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Abstract 

Background:  Tumor suppressor CYLD dysfunction by loss of its expression, triggers malignant transformation, 
especially drug resistance and tumor invasion/metastasis. Although loss of CYLD expression is significantly associated 
with poor prognosis in a large variety of tumors, no clinically-effective treatment for CYLD-negative cancer patients is 
available.

Methods:  We focused on oral squamous cell carcinoma (OSCC), and sought to develop novel therapeutic agents 
for CYLD-negative cancer patients with poor prognosis. CYLD-knockdown OSCC cells by using CYLD-specific siRNA, 
were used to elucidate and determine the efficacy of novel drug candidates by evaluating cell viability and epithelial-
mesenchymal transition (EMT)-like change. Therapeutic effects of candidate drug on cell line-derived xenograft 
(CDX) model and usefulness of CYLD as a novel biomarker using patient-derived xenograft (PDX) model were further 
investigated.

Results:  CYLD-knockdown OSCC cells were resistant for all currently-available cytotoxic chemotherapeutic agents 
for OSCC, such as, cisplatin, 5-FU, carboplatin, docetaxel, and paclitaxel. By using comprehensive proteome analy‑
sis approach, we identified epidermal growth factor receptor (EGFR), a receptor tyrosine kinase, played key roles in 
CYLD-knockdown OSCC cells. Indeed, cell survival rate in the cisplatin-resistant CYLD-knockdown OSCC cells was 
markedly inhibited by treatment with clinically available EGFR tyrosine kinase inhibitors (EGFR-TKIs), such as gefitinib. 
In addition, gefitinib was significantly effective for not only cell survival, but also EMT-like changes through inhibiting 
transforming growth factor-β (TGF-β) signaling in CYLD-knockdown OSCC cells. Thereby, overall survival of CYLD-
knockdown CDX models was significantly prolonged by gefitinib treatment. Moreover, we found that CYLD expres‑
sion was significantly associated with gefitinib response by using PDX models.
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Background
Cylindromatosis (CYLD) gene was originally discovered 
as a tumor suppressor gene, that has been identified as 
the causative gene for familial cylindromatosis [1]. CYLD 
has shown to serve as deubiquitinase and inhibit activ-
ity of target molecules by removing lysine-63 (K63)-
mediated polyubiquitin chains, which are involved in 
cell signal transduction [2]. Molecular biological analysis 
identified the target molecules for CYLD, such as, tumor 
necrosis factor receptor-associated factor (TRAF)2, 
TRAF6, and nuclear factor-κB (NF-κB) essential modu-
lator (NEMO), which are necessary elements for NF-κB 
activation [3–5]. Since NF-κB activation has an anti-
apoptotic effect, CYLD dysfunction indeed lead to cell 
immortalization and tumorigenesis due to NF-κB hyper-
activation. Subsequent researches reported that CYLD 
targeted and regulated a variety of signaling pathways [6–
13], and revealed that loss of CYLD function might play 
various and pivotal roles in a variety of diseases caused by 
abnormal intracellular signaling, especially in malignant 
tumors [2].

Besides the studies showing many different types of 
CYLD mutations involved in tumorigenesis [14], recent 
clinical studies for a variety of tumors reveal that, CYLD 
dysfunction due to loss of its protein expression, rather 
than mutations, is a crucial prognostic factor for both 
malignant transformation and poor prognosis in vari-
ous tumors. Massoumi et  al. revealed that, in malig-
nant melanoma, loss of CYLD expression promoted 
tumor progression via increased tumor cell proliferation 
and migration, and patients with lower CYLD expres-
sion exhibited significantly shorter overall survival [15]. 
Moreover, significant amounts of clinical study have 
demonstrated the loss of CYLD expression in a variety of 
malignant tumors, such as, hepatocellular carcinoma [16, 
17], melanoma [18], basal cell carcinoma [19], breast can-
cer [20], glioblastoma [21], and cholesteatoma [22]. Those 
studies revealed that loss of CYLD expression was signifi-
cantly associated with poor overall survival, and unveiled 
the pathogenesis of malignant transformation in CYLD-
negative cancer patients. However, those studies also 
revealed that loss of CYLD expression was closely asso-
ciated with drug resistance against multiple anticancer 
drugs in many types of cancers [17, 23, 24]. For instance, 
in hepatocellular carcinoma (HCC), CYLD expres-
sion was down-regulated and involved in the resistance 

towards treatment with doxorubicin, 5-FU, and cisplatin 
[17]. Thus, despite the urgent need for developing novel 
therapeutic strategies for CYLD-negative cancer patients 
with poor prognosis, effective treatment in clinical has 
not been established yet, as of this moment.

Oral cancer is one of the most common malignancies 
in head and neck carcinoma, of which more than 90% of 
oral cancer are oral squamous cell carcinoma (OSCC) 
[25]. Despite recent advances in early diagnosis and treat-
ment, the 5-year survival rate for patients with OSCC has 
not improved [26]. Although surgical therapy is recom-
mended as the first-line treatment, OSCC is highly inva-
sive and carries the risk of compromising the patient’s 
quality of life, suggesting that the development of mini-
mally invasive non-surgical pharmacotherapy is highly 
desirable. However, although chemotherapeutic agents, 
such as an alkylating agent cisplatin (cis-diamminedi-
chloroplatinum II), is a useful treatment for advanced 
OSCC patients, development of intrinsic or acquired cis-
platin resistance is main responsible factor for poor over-
all survival [27]. Thus, understanding the features and 
mediators of OSCC invasion and drug resistance is of 
critical importance for the development of new treatment 
approaches. In particular, our previous clinical study 
uncovered that loss of CYLD expression in OSCC tissues 
was significantly associated with the clinical features of 
deep invasion and poor overall survival of OSCC patients 
[28]. In OSCC, down-regulation of CYLD expression sig-
nificantly enhanced tumor cell invasion through epithe-
lial-mesenchymal transition (EMT)-like changes through 
promoted transforming growth factor-β (TGF-β) signal-
ing. Moreover, loss of CYLD expression might cause cis-
platin resistance through NF-κB hyper-activation, which 
in turn, lead to poor prognosis in CYLD-negative OSCC 
patients [29]. While those studies strongly suggest that 
loss of CYLD expression is a crucial factor determining 
the poor prognosis of OSCC patients, a novel therapeutic 
target and agent for CYLD-negative OSCC patients has 
yet to be identified.

