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IFITM3 knockdown reduces the expression of CCND1 and CDK4
and suppresses the growth of oral squamous cell carcinoma cells
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Abstract
Purpose Oral squamous cell carcinoma (OSCC) is a challenging disease to treat. Up to 50% of OSCC patients with advanced
disease develop recurrences. Elucidation of key molecular mechanisms underlying OSCC development may provide opportu-
nities to target specific genes and, thus, to improve patient survival. In this study, we examined the expression and functional role
of interferon transmembrane protein 3 (IFITM3) in OSCC development.
Methods The expression of IFITM3 in OSCC and normal oral mucosal tissues was assessed by qRT-PCR and immunohisto-
chemistry. The role of IFITM3 in driving OSCC cell proliferation and survival was examined using siRNA-mediated gene
knockdown, and the role of IFITM3 in driving cell cycle regulators was examined using Western blotting.
Results We found that IFITM3 is overexpressed in more than 79% of primary OSCCs.We also found that IFITM3 knockdown led to
impaired OSCC cell growth through inhibition of cell proliferation, induction of cell cycle arrest, senescence and apoptosis. In
addition, we found that IFITM3 knockdown led to reduced expressions of CCND1 and CDK4 and reduced RB phosphorylation,
leading to inhibition ofOSCC cell growth. This informationmay be instrumental for the design of novel targeted therapeutic strategies.
Conclusions From our data we conclude that IFITM3 is overexpressed in OSCC and may regulate the CCND1-CDK4/6-pRB
axis to mediate OSCC cell growth.
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1 Introduction

The interferon-inducible transmembrane (IFITM) proteins be-
long to the small interferon-stimulated family with molecular
masses ranging from 10 to 20 kDa [1]. The members of this

family include IFITM1, IFITM2, IFITM3, IFITM5 and
IFITM10 [1, 2]. The IFITM proteins are well known for their
role in modulating the interferon-mediated innate immune
system to inhibit the invasion and replication of pathogenic
viruses [3, 4]. In addition to immune cell regulation [5, 6],
IFITM proteins are known to be involved in germ cell homing
and maturation during embryonic development [7–10]. More
recently, emerging data have revealed an oncogenic role of the
IFITM proteins in cancer development. Overexpression of
IFITM1 and IFITM3 has, for example, been observed in gli-
oma [11, 12], head and neck cancer [13], lung cancer [14] and
breast cancer [15, 16]. Notably, overexpression of IFITM1
and IFITM3 have repeatedly been reported to be associated
with the progression of gastrointestinal cancers [17–27], and
the expression of these proteins could also be readily detected
in premalignant lesions such as ulcerative colitis and inflam-
matory bowel disease [28–30]. In head and neck cancers,
IFITM1, 2 and 3 have been found to be up-regulated in a
major proportion of the cases [13, 31–33]. Specifically,
IFITM1 has been found to be overexpressed in the invasive
front of head and neck tumours and to activate matrix
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metalloproteinases MMP12 and MMP13, resulting in degra-
dation of the extracellular matrix and subsequent tumour in-
vasion [13]. As yet, however, the role of IFITM2 and IFITM3
in driving head and neck cancer development has remained
largely unexplored. Previously, we reported that IFITM3 is
overexpressed in oral squamous cell carcinoma (OSCC) com-
pared to normal oral mucosa, regardless of patient risk habits
[33]. Here, we sought to investigate the functional impact of
IFITM3 on OSCC development and progression in further
detail. Interestingly, we found that siRNA-mediated IFITM3
expression knockdown markedly inhibited OSCC cell prolif-
eration through apoptosis and cellular senescence induction.
In addition, we found that inhibition of OSCC cell prolifera-
tion through IFITM3 knockdown is mediated by reductions in
CCND1 and CDK4 expression, which are key cell cycle reg-
ulators. Specifically, dysregulation of CCND1 is a frequent
event in OSCC and often leads to disruption of the cell cycle
[34]. Taken together, our data suggest that IFITM3may confer
a survival advantage to OSCC cells through the regulation of
CCND1 and CDK4. This information provides further insight
into the molecular perturbations underlying OSCC.

