, and

CXCLI11) have been previously reported as remarkably upregulated in cDNA microarray analysis of

epidermal keratinocytes from Ets/ transgenic mice [28]. Therefore, we hypothesized that AIRE and

ETS1 cooperatively contribute to expression regulation of these genes. The OSCC lines expressed

ETSI1, along with STAT1 and ICAMI, at various levels (Fig 7A). We transiently transfected Flag-

AIRE or/and Etsl into 293A cells, which do not express ETS1 at a detectable level as indicated by

western blot analysis, and we examined the expression of the aforementioned genes. Western blot

analysis revealed increases in STATI and ICAMI expression upon overexpression of AIRE or/and

ETS1 (Fig 7B, 7C). Coexpression of AIRE and ETSI1 resulted in enhanced expression of STATI.

Quantitative RT-PCR revealed that CXCLI0 and MMP9 expression was upregulated by ETSI1

expression, and even more so upon cotransfection with AIRE (Fig 7D).

To examine the physical interaction between AIRE and ETS1, we cotransfected Flag-AIRE

or/and Ets] into 293A cells and used these cells for immunoprecipitation. Conventional
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immunoprecipitation using anti-ETS1 antibody did not show coprecipitation of AIRE with ETS1 (data

not shown), which indicates that their interaction is weak or their functional cooperation is not

mediated through direct physical interaction. ETS1 and AIRE may be recruited to nearby chromatin

regions. To check this possibility, we performed a modified immunoprecipitation assay. Formaldehyde

crosslinking was performed before cell lysis, and the DNA was sheared by sonication.

Immunoprecipitation was conducted using the anti-ETS1 antibody, and recovered protein was

examined by western blot analysis. AIRE coprecipitated with ETS1 (Fig 7E). We next performed

conventional ChIP assays to assess whether AIRE was recruited to the promoters of the

aforementioned genes. ChIP-quantitative PCR revealed that promoter fragments of STATI, ICAM],

CXCL10, and MMP9 were enriched in the AIRE precipitate (Fig 7F). Although transient expression

of AIRE did not lead to noticeable upregulation of ETS1 in 293A cells (Fig 7B), ETS1 was induced in

stable 293/AIRE+ clones (Fig 7G). In contrast, ETS1 expression was decreased in HSC3/AIRE™ cells

(Fig 7H).

Fig 7. Physical and functional interaction of AIRE and ETS1. A) Expression of STAT1, pSTATI,

ICAMI, and ETS1 in various OSCC cell lines as revealed by western blot analysis. GAPDH was used

as a loading control. B) Expression of STATI1, pSTATI, and ICAM1 in 293A cells 48 h after

transfection with AIRE or/and ETSI, or mock transfection. The blot shown is representative of three

independent experiments. C) Densitometrical analysis of data in B). Data are shown as mean + SEM
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of technical triplicates and are representative of three independent experiments. Ratio paired t-test. *

P <0.05; ** P <0.01. D) Relative gene expression of CXCL10 and MMP9 in comparison to mock

transfection as revealed by real time PCR. Data are shown as mean + SEM of triplicate wells and are

representative of two independent experiments. Ratio paired t-test. * P < 0.05; ** P < 0.01. E)

Immunoprecipitation and western blot analysis of ETS1 and AIRE. Formaldehyde crosslinking was

performed prior to lysis. The lysates were sonicated to shear the DNA. Immunoprecipitation with the

anti-ETS1 antibody was performed, and recovered protein was examined by western blot analysis.

One tenth of the sample used for immunoprecipitation was loaded as a control. F) ChIP assay of 293 A

cells transiently transfected with AIRE. Enrichment of promoter fragments was measured by real-time

PCR. Values were standardized to the input, and then to mock transfection. Relative values higher than

100 are indicated as 100< and a scale break was used in the Y-axis to allow intuitive interpretation of

the relative expression. GAPDH was used as a reference. Data are representative of three independent

experiments. G, H) ETS1 expression in G) 293/AIRE+ and H) HSC3/AIRE™ as revealed by western

blot analysis. GAPDH was used as a loading control.