Here, we sought to provide novel treatments for 
CYLD-negative cancer patients with poor prognosis, and 
performed multiple experimental approaches to identify 
the crucial cell signaling pathway responsible for CYLD-
dependent malignant transformation. Our results first 
showed that epidermal growth factor receptor (EGFR), 
a receptor tyrosine kinase, served as a novel therapeutic 

Conclusions:  Our results first revealed that EGFR-targeted molecular therapies, such as EGFR-TKIs, could have poten‑
tial to be novel therapeutic agents for the CYLD-negative OSCC patients with poor prognosis.

Keywords:  Cylindromatosis (CYLD), Epidermal growth factor receptor (EGFR) targeted molecular therapy, Oral 
squamous cell carcinoma (OSCC), Cytotoxic-chemotherapeutic resistance
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target, and that EGFR-targeted molecular therapies, 
including EGFR tyrosine kinase inhibitors (EGFR-TKIs) 
and monoclonal antibody, could be effective for CYLD-
negative OSCC cells with chemoresistance.

Methods
Antibodies and reagents
Rabbit polyclonal anti-CYLD antibody (SAB4200060) 
was purchased from Sigma-Aldrich, Inc (Saint Louis, 
MO, USA). Rabbit monoclonal anti-EGFR antibody 
(#4267), rabbit monoclonal anti-Phospho-EGFR antibody 
(#3777), rabbit monoclonal anti-Akt antibody (#4691S), 
rabbit monoclonal anti-Phospho-Akt antibody (#4060S), 
rabbit monoclonal anti-ERK antibody (#4695), rabbit 
monoclonal anti-Phospho-ERK antibody (#4370S), rabbit 
monoclonal anti-Smad2/3 antibody (#3102S), and rab-
bit monoclonal anti-Phospho-Smad3 antibody (#9520S) 
were purchased from Cell Signaling Technology (Beverly, 
MA, USA). PI3K inhibitor (LY294002, HY-10108), MEK 
inhibitor (PD98059, HY-12028), and ALK5 inhibitor 
(TGF-β RI Kinase Inhibitor II, #616452) were purchased 
from Calbiochem (San Diego, CA, USA). Cisplatin (Nip-
pon Kayaku, Tokyo, Japan), 5-FU (Sigma-Aldrich, Inc), 
cetuximab (Merck BioPharma, Darmstadt, Germany), 
gefitinib (Tocris Bioscience, Bristol, UK), erlotinib 
(Wako, Tokyo, Japan), afatinib (abcam, Cambridge, UK), 
and osimertinib (Selleck Chemicals, Houston, USA) were 
also used in this study. For other reagents, commercially 
available special grades were used.

Cells lines and cell culture
Human OSCC cell lines SAS (TKG 0470, Cell Resource 
Center for Biomedical Research, Cell Bank, Tohoku Uni-
versity) were used in this study. SAS cells were grown in 
RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, 
USA) with 10% heat-inactivated fetal bovine serum 
(Thermo Fisher Scientific) in 5% CO2 at 37 ℃.

Transfection with siRNA
SAS cells were incubated in 12-well plates (0.8 × 105 cells/
mL) for 24 h and were transiently transfected with siRNA 
(50  nM) by using Lipofectamine 2000 (Thermo Fisher 
Scientific) according to the manufacturer’s protocol. 
After transfection and incubation for 48  h, experiments 
were performed (Additional file 1: Fig. S1). Silencer Neg-
ative Control siRNA (Ambion/Applied Biosystems, Fos-
ter City, CA) was used as the control (siN). Sequences 
of siRNA targeting CYLD (siCYLD) were sense: 5′-GAU​
UGU​UAC​UUC​UAU​CAA​Att-3′ and antisense: 5′-UUU​
GAU​AGA​AGU​AAC​AAU​Ctt-3′.

Cell viability assay
Cells were incubated in 96-well plates and treated with 
various anticancer agents (cisplatin: 0.1–10 µg/mL, 5-FU: 
0.01–10  µg/mL, carboplatin: 1–500  µM, docetaxel: 0.1–
1000  ng/mL, paclitaxel: 10–1000  nM, gefitinib: 0.01–
50  µM, erlotinib: 0.1–18  µM, afatinib: 0.001–25  µM, 
osimertinib: 0.01–50 µM, cetuximab: 0.1–250 µg/mL) in 
serum-free RPMI 1640. After incubation, 10 µL/well Cell 
Counting Kit-8 solution (DOJINDO LABORATORIES, 
Kumamoto, Japan) were added to the cells and meas-
ured the absorbance at 450 nm by EMax SOFTmaxPRO 
(molecular devices, Tokyo, Japan).

RNA isolation and quantitative real‑time PCR (RT‑qPCR)
Total RNA extraction from cells was performed by phe-
nol chloroform extraction method using TRIzol (Invitro-
gen, Waltham, Massachusetts, USA). Total RNA (0.5 µg) 
was reverse-transcribed to cDNA by the PrimeScript RT 
reagent (Takara Bio Inc, Shiga, Japan) according to the 
manufacturer’s instructions. For quantification of mRNA, 
each PCR assay was performed using 1 µL of cDNA and 
each primer (10 µM) 0.3 µL, in a LightCycler System with 
SYBR Premix DimerEraser (Takara Bio Inc), with each 
reaction (with 10 µL samples) was performed under fol-
lowing conditions: polymerase activation at 95 ℃ for 30 s 
followed by 40 cycles of and 95 ℃ for 5 s, 55 ℃ for 30 s, 
72 ℃ for 30  s. Human 18S ribosomal RNA (rRNA) was 
used as an internal control. Relative expression levels 
were determined by the ΔΔCt method. The sequences 
of each primer were as follows: Human CYLD sense: 
5′-TCA​GGC​TTA​TGG​AGC​CAA​GAA-3′, antisense: 
5′-ACT​TCC​CTT​CGG​TAC​TTT​AAGGA-3′; human 18s 
rRNA sense: 5′-CGG​CTA​CCA​CAT​CCA​AGG​AA-3′, 
antisense: 5′-GCT​GGA​ATT​ACC​GCG​GCT​-3′; Human 
Fibronectin sense: 5′-CAG​TGG​GAG​ACC​TCG​AGA​
AG-3′, antisense: 5′-TCC​CTC​GGA​ACA​TCA​GAA​AC-3′.