2 Materials and methods

2.1 Human specimens

Forty-seven fresh frozen OSCC surgical tissue samples and 18
normal oral mucosa (NOM) tissue samples obtained from gingi-
va of healthy individuals who had undergone wisdom tooth re-
moval were used in this study. The tissue samples were collected
after informed consent was obtained. In addition, formalin-fixed
paraffin-embedded (FFPE) tissue samples, including 43 OSCC,
10 fibroepithelial polyps (FEP) and 13 NOM were used. The
diagnoses of all specimens were histology-confirmed by an oral
pathologist (RBZ) certified by theMalaysianNational Specialists
Register. The socio-demographic information of the patients in-
cluded here were obtained from the Malaysian Oral Cancer
Database and Tissue Bank System (MOCDTBS) [35] and is
summarized in Table 1. This study was approved by the ethical
review board at the Faculty of Dentistry, University of Malaya
(Ethical approval code: DFOP0703/0017).

2.2 qRT-PCR

Fresh frozen tissues were embedded in OCT (Leica,
Heidelberger, Germany), sectioned, stained with haematoxylin
and histopathologically confirmed to contain at least 70% tu-
mour cells (OSCC specimens) or normal epithelial cells (for
NOM). Total RNA was isolated from tissue cryosections col-
lected in microfuge tubes (~500 μm) using a RNeasy Micro kit
(Qiagen, Germany) according to the manufacturer’s instruc-
tions. The quality and concentration of RNAwere determined

using a RNA 6000 Nano kit on an Agilent 2100 Bioanalyzer
(Agilent Technologies, Waldbronn, Germany). cDNAwas syn-
thesized from 2 μg total RNA using a High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, CA, USA) in a
total volume of 100 μl. Quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) was performed using a stan-
dard SYBR Green protocol in conjunction with an ABI
PRISM® 7000 Sequence Detection System (Applied
Biosystems, Germany), as described previously [33]. Briefly,
reactions were carried out by performing pre-incubation for
10 min at 95 °C, followed by 40 amplification cycles at
95 °C for 15 s and 60 °C for 1 min. The primer sequences used
were IFITM3 (sense: 5’-GACCATTCTGCTCATCGTCATC-
3′ and antisense: 5’-AGCCAGACCCTCCCAATGTT-3′),
IFITM1 (sense: 5’-TCGCCTACTCCGTGAAGTCT-3′ and
antisense: 5’-TGTCACAGAGCCGAATACCA-3′), IFITM2
(sense: 5’-CGATAGATCAGGAGGCATCA-3′ and antisense:
5′- GATAAAGGGCTGATGCAGGA-3′) and GAPDH (sense:
5’-GAAGGTGAAGGTCGGAGTC-3′, antisense: 5 ′-
GAAGATGGTGATGGGATTTC-3′. Relative quantification
was performed using the comparative Ct method as described
previously [36]. Briefly, the expression of IFITM3 in each
sample was normalized to the expression of GAPDH and, sub-
sequently, fold-changes of IFITM3 mRNA in the tumour tis-
sues were compared to those of unmatched NOM tissues. A
fold-change value ≥ 2 was considered as overexpression.

2.3 Immunohistochemistry

Immunohistochemistry (IHC) was carried out to examine the
expression of IFITM3 and Ki-67 in both OSCC and NOM

Table 1 Demographic data of 43 OSCC cases used for IFITM3 IHC
analysis

Variable OSCC

n %

Gender Male 12 27.9

Female 31 72.1

Age (year) Range: 38–80

Median: 62

Primary site Buccal mucosa & gum 37 86.0

Tongue & floor of mouth 6 14.0

Ethnicity Malay 5 11.6

Chinese 4 9.3

Indian 33 76.7

Indigenous population 1 2.3

Risk habit No habit 5 11.6

Betel quid 23 53.5

Smoking 4 9.3

> 1 habit 11 25.6
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FFPE samples using a method described previously [37].
Briefly, FFPE tissue sections were incubated at 65 °C for
10 min, rehydrated in decreasing grades of ethanol (100%,
95%, 70%) and finally immersed in water as described previ-
ously [36]. Next, the tissue sections were subjected to antigen
retrieval by boiling in citrate buffer (pH 6.0) for 10 min and
endogenous enzyme blocking was performed by incubating
the tissue sections with peroxidase blocking reagent (Dako,
Glostrup, Denmark) at room temperature for 10 min. The
tissue sections were subsequently incubated with primary an-
tibodies for 90 min in a humidified chamber at room temper-
ature. A polyclonal antibody directed against IFITM3
(ab15592; Abcam, Cambridge, UK) was used at 1:75 dilution.
Detection was carried out using a Dako REAL™
ENVISION™ Detection System, Peroxidase/DAB+, Rabbit/
Mouse kit (Dako, Glostrup, Denmark). Staining was devel-
oped using 3, 3′-diaminobenzidine (DAB) and evaluated mi-
croscopically. Tissue sections were counterstained with
haematoxylin for 10 s, dehydrated in increasing grades of
ethanol (70%, 95% and 100%) and finally immersed in
histolene before being mounted with DPX mountant (Fluka,
Steinheim, Germany). The immunoreactivity of epithelial
cells (cancer and normal) was evaluated independently by a
pathologist (RBZ) and scored as described by others: 0 = neg-
ative, 1 = weak positive, 2 = moderate positive and 3 = strong
positive [22]. The receiver operating characteristic (ROC)
curve method was used to identify the best cut-off points in
scoring the expression of IFITM3 for specificity and sensitiv-
ity, and following this, intensity scores of 1 or 2 were grouped
as low expression, and 3 or 4 as high expression.

