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Abstract

Oral squamous cell carcinoma (OSCC) has a very poor prognosis because of its highly invasive

nature, and the 5-year survival rate has not changed appreciably for the past 30 years. Although

cylindromatosis (CYLD), a deubiquitinating enzyme, is thought to be a potent tumour

suppressor, its biological and clinical significance in OSCC is largely unknown. This study

This article is protected by copyright. All rights reserved.



Accepted Article

aimed to clarify the roles of CYLD in OSCC progression. Our immunohistochemical analyses

revealed significantly reduced CYLD expression in invasive areas in OSCC tissues, whereas

CYLD expression was conserved in normal epithelium and carcinoma in situ. Furthermore,

downregulation of CYLD by siRNA led to acquisition of mesenchymal features and increased

migratory and invasive properties in OSCC cells and HaCaT keratinocytes. It is interesting that

CYLD knockdown promoted transforming growth factor-B (TGF-B) signalling by inducing

stabilization of TGF-B receptor I (ALKS5) in a cell autonomous fashion. In addition, the response

to exogenous TGF-f stimulation was enhanced by CYLD downregulation. The invasive

phenotypes induced by CYLD knockdown were completely blocked by an ALKS inhibitor. In

addition, lower expression of CYLD was significantly associated with the clinical features of

deep invasion and poor overall survival, and also with increased phosphorylation of Smad3,

which is an indicator of activation of TGF- signalling in invasive OSCC. These findings

suggest that downregulation of CYLD promotes invasion with mesenchymal transition via

ALKS3 stabilization in OSCC cells.

Keywords; CYLD, transforming growth factor-f, ALKS5, oral squamous cell carcinoma,

mesenchymal transition, invasion
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Introduction

Oral cancer, the sixth most frequent malignancy among all cancers, is a worldwide problem. Of

the oral cancers, oral squamous cell carcinoma (OSCC) is the most common, as it accounts for

more than 90% [1]. The highly invasive properties of OSCC are often associated with

locoregional recurrence and lymph node metastasis in patients, and is a key factor determining

the expected 5-year survival rate of approximately 50% for patients with advanced disease [2].

Thus, understanding the features and mediators of OSCC invasion is important for development

of new treatment approaches. Transforming growth factor-f3 (TGF-P) is the best-known factor

that increases tumour invasion and metastasis via induction of epithelial-to-mesenchymal

transition (EMT), which is a highly coordinated cell biological mechanism that suppresses

epithelial cell markers while upregulating mesenchymal ones [3-8]. Although various

regulators of TGF-f signalling have been reported [9], the regulatory mechanisms are complex

and depend highly on context and cell type [7,10].

The cylindromatosis gene (CYLD) was first identified as associated with familial

cylindromatosis, a condition involving multiple skin tumours [11]. CYLD protein has a

ubiquitin-specific protease (USP) domain and functions as a de-ubiquitinase, which mainly

removes lysine 63 (K63)-linked polyubiquitin chains on target proteins [12,13]. Certain studies

found that CYLD regulates multiple signalling pathways, including nuclear factor-kB (NF-kB),

Wnt/B-catenin, c-Jun N-terminal kinase, p38 mitogen-activated protein kinase, and Hippo and

Notch signalling [14-20]. CYLD also regulates microtubule dynamics by binding microtubules
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via its CAP-Gly domain and indirectly the USP domain [21]. CYLD has been shown to regulate

various biological processes including inflammatory and immune responses, cell cycle

progression, and cancers [21]. In several types of cancer, mutation and reduced expression of

CYLD were reported [22]. In addition, elimination of CYLD in mice promoted carcinogenesis

in skin and liver [23,24]. However, the clinical and biological significance of CYLD in OSCC

remains largely unknown.

In this study. we demonstrated that downregulation of CYLD expression promoted

TGF-f signalling by stabilizing type I TGF-} receptor (ALKS5) protein, thus inducing invasive

phenotypes including EMT-like changes in OSCC cells.
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Materials and M ethods

Antibodies and reagents

Rabbit polyclonal anti-CYLD antibody for immunohistochemistry and immunoblotting were

purchased from Abcam (#ab33929, Cambridge, MA, USA) and Santa Cruz Biotechnology (H-

419, #sc-25779, Santa Cruz, CA, USA), respectively. Rabbit polyclonal anti-ALKS (V-22, #sc-

398) and IxkB-o (C-21, #sc-371) antibodies were purchased from Santa Cruz Biotechnology.

Recombinant TGF-1 was obtained from PeproTech, Inc. (Rocky Hill, NJ, USA). ALKS

inhibitor (TGF-p RI Kinase Inhibitor 11, #616452) [25] was purchased from Calbiochem

(Darmstadt, Germany).