Protein extraction and immunoblotting
Cells were washed once with ice-cold PBS and then lysed 
by adding RIPA Buffer (1×) with 1 mM PMSF (Cell Sign-
aling Technology). Supernatants were stored at − 80 ℃ 
until use. Equal amounts of protein were fractionated 
via sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred to PVDF membranes (Mil-
lipore, Massachusetts, USA). Membranes were blocked 
with 5% non-fat dried milk (Cell Signaling Technol-
ogy) in tris-buffered saline (0.05 M Tris, 0.138 M NaCl, 
0.0027 M KCl, pH 7.8) containing 0.1% Tween-20 (TBS-
T) and were then incubated overnight at 4 °C with anti-
bodies primary antibody in TBS-T containing 2% nonfat 
dry milk or 5% bovine serum albumin (Sigma Aldrich). 
After membranes were washed with TBS-T, they were 
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incubated for 1 h in horseradish peroxidase (HRP)-con-
jugated secondary antibodies at room temperature. After 
washing, specific protein bands were detected by using 
ECL Prime Western Blotting Detection Reagents (Amer-
sham Life Science, Arlington Heights, IL, USA), accord-
ing to the manufacturer’s instructions.

Proteome analysis by liquid chromatograph‑mass 
spectrometry (LC–MS/MS)
Whole cell lysate of SAS cells was prepared by phase 
transfer surfactant (PTS) method as described previously 
[30, 31]. Sodium deoxycholate (SDC), sodium N-lauroyl-
sarcosinate (SLS), ammonium bicarbonate, dithiothreitol, 
iodoacetamide, mass spectrometry grade lysyl endo-
protease, ethyl acetate, acetonitrile, acetic acid, metha-
nol, trifluoroacetic acid (Wako, Osaka, Japan), modified 
trypsin (Promega, Madison, MA), and 4-(2-Aminoethyl) 
benzenesulfonyl fluoride hydrochloride (Nacalai, Kyoto, 
Japan) were used. Proteins were extracted with PTS 
solution (12  mM SDC, 12  mM SLS, and  100mM Tris-
HCl (pH9.0) and ultrasonic crushed for 20  min. After 
incubating for 5  min at 95 ℃, proteins in the superna-
tant solution were quantified by the BCA method using 
BCA Protein Assay Kit (Thermo Fisher Scientific). Pro-
teins were reduced with 10 mM dithiothreitol for 30 min 
and alkylated with 50 mM iodoacetamide in the dark for 
30  min at room temperature. The protein mixture was 
twofold diluted with 50  mM ammonium bicarbonate. 
And then, mixture was digested with Lys-C (1/50 sample 
weight) at room temperature for 3 h prior to the addition 
of trypsin (1/50 sample weight) and incubated at 37 ℃ 
for 20 h. An equal volume of ethyl acetate was added to 
the sample  solution, and the mixture was acidified with 
0.5% trifluoroacetic acid (final concentration). The mix-
ture was shaken for 2  min and centrifuged at 15,600×g 
for 2  min, and then the upper layer was removed by 
pipette, and dry up by a vacuum evaporator. Suspend-
ing the sample in 100 μL buffer A (5% acetonitrile, 0.1% 
TFA) and desalt with GL-Tip SDB (GL Science, Tokyo, 
Japan) [32, 33]. A TripleTOF 5600 (SCIEX, Framingham, 
MA, USA) equipped with a Dionex Ultimate 3000 RSLS 
(Thermo Fisher Scientific) was employed for nanoLC-
MS/MS measurement. The injection volume was 5 µL, 
and the flow rate was 300 nL/min. A nano-trap column 
(100 µm ID, 2 cm length, packed with 5 µm Acclaim Pep-
Map100C18, Thermo Fisher Scientific) and an analytical 
nanocolumn (75 µm ID, 25 cm length, packed with 2 µm 
Acclaim PepMap C18, Thermo Fisher Scientific) were 
used. The MS data was acquired with Analyst Software 
TF 1.7 (SCIEX). For peptide identification, data were 
acquired in the data-dependent acquisition mode and 
analyzed using ProteinPilot 4.5 (SCIEX) connected to 
the UniProt human reference proteome database (release 

2017_11). For protein and peptide quantification, data 
were acquired in the data-independent acquisition mode 
(Sequential window acquisition of all theoretical frag-
ment ion spectra: SWATH-MS) with a variable window 
for the precursor ions [34].  The results were analyzed 
with Enrichr (https://​maaya​nlab.​cloud/​Enric​hr/), by 
which and enriched pathways included in KEGG (Kyoto 
Encyclopedia of Genes and Genomes) 2021 human 
database were identified. Among the top 50 enriched 
pathways, those related to signal transduction (3.2 sig-
nal transduction; https://​www.​genome.​jp/​kegg/​pathw​ay.​
html#​envir​onmen​tal) were extracted and listed in order 
of p-value.

Apoptosis assay
Cells were stained with PE Annexin V Apoptosis Detec-
tion Kit I (BD Biosciences, Tokyo, Japan), according to 
the manufacturer’s protocol, and apoptosis was measured 
using the FACS Verse Flow Cytometer (BD Biosciences).

Wound healing assay
After knocking-down CYLD expression in SAS cells, the 
medium was changed to serum-free RPMI 1640. After 
culturing for 24  h, cells were scratched with a 200 µL 
micropipette tip. At the same time as scratching, cells 
were treated with gefitinib and cetuximab in serum-free 
RPMI1640. After 8  h, the percentage of the healed area 
was evaluated using Image J software (National Institutes 
of Health, Bethesda, MD, USA).