2.4 In silico gene expression analysis

Using The Cancer Genome Altas (TCGA) database for head
and neck squamous cell carcinoma (HNSCC), we identified
43matched tumour-normal sample pairs. The gene expression
profiles of the three IFITM family members (IFITM1,
IFITM2 and IFITM3) in the form of Fragments Per Kilobase
of transcript per Million mapped reads Upper Quartile
(FPKM-UQ) were extracted from the National Cancer
Institute Genomic Data Commons (GDC) (https://portal.gdc.
cancer.gov/). The relative gene expression levels of these three
IFITM members were normalized against TBP (TATA-box
binding protein) expression in each tumour-normal sample
pair, respectively, and presented as log2 scale.

2.5 Cell culture

Cell lines ORL-48, ORL-115, ORL-150, ORL-153, ORL-156
and ORL-204, derived from human OSCC primary tumours,
were maintained in DMEM-F12 medium (Hyclone, Utah,
USA) supplemented with 10% Fetal Bovine Serum (FBS;
Gibco, Auckland, NZ), 1.2 g/l sodium bicarbonate (Merck,

Darmstadt, Germany) and 2 μg/ml hydrocortisone (Sigma,
MO, USA) [38]. The cell lines were grown in a humidified
CO2 incubator at 37 °C. The cell lines were authenticated
using a Geneprint 10 system kit (Promega, Madison, WI),
and the short tandem repeat (STR) profiles of the cell lines
were compared to those of the tumour and blood samples of
matched donors genotyped previously [39].

2.6 IFITM3 knockdown by siRNA

Synthetic oligonucleotides ON-TARGET plus siRNA
AUGGAUAGAUCAGGAGGCA (si18, J-014116-18) and
TGCTGATCTTCCAGGCCTA (si19, J-014116-19) targeting
human IFITM3, and ON-TARGET plus Non-Targeting (NT)
siRNA UGGUUUACAUGUCGACUAA were purchased
from Thermo Scientific (MA, USA). Two ORL cell lines
(ORL-150 and ORL-204) that were found to overexpress
IFITM3 were used for the knock-down experiments
(Supplementary Fig. 1a). Cells were seeded at a density of
2 × 105/well in a 6-well plate and incubated for 24 h prior to
transfection. Cells were transfected with 50 nM siRNA using
cationic lipid DharmaFECT (Thermo Scientific, MA, USA)
and incubated for an additional 48 h prior to harvesting for
analysis. The level of IFITM3 expression after siRNA knock-
down was determined by qRT-PCR and Western blotting.