Samplesfrom patients

Initial biopsy specimens were obtained from patients with oral carcinoma in situ (CIS) (n= 45)

or invasive OSCC (n = 82) who subsequently underwent surgery with curative intent at the

Department of Oral and Maxillofacial Surgery, Kumamoto University Hospital, between 1999

and 2004. Forty-nine men and 33 women with invasive OSCC, with an average age (= SD) of

67.8 = 11.0 yr, were enrolled in the study. Samples of normal lower gingival mucosa were

obtained from 10 healthy volunteers. Tissue samples for immunohistochemistry were fixed with

10% formalin before processing. This study has been approved by the ethical committee at

Kumamoto University.
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Immunohistochemistry

Formalin-fixed specimens of clinical tissues were embedded in paraffin, cut into 5-um-thick

sections, and mounted on slides. These sections were dewaxed in xylene and then rehydrated in

descending concentrations of alcohol. Endogenous peroxidase was blocked via a 30-min

incubation of slides with 3% hydrogen peroxide. After slides were washed with PBS for 5 min, a

non-specific staining blocking reagent (DAKO, Glostrup, Denmark) was used for 10 min to

block non-specific background staining, followed by overnight incubation at 4 °C with

antibodies against CYLD (1:50), laminin y2 (1:200) (D4BS5, #MAB19562, Chemicon,

Temecula, CA, USA), or pSmad3 (1:100) (C25A09, #9520, Cell Signaling, Tokyo, Japan) diluted

in PBS containing 1% BSA. Slides were rinsed with PBS for 5 min, incubated with biotin-

conjugated IgG for 1 h, and washed again with PBS, followed by incubation with HRP-

conjugated streptavidin for 1 h. 3,3-Diaminobenzidine (DAKO) was used to develop

chromogen. Slides were lightly counterstained with haematoxylin for 30 s before dehydration

and mounting. PBS and normal isotype-matched IgG were negative controls for primary

antibodies.

CYLD expression level was determined by using ImageJ software (National Institutes

of Health, Bethesda, MD, USA). (see Supplementary material, Supplementary Materials and

Methods for details of scoring)

This article is protected by copyright. All rights reserved.



Accepted Article

Cellsand cdll culture

The human OSCC cell lines SAS and HSC3 were donated by the Cell Resource Center for
Biomedical Research, Tohoku University (Sendai, Japan). Non-malignant human HaCaT
keratinocytes were kindly provided by Dr P. Boukamp, DKFZ, Heidelberg, Germany. SAS cells
were grown in RPMI 1640 medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
HSC3 and HaCaT cells were grown in DMEM (Thermo Fisher Scientific, Inc.), supplemented
with 10% heat-inactivated FBS (Thermo Fisher Scientific, Inc.), in 5% COz at 37 °C. All cells
were authenticated via short tandem repeat fingerprinting by the Japanese Collection of

Research Bioresources Cell Bank.

Transfection with SRNA

Cells were transfected with CYLD-specific siRNA (siCYLD) by using Lipofectamine 2000
(Thermo Fisher Scientific, Inc.) according to the manufacturer’s protocol. Silencer Negative
Control siRNA (Thermo Fisher Scientific, Inc.) was used as the control (siCtrl). Sequences of
siCYLD were sense 5'-GAUUGUUACUUCUAUCAAALt-3" and antisense 5'-
UUUGAUAGAAGUAACAAUCHtt-3". Sequences of siCYLD-UTR, which targets the sequence
containing the 3'-UTR lesion of the CYLD gene, were sense 5'-
GCAGAGUCCUAACGUUGCALt-3" and antisense 5'-UGCAACGUUAGGACUCUGCtt-3'

(Thermo Fisher Scientific, Inc.).
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RNA isolation and RT-qPCR

Total RNA was isolated from tissue specimens and cultured cells by using the RNeasy Mini Kit

(Qiagen, Valencia, CA). Total RNA (0.5 nug) was reverse transcribed to cDNA via the

PrimeScript RT reagent (Takara Bio Inc., Shiga, Japan), according to the manufacturer’s

instructions. Each PCR assay was performed using 2 pl of cDNA and each primer at 0.2 uM in

a LightCycler System with SYBR Premix DimerEraser (Takara Bio Inc.). The primers were

purchased from Sigma (St Louis, MO, USA). 18S rRNA was used as the internal control. Each

reaction (with 20 pl samples) was performed under the following conditions: initialization for

10 s at 95 °C, then 45 cycles of amplification, with 5 s at 95 °C for denaturation and 20 s at 60

°C for annealing and elongation. All standards and samples were analysed in triplicate.