Transwell migration assay
After knocking-down CYLD expression, SAS (1.0 × 105) 
cells were suspended in serum-free RPMI 1640 and 
seeded in upper part of Transwell insert (8  µm-filters, 
Corning, New York, USA). Cells migration was induced 
by RPMI 1640 containing 10% heat-inactivated fetal 
bovine serum. After 24 h, the migrating cells were stained 
by crystal violet, and the ratio of the stained area was 
quantified by Image J software.

Generation of tumor cell line‑derived xenograft (CDX) 
model and gefitinib treatment
Male CB17/ICR-scid/scid mice (SCID mice), each 
7–8 weeks old and weighting 20 to 25 g, were obtained 
from CLEA Japan and maintained in a specific pathogen-
free environment at the Center for Animal Resources 
and Development, Kumamoto University. SAS cells 
were trypsinized, washed with 10% heat-inactivated 
fetal bovine serum RPMI 1640, resuspended in PBS, and 
adjusted to a concentration of 1 × 107 cells/100 μL in PBS. 
Then the cell suspensions were injected 100 µL/mice sub-
cutaneously into SCID mice. After 7  days from the cell 
injection, the CDX mice were injected intraperitoneally 

https://maayanlab.cloud/Enrichr/
https://www.genome.jp/kegg/pathway.html#environmental
https://www.genome.jp/kegg/pathway.html#environmental
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with 50 µL DMSO containing 2.5  mg of gefitinib or 
DMSO alone and received the same treatment for 5 times 
on days 7–11. Tumor development was followed in indi-
vidual animals every 3–4 days by sequential caliper meas-
urements of length (L) and width (W). Tumor volume 
was calculated by the formula LW2 π/6. The Animal Care 
and Use Committee of Kumamoto University approved 
the protocols for all animal experiments.

Analyses of patient‑derived xenograft (PDX) tumors 
and PDX‑derived cell lines
PDX-model strains (PDX st.1 and PDX st.2) and cor-
responding PDX-derived cell lines were prepared as 
described previously [35, 36]. This study has been 
approved by the ethical committee at Kumamoto Univer-
sity (approval No. 1427, No. 2389). The cells were grown 
in DMEM (Thermo Fisher Scientific) with 10% heat-inac-
tivated fetal bovine serum (Thermo Fisher Scientific) in 
5% CO2 at 37 ℃.

Immunohistochemistry
Tissue samples for immunohistochemistry were fixed 
with 10% formalin before processing. Formalin-fixed 
specimens of clinical tissues were embedded in paraf-
fin, cut into 5-μm-thick sections, and mounted on slides. 
These sections were dewaxed in xylene and then rehy-
drated in descending concentrations of alcohol. Endog-
enous 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 block-
ing reagent (Nacalai tesque) was used for 10 min to block 
non-specific background staining, followed by overnight 
incubation at 4  ℃ with antibody against CYLD (1:50) 
diluted in PBS containing 1% BSA. Slides were rinsed 
with PBS for 5  min, incubated with secondary antibod-
ies for 1  h, and washed again with PBS, and incubated 
with Liquid DAB Substrate Chromogen System (DAKO, 
Glostrup, Denmark) according to the manufacturer’s 
protocol. Slides were lightly counterstained with haema-
toxylin for 30 s before dehydration and mounting. Three 
persons took 10 photos per tissue in a blind state. CYLD 
protein expression levels in a total of 30 photos per tissue 
were quantified using ImageJ software.

Statistical analysis
Tukey–Kramer method were used to evaluate differences 
between more than three groups. Data are represented as 
the mean ± standard deviation (S.D.). The Mann–Whit-
ney U test were used to assess the differences between 
the two groups that were not normally distributed. P-val-
ues of < 0.05 were said to be statistically significant.

Results
Sensitivity of chemotherapeutic agents 
to CYLD‑knockdown OSCC cells
Although the previous clinical study has shown that 
loss of CYLD expression is significantly associated with 
poor overall survival, as of moment, clinically-effective 
treatments for CYLD-negative OSCC patients has not 
been established [28]. We first sought to find the effec-
tive anti-tumor drugs for CYLD-knockdown OSCC cells, 
among the chemotherapeutic agents currently approved 
for standard treatment for OSCC patients [37, 38]. For 
CYLD-knockdown OSCC cells, sensitivities to chemo-
therapeutic agents, such as, cisplatin, 5-FU, carboplatin, 
docetaxel, and paclitaxel, were evaluated by the cell via-
bility assay. As shown in Fig.  1, the CYLD-knockdown 
OSCC cells exhibited higher cell viability for all chemo-
therapeutic agent than cells transfected with control 
siRNA (siN), suggesting that CYLD-knockdown OSCC 
cells were resistant for all currently-available standard 
treatment, especially the cytotoxic chemotherapeutic 
agents.

Effect of CYLD down‑regulation on intracellular signaling 
pathways in OSCC cells
It has been reported that CYLD is involved in the patho-
genesis of tumor progression via regulating a variety of 
intracellular signaling pathways as a deubiquitinating 
enzyme [2, 3, 12, 17]. Because of no conventional treat-
ment, we next investigated the effect of CYLD down-reg-
ulation on intracellular signaling pathways and attempted 
to identify novel therapeutic targets for CYLD-knock-
down OSCC cells. We performed proteome analysis to 
comprehensively identify intracellular signaling path-
ways activated in CYLD-knockdown OSCC cells. The 
results in Fig. 2A indicating the global protein expression 
alterations, suggested there were 49 proteins increased 
in OSCC cells more than doubled by CYLD knockdown. 
In addition, KEGG analysis demonstrated that the pro-
tein sets associated with phosphatidylinositol-3 kinase 
(PI3K)-Akt signaling pathway was markedly enriched in 
CYLD-knockdown OSCC cells (Fig. 2B, Additional file 1: 
Fig. S2). Aberrant activation of the PI3K-Akt signaling 
pathway is known to have a significant role in carcino-
genesis, alongside of critical roles of mitogen-activated 
protein kinase (MAPK) cascades in drug resistance and 
sensitivity [39, 40]. As shown in Fig.  2C, immunoblot-
ting analysis confirmed that CYLD knockdown indeed 
increased phosphorylation of Akt, and also phospho-
rylation of ERK, one of signal molecule in MAPK signal-
ing. We further determined whether these cell signaling 
pathways enhanced by CYLD knockdown were involved 
in the cell viability of OSCC cells. As shown in Fig. 2D, 
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although treatment of either Akt (LY294002) or ERK 
(PD98059) inhibitor alone was not effective on the cell 
viability, combined treatment significantly decreased the 
cell viability of CYLD-knockdown OSCC cells, in con-
trast to the observed cisplatin resistance. These results 

suggested that the intracellular signaling pathways acti-
vated in CYLD-knockdown OSCC cells, might be the 
novel therapeutic targets, and simultaneous inhibition 
of Akt and ERK could be effective for CYLD-knockdown 
OSCC cells.