2.7 Protein extraction and Western blotting

48 h post-siRNA transfection, cells were trypsinized and re-
seeded at a density of 2 × 105/well in a 6-well plate. Next, the
cells were harvested at days 2, 4 and 6, and lysed on ice using
a lysis buffer (0.5% NaDOC, 0.1% SDS, 25 mM HEPES
pH 7.5, 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1%
Triton X-100, 0.5 mM DTT, 20 mM β-glycerophosphate,
0 .1mM Na3VO4) supplemented with 1x HALT Protease
and Phosphatase Inhibitor Cocktail (Pierce Biotechnology,
IL, USA). The resulting cell lysates were collected after cen-
trifugation at 14000 rpm for 5 min at 4 °C and protein con-
centrations were determined by a Bradford assay using
Coomassie Plus reagent (Pierce Biotechnology, IL, USA).
Next, the absorbance was measured at 595 nm wavelength
in a microplate reader (Thermo Scientific, MO, USA) and
50 μg protein extracts were resolved in 12% SDS-PAGE gels
and transferred to Immobilon-P membranes (Millipore,
MA, USA). The resulting blots were blocked with 5%
skimmed milk or bovine serum albumin (TBS with 0.1%
Tween-20) for 1 h and next incubated with the following pri-
mary antibodies overnight at 4 °C: anti-IFITM3 (M01), clone
4C8-1B10 (H00010410-M01, Abnova, Taipei, Taiwan,
1:1000), anti-TP53 (sc126; Santa Cruz, CA, US, 1:1000),
anti-p16 (sc56330 Santa Cruz, CA, US, 1:200), anti-p21
Waf1/Cip1 (12D1) (Cell Signaling Technology, USA,
1:1000), anti-CCND1 [SP4] (ab16663; Abcam, 1:500), anti-
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CCNE1 (HE12) (Cell Signaling Technology, USA, 1:1000),
anti-CDK2 (78B2) (Cell Signaling Technology, USA,
1:1000), anti-CDK4 (DCS-35) (sc-23,896; Santa Cruz, CA,
US, 1:1000), anti-CDK6 (D4S8S) (Cell Signaling
Technology, USA, 1:1000) and anti-α-tubulin (T9026;
Sigma-Aldrich, MO, USA, 1:1000). Next, the blots were
washed (3x for 5 min each) in TBS with 0.1% Tween 20
(TBST) and probed with appropriate secondary antibodies
conjugated with horseradish peroxidase (1:10000, Southern
Biotech, AL, USA) for 1 h at RT. After washing (TBS-T),
detection was performed using an Immobilon Western
Chemiluminescent HRP substrate (Millipore, USA) in a
FluorChem HD2 imager (Protein Simple, USA).

2.8 Cell proliferation assay

Cell proliferation assessment was conducted as described pre-
viously [36]. Briefly, 48 h post siRNA transfection, 2 × 104

cells/well were seeded into 6-well plates and cultured for up to
7 days and, during this period, cells were trypsinized and
counted every 24 h using a CASY cell Counter (Innovartis
AG, Reutlingen, Germany). Experiments were conducted in
triplicate, and viable cell numbers were recorded. Mean cell
counts were compared to the respective non-targeting (NT)
siRNA counts across different time intervals. Population dou-
bling times were calculated according to the formula: DT = T
ln2/ln(Xe/Xb), whereby T is the time interval, Xb is the cell
number at the beginning of the incubation time and Xe is the
cell number at the end of incubation time.

2.9 Clonogenic assay

Clonogenic assays were performed as described previously
[40]. Briefly, cells were seeded into a 6-well plate based on
their seeding efficiency 48 h post-siRNA transfection. ORL-
150 and ORL-204 were seeded at 800 cells/well and 200 cells/
well, respectively, and grown for 12 days. Culture media were
replaced every 3 days. At the end of the experiment, cells were
fixed with 4% formaldehyde for 15min and stained with 0.2%
crystal violet for 10 min. Colonies consisting of more than 50
cells were counted and colony forming abilities were com-
pared to those of cells transfected with NT siRNA.

2.10 Soft agar assay

Soft agar assays were performed as described previously with
minor modifications [38]. A base agarose layer was prepared
by mixing 1% low melting point agarose (w/v) (Sigma-
Aldrich, Saint Louis, USA) with DMEM-F12 complete me-
dium, and allowed to solidify in the 6-well plates. Next, a
single cell suspension containing 1000 cells was prepared in
DMEM-F12 complete medium, mixed with 0.5% lowmelting
point agarose and added to the base agarose layer. The cells

were incubated for 14 days in a CO2 incubator, and 1 ml
mediumwas added on day 7. Finally, colonies ≥ 100 μmwere
counted in 10 random microscopic fields (200x objective).

2.11 Cell cycle analysis

The cell cycle status of the cells transfected with IFITM3 and
NT siRNAs were determined using propidium iodide (PI)
staining and flow cytometry. Briefly, cells were trypsinized
at 48 h post-siRNA transfection, washed with cold PBS and
fixed with 70% ethanol. Next, the fixed cells were harvested
and resuspended in 0.5 ml PBS containing 50 μg/ml PI and
100 μg/ml RNase and incubated at 4 °C for 30 min. Stained
cells were analysed on a flow cytometer (FACSCalibur,
Becton Dickinson, Heidelberg, Germany).