Gene expression microarray

Gel electrophoresis was used to check the integrity of RNA isolated from the cells; two bands,

18S and 288, indicated satisfactory RNA quality. Affymetrix GeneChip Human Genome U133

Plus 2.0 Array (Affymetrix, Santa Clara, CA, USA) was used for microarray experiments

according to the manufacturer’s protocol. Hybridization and scanning were done according to

the standard Affymetrix procedure. Probe signals were scanned and calculated with a Gene

Array scanner (GCS3000 system; Affymetrix). Signals with at least 2.0-fold higher or lower

expression were said to represent upregulation and downregulation in CYLD-knockdown SAS

cells, respectively. A heat map of selected genes was produced by using Cluster 3.0 and Java
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TreeView 1.0.12. Gene expression data sets are available through the Gene Expression Omnibus

(GEO) (accession number GSE100589).

To identify significant gene sets enriched by CYLD knockdown in SAS cells, Gene set

enrichment analysis (GSEA) was performed using C2 curated functional gene sets from the

Molecular Signatures Database (MsigDB) (http://software.broadinstitute.org/gsea/index.jsp).

Significant gene sets enriched by CYLD knockdown in SAS cells were identified using a

nominal p value < 0.05 and a false discovery rate (FDR) q value < 0.25.

Protein extraction and immunaoblotting

Detailed procedures are described in Supplementary material, Supplementary Materials and

Methods. Immunoblotting was performed as described previously [26].

Migration assay and invasion assay

Detailed procedures are described in Supplementary material, Supplementary Materials and

Methods. We used a wound-healing assay to investigate cell migration. Cell invasive property

was assessed by using the CytoSelect 24-Well Cell Invasion Assay Kit (Cell Biolabs, Inc., San

Diego, CA, USA).

L uciferase assay

The plasmid for luciferase reporter driven by 4 copies of Smad binding elements (SBE4-Luc) and

This article is protected by copyright. All rights reserved.



Accepted Article

Renilla luciferase control reporter vector (pRL-SV40P) were gifts from Ron Prywes (Addgene
plasmid # 27163) and Bert Vogelstein (Addgene plasmid # 16495), respectively. SAS cell lines
were transfected with siRNA and SBE4-Luc using Lipofectamine 2000 (Thermo Fisher Scientific,
Inc.). pRL-SV40P was cotransfected in the cells to normalize for transfection efficiency. At 48 h
after transfection, cells were starved for 24 h. Cells were lysed and luciferase activity was
determined by using a Dual-luciferase reporter assay system (Promega), according to the
manufacturer's manual. The relative luciferase activity was calculated by normalizing firefly
luciferase activity to that of Renilla luciferase. Experiments were repeated three times, and

relative activity was expressed as mean = SE.

Statistical analysis
Statistical significance was defined as p < 0.05 for Student’s t-test and y test. Student’s t-test was
used to compare means of two groups in the in vitro experiments. JMP software Version 13 for

Windows (SAS Institute Inc., Cary, NC, USA) was used for statistical analysis.
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Results

CYLD protein expression isreduced in invasive OSCC lesions

To investigate the role of CYLD in OSCC, we first examined alterations in the CYLD gene by

analysing the cBioPortal for Cancer Genomics [27,28] and the Catalog of Somatic Mutations in

Cancer (COSMIC) database [29,30]. The analyses showed the presence of non-synonymous

mutations and copy number alterations in the CYLD gene in 2.8% (8/543) and 0.85% (3/353) of

head and neck SCC cases, respectively (Supplementary material, Table S1 and S2), with only 1

mutation among 21 upper aerodigestive tract SCC cell lines occurring (Supplementary material,

Table S3). These data indicated that gene alterations in CYLD gene in OSCC were rare.

Thus, we next performed immunohistochemical analysis with anti-CYLD antibody for

oral CIS (n=45), invasive OSCC (n = 82), and normal oral mucosal tissues (n= 10) to evaluate

CYLD expression in OSCC. Laminin Y2 was used as a marker of intact basement membrane

[31]. In normal mucosa, CYLD immunoreactivity appeared on basal cells (Figure 1A, left

panel); continuous laminin y2 expression occurred along the basement membrane as expected

(Figure 1A, right panel). In CIS OSCC tissues in which laminin y2-positive basement membrane

seemed intact (Figure 1B, right panel), CYLD expression was apparent in 44 (97.8%) out of 45

cases (Figure 1B, left panel). Even tissues obtained from patients with invasive OSCC

manifested abundant CYLD expression in cancer cells and atypical cells in a lesion with an

intact basement membrane (confirmed by a laminin y2-positive layer) (Figure 1C, arrowheads in
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upper right panel and asterisks). CYLD dominantly localized in cytoplasm of cancer cells as

demonstrated in several previous reports [32,33]. In striking contrast, CYLD staining intensity

in cancer cells in the invasive lesion was drastically decreased compared with that in the non-

invasive lesion (Figure 1C, arrows and daggers in left panels, and 1D). Laminin 2 is also one of

the best-known markers of tumour cells at the invasion front or in budding tumour cells in

several types of carcinoma including OSCC [34,35]. Indeed, in the invasive lesion with reduced

CYLD expression, tumour cells strongly expressed laminin y2. In approximately half of cases,

cancer cells at an invasive lesion were negative for CYLD (Figure 1E and Supplementary

material, Figure S1A). These observations suggest that reduced CYLD expression may be

involved in invasion, rather than tumour initiation, in OSCC.