Fig. 1  Sensitivity of chemotherapeutic agents to CYLD-knockdown OSCC cells. Human OSCC cell line (SAS) cells were transfected with control 
siRNA (siN) or CYLD-specific siRNA (siCYLD) and then treated with cisplatin (A), 5-FU (B), carboplatin (C), docetaxel (D), and paclitaxel (E). The cell 
survival rates of SAS cells were assessed 72 h after treatment. Values are means ± S.D. of quadruple samples. **p < 0.01 vs siN group in Tukey–Kramer 
method
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Involvement of EGFR in cell viability of CYLD‑knockdown 
OSCC cells
EGFR, a receptor tyrosine kinase also known as common 
upstream kinase of both Akt and ERK signalings, plays 
key roles in cell growth and differentiation pathways in 
head and neck squamous cell carcinoma (HNSCC) [41]. 
Thus, we next focused on the involvement of EGFR in 
the cell viability of CYLD-knockdown OSCC cells. As 
shown in Fig.  3A, EGFR phosphorylation was markedly 
increased by CYLD knockdown. To further determine the 
involvement of EGFR phosphorylation in CYLD-knock-
down OSCC cells, the cell viability was assessed by treat-
ment with gefitinib, a well-known EGFR tyrosine kinase 
inhibitor (EGFR-TKI) [42, 43]. Notably, the cell survival 
rate in the cisplatin-resistant CYLD-knockdown OSCC 
cells was significantly decreased by even the gefitinib 
treatment alone (Fig.  3B, Additional file  1: Fig. S3). The 
effects of gefitinib on cell survival were indeed confirmed 

in a dose-dependent (Fig.  3C) and time-dependent 
(Fig.  3D) manner. In CYLD-knockdown OSCC cells, 
apoptotic cells were significantly increased by gefitinib 
treatment, compared with control cells (Fig.  3E). Con-
sistent with the results shown in Fig.  2, the phospho-
rylation of two key kinases (Akt and ERK) caused by 
CYLD knockdown was significantly suppressed by gefi-
tinib treatment alone (Fig.  3F). These results suggested 
that inhibiting the tyrosine kinase activity of EGFR, the 
upstream kinase of both Akt and ERK signalings, could 
be effective for CYLD-knockdown OSCC cells.

Effect of EGFR‑targeted inhibitors on cell viability 
of CYLD‑knockdown OSCC cells
Several EGFR-targeted inhibitors, including EGFR-
TKIs and monoclonal antibodies, are currently being 
developed and have been approved for clinical-use 
[44]. In addition to gefitinib, we also determined 

Fig. 2  Effect of CYLD down-regulation on intracellular signaling pathways in OSCC cells. A Comprehensive changes in protein expression by 
CYLD knockdown were assessed by proteome analysis. B KEGG database analysis of cell signaling pathways activated by CYLD knockdown. C 
Phosphorylation of Akt and ERK was assessed by immunoblotting. Cells were transfected with the indicated siRNAs and then incubated for 72 h 
before harvesting. Cell lysate was immunoblotted with antibodies against the indicated proteins. D Cells were treated with LY294002 (Akt Inhibitor, 
20 µM), PD98059 (ERK Inhibitor, 20 µM), combination, and cisplatin (8 µg/mL). Cells survival rate are assessed after 72 h. Values are means ± S.D. of 
triplicate samples. **p < 0.01 in Tukey–Kramer method
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whether various EGFR targeted inhibitors were effec-
tive for CYLD-knockdown OSCC cells. As shown in 
Fig.  4A–C, it was notable that all EGFR-TKI, such 

as erlotinib, afatinib, and osimertinib, significantly 
decreased the cell viability of CYLD-knockdown 
OSCC cells, comparable with gefitinib treatment. In 

Fig. 3  Involvement of EGFR in cell viability of CYLD-knockdown OSCC cells. A EGFR phosphorylation was assessed by immunoblotting in OSCC 
cells. Cells were transfected with siRNA and then incubated for 72 h before harvesting. Cell lysate was immunoblotted with antibodies against the 
indicated proteins. B Cells were treated with gefitinib (10 µM) and cisplatin (8 µg/mL), and cells survival rate was assessed after 72 h. Relative cell 
survival rate of siCYLD cells compared to that of siN cells after treatment with each anticancer drug was shown. Values are means ± S.D. of triplicate 
samples. **p < 0.01 in Tukey–Kramer method. C (left panels) Representative images of cells treated with 10 µM gefitinib for 72 h. Scale bars show 
100 µm. (right panel). Cell survival rates of OSCC cells were evaluated 72 h after treatment with various concentrations of gefitinib. Values are 
means ± S.D. of triplicate samples. **p < 0.01 vs siN group in Tukey–Kramer method. D Cells were treated with gefitinib (10 µM) and the cell survival 
rates were evaluated 24–72 h after treatment. Values are means ± S.D. of triplicate samples. * p < 0.05, ** p < 0.01 vs siN group in Tukey–Kramer 
method. (E) The gefitinib (10 µM)-induced apoptosis was assessed by Annexin-V/7-AAD staining using flow cytometry. Values are means ± S.D. 
of triplicate samples. n.s.: not significant, **p < 0.01 vs siN group in Tukey–Kramer method. F Phosphorylation of Akt and ERK were assessed by 
immunoblotting in OSCC cells treated with 10 µM gefitinib
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contrast, other EGFR-targeted inhibitor cetuximab, a 
human/murine chimeric IgG1 monoclonal EGFR anti-
body, was not effective for CYLD-knockdown OSCC 
cells, although cetuximab was the only EGFR-targeted 
inhibitor currently approved for OSCC treatment 
(Fig.  4D) [45]. These results suggested that various 
EGFR-TKIs could also be effective for the cell viability 

of CYLD-knockdown OSCC cells, in contrast to the 
observed chemoresistance.