2.12 Apoptosis assay

Cells were harvested at 48 h post-transfection with siRNA
followed by washing (2x) with cold PBS and centrifugation
at 1000 rpm for 5 min. Next, 1 × 105 cells were resuspended
in 1x binding buffer (10 mM HEPES pH 7.4, 0.14 M NaCl,
2.5 mM CaCl2) containing 2.5 μl Annexin V and 50 μg/ml
PI, incubated in the dark for 15 min at room temperature and
resuspended in an additional 400 μl 1x binding buffer. The
populations of apoptotic cells were analysed using a flow
cytometer (FACSCalibur, Becton Dickinson, Heidelberg,
Germany).

2.13 Cellular senescence assay

The induction of cellular senescence was determined using a
Senescence Detection Kit (Biovision, CA, USA) with minor
modifications to the manufacturer’s instructions. 48 h post-
siRNA transfection, cells were seeded at a density of 1000
cells/well in 6-well plates and incubated overnight. Next, the
cells were washed with PBS, fixed with a fixative solution and
incubated with a staining solution mix for 48 h at 37 °C.
Finally, the cells were examined and counted under a micro-
scope at 200x magnification in 4 random fields. The percent-
age of senescent cells was calculated as the proportion of blue
cells against the total number of cells in each field.

2.14 Correlation co-expression analysis of genes
interacting with IFITM3

We used the STRING v10 database (https://string-db.org) [41]
to identify possible interactions between IFITM3 and
CCND1. By setting the interaction score of the highest
confidence (0.9), we identified 50 genes interacting with
IFITM3 and CCND1. Next, we examined the expression of
these 50 genes in a subset of OSCC cell lines enriched in cell
cycle signalling [39]. Pearson correlation analysis was used to
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determine the co-expression of genes. Genes co-expressed
with IFITM3 with a positive correlation score of > 0.5 were
used for the construction of a gene co-expression network
using Cytoscape version 3.2.1 (http://cytoscape.org) [42].

2.15 Statistical analysis

SPSS 16 (SPSS Inc., Chicago, IL, USA) software was used to
assess the qRT-PCR and IHC results. IFITM3mRNA levels in
OSCC and NOM tissues were compared using the Mann-
Whitney U test. The receiver operating characteristic (ROC)
curve method was used to determine the cut-off point for IHC
scoring of IFITM3 expression to differentiate tumours with a
low and a high expression. Subsequently, IFITM3 protein
expression in OSCC tumours and NOM tissues was compared
using a Chi-square test. The Fisher-exact test was used to
assess associations between IFITM3 protein expression in
OSCCs with various clinicopathological parameters.
GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA)
was used to examine the results from in silico and in vitro
functional assays. A two-tailed paired t-testwas used to assess
in silico differential gene expression of three IFITM members
in matched tumour-normal tissue sample pairs. Phenotypic
differences between IFITM3 knockdown and NTsiRNA cells
were analysed using a two-tailed independent t-test. A p value
of < 0.05 was considered statistically significant.

3 Results

3.1 IFITM3 is overexpressed in OSCC

Previously, we reported that IFITM3 mRNA levels are
up-regulated by more than 2-fold in OSCC [33]. Here,
we validated these observations in an independent set of
tissue samples and assessed whether high IFITM3 ex-
pression levels have an impact on tumour progression.
To this end, IFITM3 mRNA levels were examined in 46
OSCC and 18 NOM tissues by qRT-PCR. We found
that the IFITM3 mRNA levels were significantly up-
regulated in OSCC tissues, with a mean 2.9 ± 0.46-fold
increase, compared to NOM tissues (p = 0.003; Fig. 1a),
where 21/46 (46%) of OSCC tissues exhibited a ≥ 2-fold
increase, indicating overexpression of IFITM3 in this
cancer type. Consistently, IHC analysis of 43 OSCC,
10 FEP and 13 NOM tissues revealed that the IFITM3
protein levels were elevated in the OSCC tissues
(p < 0.001; Fig. 1b), where 34/43 (79.1%) of these tis-
sues exhibited intensity scores of 2 or 3 (Fig. 1c i-ii).
We found the IFITM3 expression to be low in the ep-
ithelial compartment of non-cancerous tissues including
FEP and those from NOM, whereby 19/23 (82.6%) of
the FEP and NOM tissues exhibited low IFITM3 levels

(intensity score 0–1; Fig.1c iii-iv). While IFITM3 was
found to be differentially expressed between OSCC and
NOM, no association was observed between IFITM3
expression and any of the clinico-pathological OSCC
parameters evaluated (Supplementary Table 1). Further
analysis of a dataset in TCGA revealed that IFITM1
and IFITM3 are significantly overexpressed in HNSCC
tumours compared to matched normal t i s sues
(Supplementary Fig. 1).