To further examine the association between ETS1 and AIRE, we evaluated their cellular

localization. In Ca9-22 cells, ETS1 was observed diffusely in the nucleus (Fig 8A), which partially

overlapped with transfected AIRE (Fig 8A). We next examined the effect of ETS1 on the cellular

distribution of AIRE in 293A cells. Following A/RE transfection, the cellular distribution of AIRE
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changed over time. At 12 h after transfection, most AIRE was present in the cytoplasm, reflecting

initial protein synthesis from the plasmid (Fig 8B). At 24 h after transfection, nuclear localization of

AIRE was observed in a small number of cells, whereas most AIRE protein was still observed in the

cytoplasm. At 48 h after transfection, AIRE was predominantly observed as dots in the nucleus (Fig

8B), indicating that protein synthesis from the transfected plasmid had ceased and all AIRE protein

had translocated from the cytoplasm to the nucleus. When Ets/ was cotransfected, AIRE distribution

was different from that in cells transfected with AIRE alone; at 36 h, most AIRE protein was observed

in the nuclei of cells expressing ETS1, in contrast to the largely cytoplasmic localization in A/RE-

single transfectants. We evaluated the cellular localization of AIRE in 100 cells 36 h after transfection

and we classified individual cells into three classes—nuclear dominant, mixed, and cytoplasmic

dominant—according to the cellular distribution of AIRE (Fig 8C). AIRE/Ets1 cotransfection resulted

in more cells with nuclear AIRE than A/RE-single transfection. Taken together, these results implicates

that AIRE was recruited to the chromosomal regions where ETS1 initiated transcription.

Fig 8. Nuclear translocation of AIRE in the presence of ETS1. A) Nuclear distribution of ETS1

(red) and AIRE (green). Ca9-22 cells were transfected with GFP-AIRE. Immunofluorescence staining

using the anti-ETS1 antibody was performed 48 h after transfection. Nuclei were counterstained with

DAPI. Scale bar: 5 um. B) Representative patterns of cellular distribution of AIRE. 293A cells were

transfected with GFP-AIRE. Scale bar: 5 pm. C) Cellular distribution of AIRE in 293A cells 36 h after
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transfection with GFP-AIRE together with empty vector or Ets/. The cellular distribution of AIRE was
evaluated 36 h after transfection as three patterns; nuclear dominant, mixed, and cytoplasmic dominant

One hundred randomly chosen cells were evaluated. Mann-Whitney U test. * P < 0.05. Data are

representative of three independent experiments.

Discussion

Although accumulating evidence suggests that AIRE is expressed in extrathymic tissues, there
are remarkable discrepancies across studies, depending on the techniques used. A/RE mRNA has been
detected by RT-PCR in lymph nodes, tonsils, gut-associated lymphoid tissues, spleen, liver, testes, and
ovaries [29]. Thymic ATRE mRNA expression is the highest and could also be detected by northern
blotting [30,31]. As studies have concentrated mainly on lymphoid tissues, the skin and upper digestive
tract mucosa have been left unexplored. Only a few studies have reported AIRE expression in epithelial
tissues. /n-situ hybridization and immunohistochemistry failed to detect AIRE expression in human
skin [8], whereas AIRE expression has been detected by RT-PCR in HaCaT keratinocytes [11]. Hobbs
and colleagues demonstrated A/RE mRNA in A431 cells treated with 12-O-tetradecanoylphorbol 13-
acetate (TPA) by RT-PCR. TPA is an activator of the protein kinase C pathway, which induces
inflammation, and acts as a strong carcinogen when topically applied to skin. 4ire mRNA expression
was barely detectable in normal mouse skin by in-situ hybridization, but was induced in the epidermis

of TPA-treated mouse ear and genetically induced mouse skin tumor. Still, induced epidermal Aire
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expression was substantially lower than that in the thymus [6]. Our results showing that AIRE is

expressed in OSCC are consistent with these previous observations, and suggest that AIRE is induced

in the epithelium under pathological conditions.

We examined the expression of several tissue-specific antigens, including PTH, INS, GHI,

which are induced in mTECs in an AIRE-dependent manner [7], in OSCC cell lines. None of these

were detected in the OSCC cell lines examined or induced in AIRE-overexpressing cells (unpublished

results). This is plausible considering the presumptive function of AIRE in reinstigating suspended

transcription. Instead, we found evidence of upregulation of KRT17, STATI1, and ICAMI by AIRE.