Downregulation of CYLD expression leadsto EM T-like changes

To clarify the biological significance of reduced CYLD expression in invasive OSCC, we used

siRNA to suppress CYLD expression in OSCC cells and non-malignant HaCaT keratinocytes.

Dedifferentiation via EMT previously strongly enhanced cancer cell motility and dissemination

[3]. The EMT process is typically accompanied by morphological alterations and expression of

fibroblast phenotypic markers, concomitant with downregulation of the epithelial phenotypic

marker. Here, CYLD knockdown in the OSCC cell lines, SAS and HSC3, and in HaCaT cells

led to a reduction in cell-to-cell contact and elongated spindle-shaped morphology that is

representative of mesenchymal cells (Figure 2A). In addition, loss of CYLD increased
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expression of mesenchymal markers including fibronectin, N-cadherin and vimentin, plus

laminin Y2, a marker of invading cancer cells (Figure 2B and 2C). Basement membrane

destruction and extracellular matrix degradation are essential for tumour cell invasion and are

usually achieved by proteolytic MMPs [36]. We also found that CYLD downregulation

drastically increased expression and activity of MMP9 and/or MMP2, as assessed by RT-qPCR

(Figure 2B) and zymography (Figure 2C), respectively. Downregulation of E-cadherin, a typical

epithelial cell marker, was not apparent or weak after CYLD knockdown (Figure 2B and 2C).

We next investigated the effects of CYLD knockdown on cell migration and invasion.

In our wound-healing assay, CYLD knockdown significantly promoted migration of OSCC cells

and HaCaT keratinocytes (Figure 2D). Also, CYLD knockdown significantly increased

invasiveness as assessed by the Transwell invasion assay (Figure 2E). We then used

transcriptome analysis to investigate global gene expression alterations after siCYLD

transfection in SAS cells. As Figure 2F shows, our GSEA based on transcriptome data showed

that gene sets associated with mesenchymal features, cell migration, and cell invasion were

markedly enriched in CYLD knockdown cells compared with controls, supporting the observed

phenotypes confirmed by global molecular evidence. These data indicate that CYLD

downregulation in OSCC cells promotes migration and invasion via EMT-like changes, results

that are consistent with our immunohistochemical findings (Figure 1).

Downregulation of CYLD expression stabilizesALK5 protein and enhances TGF-B
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signalling

To clarify molecular mechanisms underlying the invasiveness induced by CYLD downregulation,

we assessed global gene expression after siCYLD transfection. GSEA demonstrated significant

upregulation of potential targets of TGF-f with CYLD suppression (Figure 3A). TGF-§ ligands

signal via two types of transmembrane serine/threonine kinase receptors: TGF-f receptor I

(ALKS5) and TGF-p receptor II (TGFBRII). After ligand binding, TGFBRII phosphorylates ALKS,

which leads to activation of Smad and non-Smad pathways [7]. Smad proteins are key transducers

in TGF-B signalling [7-9]. TGF-B induces Smad2/3 phosphorylation, and phosphorylated

Smad2/3 forms heterotrimers with Smad4, translocates to the nucleus, and controls gene

expression at Smad-binding elements. Consistent with gene expression results, we found

increased Smad3 phosphorylation in CYLD knockdown OSCC cell lines and HaCaT

keratinocytes (Figure 3B). In addition, the activity of SBE4-Luc reporter, which contains 4

tandem repeats of Smad-binding elements [37] and measures a Smad3/4-specific response, was

induced by transfection of different sequences of siRNA targeting CYLD (Figure 3C).

Accordingly, CYLD knockdown increased basal mRNA expression of SERPINEL, which is an

established Smad-targeted gene (Figure 3D). These data indicate that CYLD downregulation

promoted TGF-f signalling.

We then elucidated molecular mechanisms underlying promotion of TGF-f signalling

by CYLD knockdown. Our analyses showed increased ALKS protein in OSCC and HaCaT cells

transfected with siCYLD compared with siCtrl concomitantly with increased Smad3
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phosphorylation (Figure 3B), although we found no changes at the mRNA level (Supplementary

material, Figure S2A). To determine whether post-translational mechanisms are involved in

increased ALKS protein expression, we performed a cycloheximide chase assay and found that

CYLD knockdown promoted stability of ALKS protein in SAS cells and HaCaT keratinocytes

(Figure 3E). Also, loss of CYLD enhanced TGF-B-induced SERPINE1 expression (Figure 3F), as

well as the extent and time period of TGF--induced Smad3 phosphorylation (Figure 3G). These

data indicate that CYLD downregulation promoted ALKS5 stabilization and hence TGF-f

signalling.