3.2 IFITM3 knockdown in OSCC cell lines

To determine the functional role of IFITM3 in OSCC, we
first assessed the endogenous level of IFITM3 in 6 OSCC
cell lines (Supplementary Fig. 2a). We found that ORL-
150 and ORL-204 exhibited high IFITM3 expression
levels. These cell lines were, therefore, selected for
IFITM3 knockdown using 2 different siRNAs (si18 and
si19). Subsequent Western blot analysis showed that the
IFITM3 protein levels were reduced in the OSCC cells
transfected with si18 or si19 compared to the respective
NT siRNA transfected control cells (Fig. 2a). We selected
si18 for further experiments since the knockdown was
more robust, i.e., the IFITM3 protein level was markedly
reduced at day 2 post-transfection and the knockdown
persisted through day 4 in both ORL-150 and ORL-204
cells. Since IFITM1, IFITM2 and IFITM3 exhibit high
sequence homologies, we examined the effect of si18 on
the mRNA levels of the different IFITM members in
ORL-150 and ORL-204 cells. Our data showed that
IFITM3 mRNA levels were reduced by > 70% in both
cell lines until day 6 post-transfection compared to the
other 2 family members, indicating that si18 specifically
targets IFITM3 in OSCC cells (Supplementary Fig. 2b).
Hence, ORL-150 and ORL-204 cells transfected with si18
were used in subsequent functional experiments.

3.3 IFITM3 knockdown suppresses OSCC cell
proliferation

Following siRNA transfection, we found that IFITM3
knockdown impacted ORL-150 and ORL-204 cell
growth, i.e., confluency was achieved at a markedly
slower rate than that of NT controls even though all cells
were seeded at equal densities (Supplementary Fig. 3a).
Based on this observation, we next examined whether
IFITM3 influences cell proliferation by determining cell
numbers every 24 h for 7 days. Indeed, we found that
IFITM3 knockdown significantly inhibited OSCC cell
proliferation (Fig. 2b). This inhibition was most promi-
nent in ORL-150 cells after IFITM3 knockdown. Both
ORL-150 and ORL-204 cells have a population doubling
time of ~5.6 h. However, after IFITM3 knockdown,

IFITM3 knockdown reduces the expression of CCND1 and CDK4 and suppresses the growth of oral squamous cell... 481

http://cytoscape.org


ORL-150 cells showed a prolonged population doubling
time of 39.1 h, whereas the population doubling time of
ORL-204 following IFITM3 knockdown increased to
8.1 h. These findings indicate that reduction of IFITM3
expression may lead to inhibition of OSCC cell
proliferation.

Next, we examined the long-term effects of IFITM3
knockdown on the proliferation of OSCC cells using a
clonogenic assay. Interestingly, we found that the ability
of single cells to form colonies was significantly sup-
pressed after IFITM3 knockdown compared to NT con-
trol cells (Fig. 2c, d). These results indicate that IFITM3

Fig. 1 IFITM3 is overexpressed in OSCC but not in normal oral
mucosa (NOM). a Quantitative RT-PCR (qRT-PCR) analysis showing
that IFITM3 mRNA levels are significantly up-regulated in OSCC tis-
sues. As indicated by the box and whiskers plot, OSCC tissues exhibited a
mean 2.9 ± 0.46-fold increase in IFITM3 expression, with a maximum
level of 18-fold overexpression compared to NOM tissues. b IHC

staining analysis showing that IFITM3 is significantly overexpressed in
primary tumours compared to NOM tissues. cRepresentative IHC images
showing that IFITM3 is expressed at high levels in primary OSCC tissues
(i & ii), while the NOM tissues do not exhibit IFITM3 expression (iii &
iv). Original magnification: 200x
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Fig. 2 siRNA knockdown of IFITM3 inhibits OSCC cell growth. a
Western blot showing reduction in IFITM3 expression after siRNA
transfection in ORL-150 and ORL-204 cells. b siRNA knockdown of
IFITM3 in OSCC cells significantly inhibits cell proliferation in compar-
ison to cells transfected with non-targeting (NT) siRNA (p value:
*** ≤ 0.001, ** ≤ 0.001, * ≤ 0.05). c Colony formation ability of cells

transfected with siRNA targeting IFITM3 or NT siRNA. Cells were
stained with crystal violet after 12 days of incubation, after which colo-
nies of more than 50 cells were counted. d Significantly reduced colony
formation of IFITM3 knockdown cells compared to cells transfected with
NT siRNA. e siRNA-mediated knockdown of IFITM3 inhibits OSCC
colony formation in semi-solid media
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knockdown leads to a loss of proliferative ability of
OSCC cells.