The coordinated overexpression of KRT17, STATI1, and ICAMI in OSCC is consistent with findings

in previous studies [20,24,29,32,33]. Close correlations between KRT17, STATI, and ICAM1

expression in epithelial cells have been demonstrated in previous studies. Interferon gamma activates

STATI1 and induces KRT17 expression in keratinocytes, which has been considered part of a crucial

pathogenic mechanism for psoriasis [22,23]. In addition, interferon gamma induces ICAM1 expression

through activation of STAT1 [34-36]. Although the regulatory mechanism of STAT1 transcription is

unclear, our finding that AIRE induces STAT1 expression suggests that AIRE may increase the

expression of KRT17 and ICAM1 through STAT]1 upregulation.

We found that AIRE stimulates MMP9, CXCLI10, and CXCLI11, which is consistent with

findings by Hobbs and colleagues [6]. These authors demonstrated that AIRE and KRT17 are recruited

to a specific region in the promoters of these proinflammatory genes carrying an NF-kappaB consensus
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motif [6]. We failed to confirm a direct physical interaction between AIRE and KRT17 in our

experimental system. Thus, KRT17-dependent transcriptional control by AIRE may be a context-

dependent phenomenon.

Interestingly, the same spectrum of genes whose expression was dependent on AIRE in

keratinocytes under stress in our study, including Krt17, Statl, Icaml, Mmp9, Cxcll0, and Cxclil,

was reportedly induced in keratinocytes of Ets/ transgenic mice [28]. Microarray analysis of Ets/

transgenic in comparison with wild-type mouse epidermis revealed the upregulation of Krt/7 (2.9-

fold), Stat! (2.4-fold), Icam1 (2.8-fold), Mmp9 (8.9-fold), Cxcl10 (8.2-fold), and Cxcll1 (3.3-fold) in

the former [28]. Unfortunately, data on Aire expression were lacking in this previous microarray study,

but the results in this and previous studies suggest that AIRE belongs to this group of genes that are

induced in epithelial cells under stress condition.

AIRE regulates the transcription of numerous divergent genes whose expression is driven by

various promoters and transcription factors. This suggests that AIRE is a broad transcriptional activator,

rather than a specific DNA-binding transcription factor. The mechanism underlying this promiscuous

transcriptional activation is not fully understood, but it has been proposed that AIRE is recruited to

RNA polymerase Il-rich regions where transcription of AIRE-responsive genes is initiated but

interrupted, and AIRE releases the stalled RNA polymerase Il complex to resume transcription [37-

39]. Further, AIRE has been suggested to be preferentially recruited to so-called super-enhancers;

genomic regions rich in enhancers and transcriptional regulators [40]. Through its global
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transcriptional activation, AIRE might assist cancer-associated gene expression and thus promote the

cancer phenotype.

The regulatory mechanism of AIRE expression has not been clearly understood. The AIRE
minimal promoter region contains binding domains for Spl, AP-1, NF-Y [41], and Ets transcription
factors [42]. Indeed, ETS1 and ETS2 enhanced TPA-induced A/RE promoter activity in HeLa cells
[42], although transient overexpression of ETS1 alone did not induce AIRE in 293A cells. Further
research is needed to elucidate the details of the mechanism of AIRE induction in cancer cells.

In conclusion, we demonstrated a novel role of AIRE in extra-thymic tissue under pathologic

condition. AIRE is upregulated in OSCC and promotes the expression of cancer-related genes, at least

in part by functional interaction with ETSI.

32


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/760959; this version posted September 6, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

References

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer statistics, 2012.
CA Cancer J Clin. 2015;65: 87-108.

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144: 646-674.

3. Chen C, Mendez E, Houck J, Fan W, Lohavanichbutr P, Doody D, et al. Gene expression
profiling identifies genes predictive of oral squamous cell carcinoma. Cancer Epidemiol
Biomarkers Prev. 2008;17: 2152-2162.

4. Reis PP, Waldron L, Perez-Ordonez B, Pintilie M, Galloni NN, Xuan Y, et al. A gene signature
in histologically normal surgical margins is predictive of oral carcinoma recurrence. BMC
Cancer. 2011;11: 437-2407-11-437.

5. Depianto D, Kerns ML, Dlugosz AA, Coulombe PA. Keratin 17 promotes epithelial proliferation
and tumor growth by polarizing the immune response in skin. Nat Genet. 2010;42: 910-914.

6. Hobbs RP, DePianto DJ, Jacob JT, Han MC, Chung BM, Batazzi AS, et al. Keratin-dependent
regulation of Aire and gene expression in skin tumor keratinocytes. Nat Genet. 2015;47: 933-
938.