Effect of EGFR‑targeted inhibitors on EMT‑like changes 
in CYLD‑knockdown OSCC cells
CYLD expression has shown to be associated with poor 
prognosis of OSCC patients via inducing the malignant 

Fig. 4  Effect of EGFR targeted inhibitors on cell viability of CYLD-knockdown OSCC cells. Cells were treated with erlotinib (A), afatinib (B), 
osimertinib (C) and cetuximab (D), and the cell survival rates were assessed 72 h after treatment. Values Scale bar shows 200 µm. Values are 
means ± S.D. of triplicate samples. **p < 0.01 vs siN group in Tukey–Kramer method
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transformation, such as EMT-like changes through 
TGF-β signaling [28]. We next determined whether 
EGFR-targeted inhibitors were also effective for the EMT-
like changes induced in CYLD-knockdown OSCC cells. 
Regarding the activation of TGF-β signaling involved in 
EMT-like changes, CYLD knockdown-induced Smad3 
phosphorylation was inhibited by gefitinib treatment 
(Fig. 5A). In addition, both wound healing assay (Fig. 5B) 
and transwell migration assay (Fig. 5C) showed that gefi-
tinib treatment indeed suppressed cell migration caused 
by CYLD knockdown. Moreover, mRNA expression 
of Fibronectin, an EMT marker, was significantly sup-
pressed by gefitinib, indicating that gefitinib was also 
effective for the EMT-like changes induced in CYLD-
knockdown OSCC cells (Fig.  5D, Additional file  1: Fig. 
S4). These results suggested that gefitinib could be effec-
tive for not only cell survival, but also EMT-like changes 
through inhibiting TGF-β signaling in CYLD-knockdown 
OSCC cells. Interestingly, it should be noted that cetuxi-
mab also had potential to significantly inhibit Smad3 
phosphorylation (Fig.  5E), cell migration (Fig.  5F, G) 
and Fibronectin expression (Fig.  5H) induced by CYLD 
knockdown, despite no effect on cell viability (Fig.  4D). 
Taken together, we could find novel effective drugs 
(gefitinib for inhibiting both cell survival and EMT-like 
changes, or cetuximab for inhibiting EMT-like changes) 
for CYLD-knockdown OSCC cells.

Therapeutic effect of gefitinib and usefulness of CYLD 
as a novel biomarker in xenograft models
To further investigate the therapeutic effect in  vivo, we 
first established a cell line-derived xenograft (CDX) 
model using OSCC cells. As shown in Fig.  6A, tumor 
volume was significantly increased in mice transplanted 
with CYLD-knockdown cells, compared with mice trans-
planted with control cells. In this CYLD-negative CDX 
models, gefitinib treatment significantly suppressed 
tumor growth during administration period (Fig.  6A, 
B). Moreover, overall survival of CYLD-negative CDX 
models, was significantly prolonged by gefitinib treat-
ment (Fig.  6C), suggesting that the therapeutic effect of 
EGFR-TKI (gefitinib) treatment was indeed confirmed 
in CYLD-negative CDX models. Furthermore, patient-
derived xenograft (PDX) models, generated by direct 
transplantation of patient tumor samples into immuno-
compromised mice, are recognized as the most relevant 
in  vivo cancer models [46]. We finally generated PDX 
models from different patients and established PDX-
derived cells from those models for determining whether 
CYLD might serve as a predictive biomarker for gefi-
tinib treatment. Interestingly, we found that there were 
PDX-derived cells exhibiting either low sensitivity (PDX 
st.1) or high sensitivity (PDX st.2) for gefitinib treatment 

(Fig.  6D). We then confirmed the CYLD expression in 
the tissues of PDX models, corresponding to each PDX 
strains, respectively. In accordance with our results 
shown in this study, immunohistochemical analysis 
clearly indicated that the high-sensitive strain (PDX 
st.1) exhibited significant lower CYLD positive rate than 
that of low-sensitive strain (Fig.  6E), suggesting that 
low CYLD expression were indeed associated with gefi-
tinib sensitivity. Taken together, our results showed that 
EGFR-TKIs, such as gefitinib, could have potential to be 
novel therapeutic agents for the CYLD-negative OSCC 
patients with poor prognosis, and that CYLD expression 
might serve as a novel predictive biomarker for gefitinib 
treatment (Fig. 6F).

Discussion
A growing body of evidence is accumulating to reveal 
that loss of CYLD expression in tumor tissues is closely 
associated with malignant transformation and poor prog-
nosis in various malignant tumors [47]. However, despite 
the urgent need for novel therapeutic strategies, no clin-
ically-effective treatments for CYLD-negative cancer 
patients with poor prognosis has been established.