In addition, soft agar assays were performed to assess the
effect of IFITM3 knockdown on anchorage-independent
growth. By doing so, we found that IFITM3 knockdown in
ORL-150 andORL-204 cells resulted in significant reductions
in the numbers of colonies formed compared to those by NT
control cells (Fig. 2e). The majority of IFITM3 knockdown
cells remained as single cells after a 14 day incubation period
(Supplementary Fig. 3b). This finding indicates that OSCC
cells lose the ability of anchorage-independent growth when
IFITM3 is inhibited, and suggest that inhibition of IFITM3
may suppress OSCC cell transformation.

3.4 IFITM3 knockdown affects OSCC cell survival

In conjunction with the inhibition of cell proliferation, we
also noted the presence of floating cells following IFITM3
knockdown. This observation led us to examine the im-
pact of IFITM3 knockdown on cell survival by flow cy-
tometry. We observed an increase in Annexin V positive
and PI negative cell populations (lower right quadrant),
indicating that these cells were undergoing early apoptosis
(Fig. 3a). In comparisons to NT siRNA, IFITM3 knock-
down significantly induced apoptosis in ORL-150
(17.3%) and ORL-204 (19.6%) cells (p < 0.001; Fig. 3b).
In addition, when examining cells that did not undergo
cell death following IFITM3 knockdown, we noted that
the cell morphology appeared to be flattened with an en-
larged cytoplasm as well as an accumulation of vacuoles.
This observation prompted us to assess these cells for
senescence-associated β-galactosidase activity. We found
that these flattened cells readily stained blue, indicating
expression of senescence-associated β-galactosidase (Fig.
3c). This significant increase in senescence-associated β-
galactosidase staining indicates that IFITM3 knockdown
induces senescence in ORL-150 (48%) and ORL-204
(14.2%) cells compared to the respective NT control cells
(Fig. 3d). We also noticed that the induction of senescence
by IFITM3 knockdown was most prominent in ORL-150
cells.

As cellular senescence is defined by an irreversible
arrest in the G1 phase of the cell cycle, we next sought
to analyse the cell cycle distribution in ORL-150 and
ORL-204 cells following IFITM3 knockdown by flow
cytometry. By doing so, we indeed observed a significant
increase of cells in the G1 phase following IFITM3
knockdown in ORL-150 (86.7%) and ORL-204 (62.5%)
cells compared to NT control cells (Fig. 3e, f), thus
confirming that IFITM3 knockdown induces senescence
and accumulation of cells in the G1 cell cycle phase.
These observations are in line with growth inhibition as
determined above by the clonogenic assay. Taken

together, our data show that IFITM3 knockdown induces
apoptosis and causes G1 cell cycle arrest, indicating that
IFITM3 may play an important role in mediating cell sur-
vival and growth.

3.5 IFITM3 knockdown induces growth arrest
by reducing CCND1-CDK4-pRB signalling

Since the above data indicated that IFITM3 knockdown
led to decreased proliferative and survival capabilities of
OSCC cells, we next set out to investigate the molecular
mechanisms underlying these effects. To this end, we first
assessed two major pathways known to regulate cell
growth, i.e., the TP53/p21 and the p16 pathways, of
which key regulators were evaluated by Western blotting.
Activation of TP53 is known to result in p21 upregula-
tion and subsequent cell cycle arrest. Of note, both ORL-
150 and ORL-204 cells inherently harbour inactivating
TP53 mutations [39]. Concordantly, we found that TP53
expression was not detectable in ORL-150 cells due to
the presence of a deleterious A138fs*31 mutation, which
leads to a frameshift and subsequent truncation of the
protein (Fig. 4a). ORL-204 cells carry a R273C missense
mutation in TP53, which is a hotspot mutation in its
DNA binding domain. Substitution of R273 by cysteine
causes a dramatic reduction in the DNA binding affinity,
even though the protein retains its wild-type stability and,
thus, can be detected by Western blotting [43].
Importantly, the TP53 gene is dysfunctional in both cell
lines regardless of whether the protein could be detected
by Western blotting. We continued to examine the ex-
pression of p21, the primary downstream target of
TP53. While constitutive expression of TP53 and p21
are typically required for cell cycle arrest, we did not
find that the expression of p21 was affected by IFITM3
knockdown. Hence, it appears that the observed growth
inhibition in response to IFITM3 knockdown is not de-
pendent on the TP53/p21 pathway.