7. Anderson MS, Su MA. AIRE expands: new roles in immune tolerance and beyond. Nat Rev

Immunol. 2016;16: 247-258.

33


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/760959; this version posted September 6, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

10.

11.

12.

13.

available under aCC-BY 4.0 International license.

Heino M, Peterson P, Kudoh J, Nagamine K, Lagerstedt A, Ovod V, et al. Autoimmune regulator

is expressed in the cells regulating immune tolerance in thymus medulla. Biochem Biophys Res

Commun. 1999;257: 821-825.

Poliani PL, Kisand K, Marrella V, Ravanini M, Notarangelo LD, Villa A, et al. Human

peripheral lymphoid tissues contain autoimmune regulator-expressing dendritic cells. Am J

Pathol. 2010;176: 1104-1112.

Klamp T, Sahin U, Kyewski B, Schwendemann J, Dhaene K, Tureci O. Expression profiling of

autoimmune regulator AIRE mRNA in a comprehensive set of human normal and neoplastic

tissues. Immunol Lett. 2006;106: 172-179.

Kumar V, Pedroza LA, Mace EM, Seeholzer S, Cotsarelis G, Condino-Neto A, et al. The

autoimmune regulator (AIRE), which is defective in autoimmune polyendocrinopathy-

candidiasis-ectodermal dystrophy patients, is expressed in human epidermal and follicular

keratinocytes and associates with the intermediate filament protein cytokeratin 17. Am J Pathol.

2011;178: 983-988.

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engineering using the

CRISPR-Cas9 system. Nat Protoc. 2013;8: 2281-2308.

Seidel JJ, Graves BJ. An ERK2 docking site in the Pointed domain distinguishes a subset of ETS

transcription factors. Genes Dev. 2002;16: 127-137.

34


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/760959; this version posted September 6, 2019. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

14. Xin Z, Yamaguchi A, Sakamoto K. Aberrant expression and altered cellular localization of

desmosomal and hemidesmosomal proteins are associated with aggressive clinicopathological

features of oral squamous cell carcinoma. Virchows Arch. 2014;465: 35-47.

15. Nguyen CT, Okamura T, Morita KI, Yamaguchi S, Harada H, Miki Y, et al. LAMC2 is a

predictive marker for the malignant progression of leukoplakia. J Oral Pathol Med. 2017;46: 223-

231.

16. Gillard GO, Dooley J, Erickson M, Peltonen L, Farr AG. Aire-dependent alterations in medullary

thymic epithelium indicate a role for Aire in thymic epithelial differentiation. J Immunol.

2007;178: 3007-3015.

17. Rinderle C, Christensen HM, Schweiger S, Lehrach H, Yaspo ML. AIRE encodes a nuclear

protein co-localizing with cytoskeletal filaments: altered sub-cellular distribution of mutants

lacking the PHD zinc fingers. Hum Mol Genet. 1999;8: 277-290.

18. Oue E, Lee JW, Sakamoto K, limura T, Aoki K, Kayamori K, et al. CXCL2 synthesized by oral

squamous cell carcinoma is involved in cancer-associated bone destruction. Biochem Biophys

Res Commun. 2012;424: 456-461.

19. Laimer K, Spizzo G, Obrist P, Gastl G, Brunhuber T, Schafer G, et al. STATI activation in

squamous cell cancer of the oral cavity: a potential predictive marker of response to adjuvant

chemotherapy. Cancer. 2007;110: 326-333.

35


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/760959; this version posted September 6, 2019. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

20. Usami Y, Ishida K, Sato S, Kishino M, Kiryu M, Ogawa Y, et al. Intercellular adhesion

molecule-1 (ICAM-1) expression correlates with oral cancer progression and induces

macrophage/cancer cell adhesion. Int J Cancer. 2013;133: 568-578.

21. Shi X, Jin L, Dang E, Chang T, Feng Z, Liu Y, et al. IL-17A upregulates keratin 17 expression in

keratinocytes through STAT1- and STAT3-dependent mechanisms. J Invest Dermatol. 2011;131:

2401-2408.

22. Jiang CK, Flanagan S, Ohtsuki M, Shuai K, Freedberg IM, Blumenberg M. Disease-activated

transcription factor: allergic reactions in human skin cause nuclear translocation of STAT-91 and

induce synthesis of keratin K17. Mol Cell Biol. 1994;14: 4759-4769.