In this study, we found that the EGFR targeted inhibi-
tors could have potential to be novel therapeutic agents 
for the CYLD-negative OSCC patients with poor prog-
nosis. As a matter of fact, most of previous studies have 
demonstrated that loss of CYLD expression is predomi-
nantly associated with resistance of multiple anticancer 
drugs [17, 23, 24, 29, 48]. In HCC, loss of CYLD expres-
sion was involved in the resistance towards treatment 
with doxorubicin, 5-FU, and cisplatin [17]. Other stud-
ies also reported that CYLD down-regulation caused 
by microRNA was associated with resistance for either 
gemcitabine in pancreatic cancer, and cisplatin in gastric 
cancer [23]. Those multiple anticancer drugs not effective 
for CYLD-negative cancer cells, are categorized as the 
cytotoxic chemotherapeutic agents, suggesting that loss 
of CYLD expression may also affect cell cycle progres-
sion or apoptosis [49]. Although there were a few reports 
suggesting the combination chemotherapy to overcome 
drug resistance [29, 48], it is well-known that certain 
severe systemic side effects are associated with combi-
nation chemotherapy [50]. Our approach identifying 
the crucial cell signaling pathways in CYLD-dependent 
malignant transformation, enabled us to develop novel 
therapeutic strategies utilizing EGFR targeted inhibitors 
as single treatment for CYLD-negative OSCC patients. 
EGFR-TKIs, well-established EGFR-targeted therapies 
in non small cell lung cancer (NSCLC) [51], are gener-
ally well-tolerated and not associated with the major side 
effects of chemotherapeutic agents, such as anemia, neu-
tropenia, and thrombocytopenia [52]. Our results clearly 
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Fig. 5  Effect of EGFR targeted inhibitors on EMT-like changes in CYLD-knockdown OSCC cells. (A, E) SAS cells were treated with 5 μM gefitinib (A) 
and 10 µg/mL cetuximab (E), and Smad3 phosphorylation were assessed by immunoblotting. (B, F) Cell migration in SAS cells treated with 5 μM 
gefitinib (B) and 10 µg/mL cetuximab (F) was assessed by wound healing assay. (C, G) Cells were transfected with siRNA and then incubated for 
48 h before being reseeded onto transwell insert. Cells were treated with 0.15 μM gefitinib (C) and 10 µg/mL cetuximab (G) for 24 h, and migrating 
cells were stained by crystal violet and then measured. D, H CYLD knockdown cells were treated with 5 μM gefitinib (D) and 10 µg/mL cetuximab 
(H) for 24 h, and Fibronectin mRNA expression was assessed by RT-qPCR. Scale bar shows 200 µm. Values are means ± S.D. of triplicate samples. 
**p < 0.01 in Tukey–Kramer method
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showed that single gefitinib treatment could significantly 
suppressed both cell survival and EMT-like changes 
(Figs.  3, 4 and 5), which in turn led to markedly pro-
long the overall survival of CYLD-negative CDX mod-
els (Fig. 6C). In contrast to the previous report showing 
the gefitinib resistance caused by low-CYLD expression 
in NSCLC [53], it was the first repot that EGFR-TKIs 
were indeed effective for CYLD-negative cancer patients. 
In addition, our results also found that cetuximab, only 
EGFR-targeted inhibitor currently approved for OSCC, 
significantly exhibited the therapeutic effect on EMT-like 
changes (Fig.  5E–H). In contrast, it is noteworthy that 
those EGFR inhibitors-sensitive OSCC cells are indeed 
resistant for all chemotherapeutic agent treatment 
(Fig.  1). Our findings indicated that CYLD-dependent 
malignant transformation provided the “double-edged” 
aspect for treatment (resistance for chemotherapies but 
high sensitivity for EGFR-targeted inhibitors). More 
importantly, our preliminary data also found that this 
“double-edged” aspect was not only observed in OSCC, 
but also in a variety of CYLD-negative malignant cancers, 
such as triple negative breast cancer, ovarian cancer, and 
NSCLC (data not shown). Taken together, with a differ-
ent perspective than combination chemotherapy to over-
come drug resistance with certain side effect, our results 
may provide the EGFR inhibitors as novel alternative 
therapeutic agents for CYLD-negative cancer patients 
with poor prognosis.

EGFR signaling has shown to serve as a master control 
for cell growth and differentiation pathways in HNSCC 
[41]. Frequent EGFR overexpression in primary HNSCC 
is thought to correlate with cell survival, metastasis, and 
poor prognosis [54]. One of interesting findings is that 
CYLD knockdown may make OSCC cells transformed to 
EGFR signaling dependent cell survival (Fig. 3). In addi-
tion to NF-κB signaling, a well-known target of CYLD, 
recent studies have revealed that CYLD targeted a vari-
ety of signaling, such as, MAPK, Wnt/β-catenin, c-jun 
N-terminal kinase (JNK), TGF-β, and EGFR [12, 55–58]. 
Among these cell signaling pathways, NF-κB signaling 
was indeed enhanced and involved in cisplatin resistance 
in CYLD-knockdown OSCC cells [29], whereas NF-κB 
inhibitor treatment exhibited no effects on cell viability 

(Additional file  1: Fig. S5). Thus, EGFR signaling may 
predominantly play key roles in cell survival of CYLD-
knockdown OSCC cells, which in turn lead to their high 
sensitivity to various types of EGFR inhibitors. In con-
trast to the previous report that deubiquitinase CYLD 
was necessary for proper ubiquitination and degradation 
of EGFR [58], our results found that CYLD knockdown 
significantly enhanced EGFR phosphorylation with no 
change of EGFR expression (Fig.  3A). Previous studies 
have suggested that ligand-independent EGFR endocyto-
sis induces EGFR phosphorylation [59], and also that the 
involvement of CYLD in EGFR endocytosis [48], which 
suggests the necessity to further investigate the molecu-
lar mechanism underling high EGFR phosphorylation 
caused by CYLD knockdown.

Interestingly, EGFR inhibitors treatment (both gefitinib 
and cetuximab) also suppressed the EMT-like changes 
through inhibiting Smad3 phosphorylation, one of key 
signal molecules in TGF-β signaling (Fig.  5). Previous 
study reported that downregulation of CYLD promoted 
the invasion with EMT-like changes via TGF-β receptor I 
stabilization in OSCC cells [28]. Our results showed that 
gefitinib treatment suppressed migration and EMT-like 
change as effective as TGF-β specific inhibitor (Fig. 5A–
D, Additional file  1: Fig. S4). Moreover, consistent with 
gefitinib, cetuximab treatment also suppressed both 
migration and EMT-like change (Fig. 5E–H). It should be 
noted that TGF-β signaling inhibition did not show any 
effect on cell viability in CYLD-knockdown OSCC cells 
at all (Additional file  1: Fig. S6). Because some reports 
revealed the cross-talk between EGFR and TGF-β sign-
alings [60, 61], gefitinib treatment may have potential to 
have multiple therapeutic effects by inhibiting both sign-
alings simultaneously with single treatment. Since the 
detailed molecular mechanisms underlying the CYLD 
dependent malignant transformation and link between 
EGFR and TGF-β signalings are still largely unknown, 
further investigation will focus on elucidating the dif-
ferent modes of therapeutic action in EGFR inhibitors 
treatment in CYLD-knockdown OSCC cells. Moreover, 
beyond expectations, cetuximab treatment also exhibited 
the inhibitory effects on the EMT-like changes (Fig. 5F–
H), while cetuximab had no effect for the cell survival of 