EMT-like changes and invasion induced by CYLD downregulation require ALK5 activity

To determine whether increased ALKS5 expression and subsequent TGF-J3 signalling activation

are important for the invasiveness induced by CYLD suppression, we investigated the effects of

ALKS inhibition. Treatment with an ALKS5 inhibitor reversed the spindle-shaped morphology to

a round clustered epithelial organization shape (Figure 4A) and almost completely suppressed

expression of fibronectin and MMP9 (Figure 4B and 4C) induced by CYLD knockdown in SAS

cells. ALKS inhibitor thus significantly suppressed CYLD knockdown-induced cell migration

(Figure 4C) and invasion (Figure 4D). These data indicate that EMT-like changes, cell

migration, and cell invasion induced by CYLD downregulation depended on increased ALKS

activity. Next, we created a gene set of “TGF-f3 response signature” from 3 independent

previous reports [38-40], and this was overlaid with the genes altered (> 2 or < 0.7-fold change)
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by CYLD knockdown in SAS cells. The analysis showed the alteration of TGF-J3 target genes

known to be associated with EMT, metastasis or poor prognosis in head and neck SCC (such as

PMEPA1, ANGPTL4, SOX4, CD44, NEDD9, FOXP1, etc.) by CYLD knockdown in SAS

cells, and ALKS inhibition counteracted the altered gene expression profile caused by CYLD

knockdown (Figure 4E).

NF-«B is constitutively activated in OSCC [41], and loss of CYLD activates NF-xB

signalling [12,14]. As expected, we found an enrichment of genes upregulated by NF-xB

activation and a reduction in IkBa protein, which is a key negative regulator of NF-xB in OSCC

cells transfected with siCYLD (Supplementary material, Figure S3A and S3B), findings that

clearly indicated NF-xB activation by CYLD knockdown. Inasmuch as ALKS inhibition did not

affect the IxkB-a. protein level that was reduced by CYLD downregulation (Supplementary

material, Figure S3B), loss of CYLD likely activated NF-xB independently of TGF-f3

signalling.

Clinical significance of CYLD downregulation in invasive OSCC

We then investigated the clinical significance of reduced CYLD expression in invasive OSCC

and the clinical relevance of the in vitro findings described above. Consistent with our

immunohistochemical results (Figure 1C), lower CYLD expression was significantly associated

with the T4 status in the TNM staging system, defined as deep tumour invasion of surrounding

tissues such as bone, skin, and other areas of the head and neck (Figure 5A). Significant
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correlations between reduced CYLD expression and increased tumour stage were found (Figure
5A). Kaplan-Meier survival analysis revealed that lower CYLD expression was significantly
associated with reduced overall survival in patients with invasive OSCC (log-rank test, p < 0.05,
Figure 5B). As an important result, our immunohistochemical analyses showed that CYLD
expression was inversely correlated with Smad3 phosphorylation (p < 0.05, Figure 5C, D),
which indicates the clinical relevance of our in vitro findings. Taken together, our data thus
suggest that decreased CYLD expression, as observed in invasive lesions in OSCC tissues,
promotes cell invasion by activating TGF-3 signalling through ALKS stabilization in these cells

(Figure 6A).
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Discussion

Tumour invasion is the first step in metastasis, which is the leading cause of mortality of

patients with cancer including OSCC. Therefore, understanding the mechanisms underlying

tumour cell invasion may lead to limiting tumour progression and thus to reduced mortality of

OSCC patients. We demonstrated here that cell invasion is promoted by decreased CYLD

expression in OSCC cells through EMT-like changes via ALKS5 stabilization.

In the present study, our immunohistochemical analyses of OSCC, including CIS and

invasive tumours, and normal oral mucosal tissues showed reduced CYLD expression in OSCC

cells at invasive lesions. Furthermore, lower CYLD expression was correlated with deep tumour

invasion and, consistent with a previous report [42], poor prognosis in patients with invasive