23. Komine M, Freedberg IM, Blumenberg M. Regulation of epidermal expression of keratin K17 in

inflammatory skin diseases. J Invest Dermatol. 1996;107: 569-575.

24. Khanom R, Nguyen CT, Kayamori K, Zhao X, Morita K, Miki Y, et al. Keratin 17 Is Induced in

Oral Cancer and Facilitates Tumor Growth. PLoS One. 2016;11: e0161163.

25. Wasylyk C, Schlumberger SE, Criqui-Filipe P, Wasylyk B. Sp100 interacts with ETS-1 and

stimulates its transcriptional activity. Mol Cell Biol. 2002;22: 2687-2702.

26. Yordy JS, Li R, Sementchenko VI, Pei H, Muise-Helmericks RC, Watson DK. SP100 expression

modulates ETSI transcriptional activity and inhibits cell invasion. Oncogene. 2004;23: 6654-

6665.

27. Dittmer J. The biology of the Ets1 proto-oncogene. Mol Cancer. 2003;2: 29.

36


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/760959; this version posted September 6, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

28. Nagarajan P, Chin SS, Wang D, Liu S, Sinha S, Garrett-Sinha LA. Ets1 blocks terminal

29.

differentiation of keratinocytes and induces expression of matrix metalloproteases and innate

immune mediators. J Cell Sci. 2010;123: 3566-3575.

Eldershaw SA, Sansom DM, Narendran P. Expression and function of the autoimmune regulator

(Aire) gene in non-thymic tissue. Clin Exp Immunol. 2011;163: 296-308.

30. Nagamine K, Peterson P, Scott HS, Kudoh J, Minoshima S, Heino M, et al. Positional cloning of

31.

32.

33.

the APECED gene. Nat Genet. 1997;17: 393-398.

Zuklys S, Balciunaite G, Agarwal A, Fasler-Kan E, Palmer E, Hollander GA. Normal thymic

architecture and negative selection are associated with Aire expression, the gene defective in the

autoimmune-polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED). J Immunol.

2000;165: 1976-1983.

Ohkura S, Kondoh N, Hada A, Arai M, Yamazaki Y, Sindoh M, et al. Differential expression of

the keratin-4, -13, -14, -17 and transglutaminase 3 genes during the development of oral

squamous cell carcinoma from leukoplakia. Oral Oncol. 2005;41: 607-613.

Sakamoto K, Aragaki T, Morita K, Kawachi H, Kayamori K, Nakanishi S, et al. Down-

regulation of keratin 4 and keratin 13 expression in oral squamous cell carcinoma and epithelial

dysplasia: a clue for histopathogenesis. Histopathology. 2011;58: 531-542.

37


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/760959; this version posted September 6, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

34.

35.

36.

37.

38.

39.

40.

available under aCC-BY 4.0 International license.

Chang YJ, Holtzman MJ, Chen CC. Interferon-gamma-induced epithelial ICAM-1 expression

and monocyte adhesion. Involvement of protein kinase C-dependent c-Src tyrosine kinase

activation pathway. J Biol Chem. 2002;277: 7118-7126.

Dustin ML, Singer KH, Tuck DT, Springer TA. Adhesion of T lymphoblasts to epidermal

keratinocytes is regulated by interferon gamma and is mediated by intercellular adhesion

molecule 1 (ICAM-1). J Exp Med. 1988;167: 1323-1340.

Walter MJ, Look DC, Tidwell RM, Roswit WT, Holtzman MJ. Targeted inhibition of interferon-

gamma-dependent intercellular adhesion molecule-1 (ICAM-1) expression using dominant-

negative Statl. J Biol Chem. 1997;272: 28582-28589.

Zumer K, Saksela K, Peterlin BM. The mechanism of tissue-restricted antigen gene expression

by AIRE. J Immunol. 2013;190: 2479-2482.

Giraud M, Yoshida H, Abramson J, Rahl PB, Young RA, Mathis D, et al. Aire unleashes stalled

RNA polymerase to induce ectopic gene expression in thymic epithelial cells. Proc Natl Acad Sci

U S A.2012;109: 535-540.

Peterson P, Org T, Rebane A. Transcriptional regulation by AIRE: molecular mechanisms of

central tolerance. Nat Rev Immunol. 2008;8: 948-957.