(See figure on next page.)
Fig. 6  Therapeutic effect of gefitinib and usefulness of CYLD as a novel biomarker in xenograft models. A, B SAS cells were injected subcutaneously 
into SCID mice (n = 6). After 7 days from cells injection, the tumor-inoculated CDX models were injected intraperitoneally with 2.5 mg gefitinib or 
DMSO, and tumor volume were measured at 14 days (A) in a time-dependent manner (B). Values are means ± S.D. of triplicate samples. **p < 0.01 
in Tukey Kramer test. C Kaplan–Meier plot of overall survival of CDX models. **p < 0.01 siCYLD control group vs siCYLD gefitinib group in log-rank 
test. D PDX-derived cells (PDX st.1 & PDX st.2) were treated with gefitinib, and the cell survival rates were assessed 48 h after treatment. Values 
Scale bar shows 200 µm. Values are means ± S.D. of triplicate samples. **p < 0.01 in Tukey–Kramer method. E Immunohistochemical analysis for 
CYLD expression in tumor tissues from PDX models (PDX st.1 & PDX st.2). CYLD positive rates were be calculated by ImageJ. Boxplots represented 
the first, second, and third quartiles, and whiskers extended to maximum value and minimum value except for outliers. Values Scale bar shows 
40 µm. **p < 0.01 in Mann–Whitney U test. F Schematic model illustrating novel therapeutic strategies for CYLD-negative OSCC patients with poor 
prognosis
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Fig. 6  (See legend on previous page.)
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CYLD-knockdown OSCC cells (Fig.  4D). The different 
effects on cell survival may be due to the different phos-
phorylation site, because gefitinib suppresses both Y1086 
and Y1068 phosphorylation of EGFR, while cetuximab 
suppresses only Y1086 phosphorylation [62]. In addition, 
our preliminary experiments showing inhibitory effects 
of cetuximab on anchorage-independent growth, an 
indicator of EMT, further support the effects of cetuxi-
mab on the EMT-like changes (Additional file 1: Fig. S7). 
Previous study has shown that SAS cells are resistant to 
cetuximab in monolayer culture condition, and become 
sensitive in anchorage-independent culture conditions, 
due to unknown mechanism [63]. Since cetuximab is cur-
rently approved EGFR inhibitors for OSCC treatment, 
we also further investigate the molecular mechanism of 
cetuximab effects, in view of early clinical application.

Moreover, our finding also provides several important 
topics for future clinical application. The in vivo experi-
ment using PDX models suggested that CYLD expression 
might serve as a novel predictive biomarker for gefitinib 
treatment (Fig.  6D, E). Because of significant low suc-
cessful rate of drug development, especially for oncol-
ogy drugs (approximately less than 5%) [64], the PDX 
models with patients’ clinical data, pathologies, gene 
profiles, are very useful tools and play important roles 
in preclinical studies. Thus, the PDX models are being 
used for drug response prediction and biomarker iden-
tification, for personalized medicine [65]. The tumor tis-
sues of our established PDX models indeed showed the 
several OSCC markers (EGFR: positive, CA19: partially 
positive, CK(AE1/AE3): partially positive, CK13: nega-
tive), indicating that those tissues were surely originated 
from undifferentiated OSCC tissue (Additional file 1: Fig. 
S8). Our results showed that low CYLD expression were 
indeed associated with gefitinib sensitivity in this PDX 
models, suggesting that molecular diagnostics target-
ing CYLD expression may be useful for prediction and 
validation of gefitinib response (Fig.  6F). Although the 
past Phase III study of gefitinib did not show significant 
effects in HNSCC [66], it could be possible that prospec-
tive clinical trial applying patient stratification by CYLD 
expression may improve the outcome from gefitinib ther-
apy. It should be noted that, although low CYLD expres-
sion were indeed associated with gefitinib sensitivity, 
there were still 5–25% of CYLD-positive cells (Fig.  6E). 
While, it is noteworthy that the chemotherapeutic agents 
currently approved for standard treatment for OSCC 
patients was indeed effective for CYLD-positive cells 
(Fig.  1). Therefore, in view of treating the patients with 
mix population of CYLD-positive and negative, in addi-
tion to gefitinib treatment, neoadjuvant or adjuvant 
therapy by chemotherapeutic agents, such as cisplatin or 
5-FU, may be effective for CYLD-positive cells. Another 

interesting finding is that, in addition to gefitinib, vari-
ous types of EGFR-TKIs, such as erlotinib, afatinib, and 
osimertinib, were also effective for CYLD-knockdown 
OSCC cells (Fig. 4A–C). It has been shown that the drug 
response of first (gefitinib, erlotinib), second (afatinib), 
and third (osimertinib) generation of EGFR-TKI is varied 
depending on structural change in ATP binding site of 
EGFR by mutation [67]. Because no mutation responsible 
for EGFR-TKIs effects was detected in OSCC cells used 
in this study [68], the structural changes of EGFR caused 
by CYLD knockdown might allow all EGFR-TKIs to bind 
and show therapeutic effects. While the detailed mecha-
nism is still unknown, further investigation may have 
chance to provide more therapeutic option for the treat-
ment of CYLD-negative OSCC patients in the future.

Conclusions
In summary, this study provide evidence for potential use 
of EGFR-targeted molecular therapies for CYLD-knock-
down OSCC cells with chemoresistance. Our experimen-
tal evidence showed that EGFR-TKIs, such as gefitinib, 
was effective for inhibiting both cell survival and EMT-
like changes in CYLD-knockdown OSCC cells. In addi-
tion, we also found that cetuximab, the approved drug for 
OSCC, significantly suppressed the EMT-like changes. 
Moreover, molecular diagnostics targeting CYLD expres-
sion might serve as a novel predictive biomarker for gefi-
tinib treatment. Further clinical studies focusing on the 
efficacy and safety of these EGFR-targeted molecular 
therapies will provide novel opportunities for the treat-
ment of for CYLD-negative OSCC patients with poor 
prognosis.
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