OSCC. A recent study showed that defects in CYLD by genetic alterations were accompanied

with the maintenance of episomal HPV in head and neck SCC [43] even though genetic

alterations in the CYLD gene are rare (Supplementary material, Table S1-S3), which suggests

the necessity to further investigate the correlation between HPV status and CYLD expression

level in OSCC. Our current findings derived from database and immunohistochemical analyses

suggest that CYLD downregulation is predominantly associated with tumour progression,

including CIS-invasive tumour conversion, rather than tumour initiation in OSCC and that it is

likely due to transcriptional and/or post-transcriptional dysregulation. In fact, our in vitro studies

showed that CYLD knockdown strongly promoted migration and invasion of OSCC cells as

well as non-malignant keratinocytes. The invasive behaviour induced by CYLD knockdown was
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associated with acquisition of mesenchymal characteristics, as revealed by the altered
transcription profile, induction of mesenchymal marker proteins, and increased MMP activity.
Certain studies have shown that TGF-f3 mediates EMT and proinvasive phenotypes in
developmental processes and human cancers, including OSCC [6]. In addition, post-
translational regulation of ALKS has crucial effects on downstream signal transduction, which
indicates how this signalling system can produce exquisitely regulated, intricate responses [44].
In the current study, we found that loss of CYLD stabilized ALKS5 protein so as to promote
TGF-f signalling in OSCC cells, as well as in non-malignant keratinocytes, which led to
induction of invasive phenotypes. A recent study of innate immune responses showed that loss
of CYLD resulted in Smad3 protein stabilization via increased Akt ubiquitination in tracheal
epithelial cells [45], which not only supports our observation that CYLD regulates TGF-[3
signalling but also suggests the existence of context-dependent mechanisms because
stabilization of ALKS5 protein was predominant in our study. Smad7 mediates ubiquitination and
degradation of ALKS5 and Smad2/3 by Smad ubiquitination regulatory factor 2 (Smurf2) [45].
CYLD reportedly formed a complex with Smad7 in response to TGF-f signalling to remove
K63-linked polyubiquitin chains on Smad7, which regulates the activity of TGF-f-activated
kinase 1 in T cells [46]. This process may also affect the stability of ALKS or Smad2/3, although
this report did not suggest this effect. Notably, we found that treatment of cells with a sufficient
amount of anti-TGF-f antibody (clone 1D11; R&D systems, Minneapolis, MN, USA) to

suppress TGF- ligand binding, could not inhibit cell migration induced by CYLD knockdown
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(Supplementary material, Figure S4). This preliminary data suggests that, in addition to the

increased ALKS5 protein level by stabilization, TGF-f} ligand-independent ALKS5 activation

might be involved in the activation of its downstream signalling pathways and induction of

migratory phenotype by CYLD knockdown.

Also, loss of CYLD activates NF-xB signalling [12,14]. Our data (Supplementary

material, Figure S3A and S3B) indicated that loss of CYLD activated NF-kB independently of

TGF-P signalling. However, several NF-kB components have affected ALKS5 protein stability or

function. TNF receptor-associated factor 4 (TRAF4) reportedly antagonized Smurf2, which led

to increased ALKS stability [47]. In addition, TRAF6, a target of CYLD for deubiquitination

[12], ubiquitinates ALKS5 and thereby promotes its cleavage and nuclear translocation, which

activates genes involved in tumour cell invasiveness [48]. Furthermore, a drug-screening study

identified the proton pump inhibitor lansoprazole as a drug that activates TGF-3 superfamily

bone morphogenetic protein signalling by directly targeting CYLD to block its deubiquitinating

activity, which leads to enhanced TRAF6 polyubiquitination, although the receptor level was

unknown [49]. Additional investigations of molecular mechanisms underlying CYLD regulation

of ALKS5 stability may give novel insights into crosstalk between TGF-J3 signalling and NF-xB

signalling or inflammatory responses, with crosstalk having seen increasing interest [50-52].

TGF-f signalling activation in cancer cells contributes to tumour progression in various

ways by affecting both tumour cell properties and surrounding microenvironments [53]. Indeed,

we found alterations in numerous genes associated with malignant progression, even with our
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focus on only TGF-P signalling targets (Figures 2B and 4E). TGFBRII expression was reduced

in >70% of head and neck SCCs [54] because of genetic alterations or epigenetic silencing [55];

altered ALKS5 expression has been controversial. However, use of oncogenic manipulations

causes such TGF-B-non-responsive cells to become more aggressive and metastatic than their

responsive counterparts in OSCC and other cancers [53,54]. We found that, possibly because of

the increase in ALKS5, responsiveness to exogenous TGF-3 was markedly enhanced in CYLD-

knockdown OSCC cells. One interesting possibility is that OSCC cells at the invasive front with

reduced CYLD expression may not only promote invasion but also affect various biological

aspects associated with tumour progression including cell proliferation, angiogenesis, drug

resistance, and tumour recurrence [53,54], via enhanced TGF--responsiveness [56].

Little information is available about molecular mechanisms of CYLD downregulation.