Bansal K, Yoshida H, Benoist C, Mathis D. The transcriptional regulator Aire binds to and

activates super-enhancers. Nat Immunol. 2017;18: 263-273.

38


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/760959; this version posted September 6, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

41. Murumagi A, Vahamurto P, Peterson P. Characterization of regulatory elements and methylation

pattern of the autoimmune regulator (AIRE) promoter. J Biol Chem. 2003;278: 19784-19790.

42. Murumagi A, Silvennoinen O, Peterson P. Ets transcription factors regulate AIRE gene promoter.

Biochem Biophys Res Commun. 2006;348: 768-774.

Acknowledgments

This work was supported by JSPS KAKENHI (grant Nos. JP25462848 and JP16K11438) and in part

by a grant for Private University Branding Project to Tokyo Dental College from MEXT.

39


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

1€ AIRE

DIORXIV preprint dor: 0/10.1101776009 '; IS Version posted sepiember 6, Z019. The copyrignt holder for this preprint (whic
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

B normal

-k

Figure 1


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/760959; this version posted September 6, 2019. The copyright holder for this preg

. ﬁmoﬁ'ﬁplaythe preprint in perpetuity. '- = ::.l- '

GAFPDH

AIRE ‘"ﬁ—ﬁ“- 55 kDa

T Np L — e TR

L]

™
Transfect: Flag-AIRE
Detect anti-AIRE

Transfect: Flag-AIRE ::'_'-
Detect: anti-Flag

Transfect: GFP-AIRE Detect: anti-AIRE

AIRE

MNormal Cancer

(P < 0.001)

LN metastasis (P=0.09)

]

Inflammation (P < 0.01)

10

21

19
14

D
Normal
"'k.':...*"""'-_‘____‘l_ Fran L
Pores o<t ) |
e AIRE AIRE
F
Differentiation (P = 0.21) Invasion (P = 0.08)
@ 5 o
i)
% E 3 10
o E i S 14
2 2 14
E 10 1 E 6
Z = 4 3
VWeak Strong Weak Strong

BGradel oGrade?2 oGradel

Figure 2

mMode] mMode? mlodel oModed

NMumber of cases
B
Number of cases

Weak

Strong

mMegative mPositive

Weak

Strong

o Moderate B Severe



https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/760959; this version posted September 6, 2019. The copyright holder for this preprint (which
was n(é certified by peer review) igﬁhe author/funder, who has granted bioRxiv a license to %splay the preprint in perpet*i.ty. It is made

e

available under aCC-BY 4.0 International license

—_— ] @
S y 2 "
g XL
:L'_‘JE 2 EJ. a |
- <
G s
s 1t 1}
s 3
= S

0 0

HSC3 HSC3/AIRE- HSC3 HSC3/AIRE-
B
MMPS CXCL10
*
10 ad il o

MMP3/ GAPDH (10°)
W

CXCL10/GAPDH(10%)
n

0 0
HSC3 HSC3/KRT17- HSC3 HSC3/KRT17-
G
MMPS CXCL10
*
|
10 10
= 8 = 8|
T 5
L 6} € 6|
= T
o 2
- 4 F ey 4 F
n -
0, -
= 2t O 2 |
= S
0 0
293 293/AIRE+ 293 293/AIRE+

Figure 6

CXCL11/GAPDH (10%) CXCL11/GAPDH(10%)

CXCL11/GAPDH (104

-
n

—
-]

wn

O

10

L

HSC

CXCL11

*

3 HSC3/AIRE-

CXCL11

HSC3 HSC3/KRT17-

CXCL11

293

293/AIRE+


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

cytoplasm dominant nucleus dominant

C 0% 20% 40% 60% 80% 100%
| | | | | AIRE distribution
B nucleus dominant
Mock . mixed
cytoplasm dominant
%
EIS .