Our data suggest that a reduction in CYLD expression triggers CIS-invasive tumour conversion,

and thus signal cascades that induce tumour cell invasion at early stages may be responsible for

CYLD downregulation in OSCC cells. In this regard, the transcription factor Snail, which is a

typical EMT transducer, directly suppressed transcription of the CYLD gene to promote

migration and invasion of malignant melanoma cells [57]. Also, we previously reported that

hypoxia, which promoted tumour cell invasion [58], dramatically suppressed CYLD mRNA

expression in glioblastoma cells and OSCC cells [26] (data not shown). Additional studies are

needed to clarify the molecular mechanisms underlying CYLD downregulation.

In conclusion, we demonstrated here that downregulation of CYLD enhances TGF-f3
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signalling via stabilized ALKS protein in OSCC cells, which promotes tumour cell invasion
through EMT-like changes. Our current findings emphasize the importance of using TGF-3
signalling inhibitors such as ALKS inhibitor to block OSCC cell invasion. Additional studies of
CYLD regulation of TGF- signalling may contribute to greater understanding of molecular
mechanisms by which tumour cells disseminate and may result in the development of novel

therapies for OSCC.
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Figure Legends

Figure 1. CYLD protein expression in OSCC. (A-D) Immunohistochemical analysis with anti-

CYLD antibody in normal oral mucosal tissues (A), oral CIS (B), and invasive OSCC (C and

D), as compared with laminin y2 immunoreactivity. Arrowheads and arrows indicate basement

membranes and invasive OSCC cells, respectively. (C) The lower left image provides an

enlargement of the boxed area in the upper left image. Lower right image is a diagram showing

the approximate location of non-invasive and invasive cancer lesion; the asterisks and daggers

indicate non-invasive and invasive cancer lesions, respectively. (E) Statistical analysis of CYLD

immunoreactivity. ROI was drawn manually covering the invasive cancer lesion and CYLD

expression level in each ROI was determined by using ImagelJ software. Especially for the cases

negative for CYLD staining, invasive front was determined according to the expression pattern

of laminin Y2 as assessed by immunohistochemistry in addition to pathological assessment. The

graph illustrates the higher the staining intensity score, the lower the percentage of specimens.

Figure 2. Induction of cell migration and invasion by CYLD knockdown via acquisition of

mesenchymal features in OSCC cell lines and HaCaT keratinocytes. (A) Cell morphology after

transfection with control siRNA (ciCtrl) or siRNA targeting CYLD (siCYLD) in HaCaT, SAS,

and HSC3 cells. Scale bar: 100 um. (B and C) HaCaT, SAS, and HSC3 cells were transfected

with siRNA and then incubated for 96 h. Expression of indicated genes and proteins was then

evaluated by using qPCR (B) and Western blotting or zymography (MMP9 and MMP2) (C),
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respectively. Values are means + SEM of triplicate samples. *p < 0.05 vs. siCtrl. The results of
Western blotting and zymography are representative of three independent experiments. (D) Cells
were wounded at 72 h after siRNA transfection. After incubation for 24 h (HaCaT and HSC3) or
12 h (SAS) in serum-free medium, cell migration was analysed. Migration into the wound area
was visualized via phase-contrast microscopy and photographed. Representative photographs of
SAS cells appear on the left. Scale bar: 500 um. The graphs at the right show quantitative results
(means + SEM of triplicate samples). *p < 0.0005; Tp < 0.005. (E) Cells were suspended in
serum-free medium with or without ALKS inhibitor on transwell filters coated with Matrigel in
the upper chamber, and medium containing 0.5% serum was used as a chemoattractant in the
lower chamber. After 48 h, cells that had invaded were stained. Fluorescence of stained cell-
containing solution was read at 480/520 nm. Values are means = SEM of triplicate samples. 'p
< 0.005. (F) GSEA enrichment plots obtained with gene expression data from CYLD
knockdown SAS cells (siCYLD) compared with control SAS cells (siCtrl). Normalized

enrichment score (NES), nominal p values, and FDR ¢ values are shown.

Figure 3. Induction of stabilization of ALKS5 protein and promotion of TGF-J signalling by
CYLD knockdown. (A) GSEA enrichment plot obtained with gene expression data from CYLD
knockdown SAS cells (siCYLD) compared with control SAS cells (siCtrl). The

PLASARI TGFB1 TARGETS 10HR UP plot is representative. NES, nominal p value, and

FDR ¢ value are shown. (B) HaCaT, SAS, and HSC3 cells were transfected with siRNA and
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then incubated for 96 h before harvesting. Cell lysate was immunoblotted with antibodies
against indicated proteins. (C) SAS cells were transfected with SBE4-Luc, Renilla luciferase
control reporter vector, and siRNA. At 48 h after siRNA transfection, cells were starved for 24
h, and then lysed. The relative luciferase activity was calculated by normalizing firefly
luciferase activity to that of Renilla luciferase. Experiments were repeated three times, and
relative activity was expressed as mean + SE. *p < 0.05. (D) At 48 h after siRNA transfection,
cells were starved for 24 h, and then SERPINE1 mRNA expression was evaluated by using
gPCR. fp < 0.0001; $p < 0.0005. (E) The cycloheximide (CHX) chase assay was performed 72
h after siRNA transfection, and ALKS protein expression was analysed via Western blotting. (F)
At 48 h after siRNA transfection, cells were starved for 12 h followed by incubation with TGF-
B1 (5 ng/ml) for 12 h, and then SERPINE1 mRNA expression was evaluated by using qPCR. *p
< 0.05. Values are means = SEM of triplicate samples. (G) At 48 h after siRNA transfection,
cells were starved for 12 h followed by incubation with TGF-B1 (5 ng/ml) for the indicated
times before harvesting. Smad3 phosphorylation was evaluated by using Western blotting. The

results of Western blotting are representative of three independent experiments.

Figure 4. Effects of ALKS inhibition on invasive phenotypes induced by CYLD
downregulation. (A) At 48 h after transfection of different sequences of siRNA targeting CYLD
(siCYLD and siCYLD-UTR), SAS cells were treated with ALKS inhibitor (5 uM) for 24 h in

serum-free medium, and cells were then photographed. Scale bars: 200 um. (B) At 48 h after
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siRNA transfection, SAS cells were treated with ALKS inhibitor (1 uM) for 48 h in serum-free
medium, and mRNA expression of fibronectin and MMP9 was then evaluated by using qPCR
(left panels) and Western blotting (right panels). Values are means = SEM of triplicate samples.
*p < 0.005; 'p < 0.0005; N.S., not significant. The results of Western blotting are representative
of three independent experiments. (C) At 48 h after siRNA transfection, cells were treated with
the indicated concentrations of ALKS5 inhibitor for 48 h in serum-free medium. After cells were
wounded, they were incubated for 26 h (HaCaT), 6 h (SAS), or 24 h (HSC3) in serum-free
medium, after which cell migration was analysed. Representative photographs of SAS cells are
shown (upper panels). Scale bar: 500 wm. Values are means = SEM of triplicate samples. *p <
0.0005; p < 0.05; ¥p < 0.005; N.S., not significant. (D) SAS cells transfected with siRNA were
plated on Matrigel-coated Transwell filters in the upper chamber in serum-free medium with or
without 5 UM ALKS inhibitor. Medium containing 0.5% serum was used as a chemoattractant in
the lower chamber. After 48 h, cells that had invaded were stained. Fluorescence of stained cell-
containing solution was read at 480/520 nm. Values are means + SEM of triplicate samples. *p
< 0.0005; %p < 0.005. (E) A heat map of representative TGF-B-target genes in SAS cells treated
with DMSO or ALKS inhibitor after CYLD siRNA transfection. We created a gene set of “TGF-
B response signature” from 3 independent previous reports [38-40], and this was overlaid with
the genes altered (> 2 or < 0.7-fold change) by CYLD knockdown in SAS cells. Representative

“TGF-J target genes” were shown.
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Figure5. Clinical significance of CYLD downregulation in OSCC. (A) Statistical association of
CYLD staining score and tumour size (T) and tumour stage (Stage) in OSCC patients. (B)
Kaplan-Meier plot of overall survival of OSCC patients with tumours expressing low or high
CYLD. (C) Immunohistochemical analysis of CYLD and pSmad3 in invasive OSCC tissues.
Scale bar: 200 um. (D) Percentage of specimens with low or high CYLD expression compared
with pSmad3 expression levels. pSmad3 expression level was determined based on the
percentage of cells stained at different intensities (see Supplementary material, Supplementary

Materials and Methods for details of scoring). *p < 0.05 (Pearson's x? test).

Figure 6. A schematic model illustrating the induction of OSCC invasion by CYLD
downregulation. (A) Downregulation of CYLD enhances TGF-f signaling, i.e. Smad3
phosphorylation, via stabilized ALKS protein in OSCC cells, which promotes tumour cell

invasion through EMT-like changes.

Supplementary Material Online
Supplementary Materials and Methods YES

Supplementary Figure Legends YES
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Figure S1. Representative picture for each CYLD staining score determined by

immunohistochemistry

Figure S2. ALK5 mRNA expression after CYLD knockdown

Figure S3. NF-kB activation by CYLD knockdown in OSCC cells

Figure $4. Effect of anti-TGF-P antibody on cell migration induced by CYLD knockdown

Table S1. Mutation and CNV in the CYLD gene in head and neck SCC

Table S2. List of CYLD gene mutations

Table S3. Mutation in the CYLD gene in upper aerodigestive tract SCC cell lines
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