Figure 8


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

2
g ¢
A
% & 5& ‘?" ‘?.}'G ﬁ?‘
N -
AIRE P !
— 1455 bp
GAPDH | ™ s e
(B I 520 bp
D E KRT17 GAPDH
293/AIRE+
203A C1 C2 C3
KRT17 - -

Figure 3


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

bioRxiv

P

- it + - - fmmrenrh(rriatel
he author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

was not certi}ﬁi‘?%er.reviéw) is t f ; r
SR GerM¥@ R 2cCBY 40 Intematonalicense. - Rageription Fold change P Value
FMOD MM 002023 Fibromadulin 8.72 4 ATE-O7
CDOHA1 MM_004360 Cadherin 1 T.21 1.82E-05
GPMBA MM _201591 Glycoprotein mba 6.16 1.72E-07
SLC40A1 MM 014585 Solute carrier family 40 member 1 6.13 1.76E-16
PLAZG4A MM 024420 Phospholipase a2, group va 443 2.26E-10
ICAMT MM 000201 Intercellular adhesion molecule 1 432 3.76E-04
LOX MM 002317 Lysyl oxidase 3.38 3.42E-09
STATT MM 139266 Signal transducer and activator of transcription 1 3.06 3.09E-10
DUSPA MM_004417 Dual specificity phosphatase 1 2.69 3.61E-09
VWIF MM _000552 Von willebrand factor 242 2 64E-07
JDPZ MM 130469 Jun dimerization protein 2 222 h 59E-07
FABFS MM_001444 Fatty acid binding protein 5 2.21 b.39E-07
ITGAW MM 002210 Integrin subunit alpha v 219 7.93E-07
FZ05 MM 003468 Frizzled class receptor 5 218 9 13E-07
293/AIRE+
293A C1 C2 C3

ICAM1 — ——

PSTAT — e —

GAPDH — — .

Figure 4


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

HSC3 ©1

HSC3/AIRE-

c2

pua
o

15.- p=0.15

AIRE

B

|

KRTIT | —

b=
i

ICAMT | -

I
Sl number

Migration (ru,)

{retative to condral)

=
o

1.0+
. T
-
[ 0.5+
me.‘ N — —— | —HEES
== HSCHAIRE- C1 0
H5C3 1

c2 c3

12 24 48 T2 " HSC3/AIRE-

bioRxiv prepi /B Hittp TSI r GEESs= O 14858 ersion posted September 6, 2019. The copyright hol rithis preprint (which

was not certified by pe

ICAM1 [_

D
AIRE
pSTAT1
STATY
GAPDH
F

o has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

& E
Mormal Cancer

-

AIRE

KRT1T

ICAM1

pSTAT1

STAT1

Figure 5


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

A 5 . B
bioin\?tp@?i.rﬁdoi:h I'-j7-:cljc_Ji.0r 101/?’_$lﬁthi§§§\on post eptem, "IG 2019. The copyright holder for this preprint (which
was n rtified b I revie he autal ilaré)?:rdn v ggsé gg\i( o Fé?eﬁﬁﬁgfl?s:ngoegﬁﬁpreprlnt |a Eemﬁtuﬂyme - |
STAT1 | S S - -
pSTAT1 - ——
PSTAT1 | -_— —
ICAM1 _—
ICAM1 —
AIRE - -
ETS1 | s e = 4
ETS1 v
GAPDH| M S e w8 S| PDH | ® m mm w
Mock AIRE Eis1 AIRE
+
D
% 87 CXCL10 % 200 MMP9 Elsi
Q — Q F .I. I
EE- e ' . E 154 =
o i 1 = %
Q- dqr 104
@] = T 5
[ aee- o
II.'! o =
Mock AIRE Ets1 AIEE Mock AIRE Etst A.PEE
Ets1 Ets1
E F
IP: ETS1 1/10 input =
5 100< 100 100<
¢ | N H N
AIRE - - g 34
2% 20
5 ¢
52 20
‘e
ETS1 2 10
. R s
= £ ! D .‘.e\
AIRE Ets1 AIRE  AIRE Ets1 AIRE AN SN 2
+ + %ﬁ?‘ D?S"l\ +E},— ﬁﬁ&? ?E?{}
Ets1 Ets1 il ©

Figure 7

-Baa-

Mock AIRE Ets1 AIRE

=+
Ets1
x 67 PSTATT s
Ei- e ' .
a’l .
el  F L -
E'i 14 e
7]
o
Mock AIRE Ets1 A.I'_{_?E
Ets1
ﬁ Se I':.IE"LM'I : L -
g . - = 3
E a4 1
EE' % g
-TT: 14 -8
o
oo
Mock AIRE Els1 AF+HE
Eis1
G 293/AIRE+
293A C1 C2 C3
ETST - —

GAPDH | s s s——

HSC3/AIRE-
HSC3 C1 C2 C3

ETS1 Wl e e

GAPDH = ————


https://doi.org/10.1101/760959
http://creativecommons.org/licenses/by/4.0/