Next to TP53/p21, p16 is known to act as a key molecule
regulating the cell cycle and is widely used as a senescence
biomarker. However, bothORL-150 and ORL-204 cells fail to
express this protein due to the presence of an inherent

Fig. 3 OSCC growth inhibition by IFITM3 knockdown is mediated
by induction of apoptosis, cell senescence and cell cycle arrest. a
Apoptosis was assessed by staining OSCC cells with Annexin V and PI
and analysis by flow cytometry. Apoptotic cells are positive for Annexin
Vas indicated by the cells in the lower right quadrant of the scatter plot. b
Increased populations of apoptotic cells after IFITM3 knockdown. c
Senescent cells stained in blue (arrows) indicating activation of
senescent-associated β-galactosidase activity (magnification: 200x). d
IFITM3 knockdown significantly induces cellular senescence. e Cell cy-
cle analysis using propidium iodide staining. Histograms indicate the
distribution of cells in different stages of the cell cycle. f IFITM3 knock-
down significantly arrests OSCC cells at the G1-S phase of the cell cycle
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inactivating pArg80Xmutation that results in a premature stop
codon and protein truncation [39]. Since both the TP53/p21
and p16 pathways converge to the downstream cyclin/CDK/
RB pathway, we next examined the effects of IFITM3 on the
key proteins of this pathway. Interestingly, we found that the
expression of CCND1 was markedly reduced following
IFITM3 knockdown in both cell lines (Fig. 4b). Similarly,
we found that the CDK4 expression levels were reduced, but
recovered at day 6 post-transfection when IFITM3 levels in-
creased again (Fig. 2a). The reductions in both CCND1 and
CDK4 following IFITM3 knockdown eventually resulted in a
reduction in RB phosphorylation (pRB) and to a lesser extent
in total RB expression. The expression of CDK2 was found to
reduce slightly on day 2 after IFITM3 knockdown, but rapidly
recovered on day 4. On the other hand, we found that IFITM3
knockdown did not have a pronounced effect on the CDK6
and CCNE1 expression levels. Taken together, our data indi-
cate that IFITM3 knockdown may inhibit OSCC cell growth
through the CCND1-CDK4-pRB axis, despite the presence of
deleterious TP53 and p16 mutations in these cells.

Since the molecular mechanisms underlying the effect of
IFITM3 knockdown on reduced cell cycle marker expression
have so far not been reported, we resorted to the STRING
database (a biological database and web resource of known
and predicted protein–protein interactions) to assure that our
Western blot observations are valid. Notably, we identified 50
genes interacting with IFITM3 and CCND1. Subsequent
functional analysis of the IFITM3 interaction network re-
vealed that these genes are enriched in cell cycle and cancer
pathways (Fig. 5a). As both ORL-150 and ORL-204 cells
have gene signatures that are cell cycle enriched [39], we next
conducted Pearson correlation to assess co-expression of the
50 genes identified in the STRING database in a subset of 5
OSCC cell lines enriched in cell cycle pathways (including
ORL-150 and ORL-204). We found that 70% (14/20) of the
genes co-expressed with IFITM3 are known to be involved in
the regulation of cell growth, including CCND1 and CDK4
(Fig. 5b). These data substantiate our Western blot observa-
tions indicating that IFITM3 down-regulation markedly re-
duces CDK4 and CCND1 expressions.

Fig. 4 IFITM3 knockdown
modulates levels of cell cycle
proteins.Western blots showing
the expression of cell cycle
markers in OSCC cells post-
transfection with siRNA for
IFITM3. a TP53 is not detected in
ORL-150 cells due to presence of
an inactivating mutation, while
ORL-204 cells show up-
regulation of TP53 upon IFITM3
knockdown. ORL-166 cells were
used as positive control for p16
expression. b Reduced CCND1,
CDK4 and pRB expression in
IFITM3 knockdown cells
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4 Discussion

OSCC represents a subset of head and neck squamous
cell carcinoma (HNSCC) that is challenging to treat.
Patients usually experience a poor quality of life.
Moreover, up to 50% of patients with advanced disease
experience recurrence, despite advancements that have
been made in treatment modalities [44]. Understanding
the molecular mechanisms underlying this disease may
lead to the identification of novel biomarkers associated
with OSCC development, and result in the development
of new treatment modalities. In our effort to identify mo-
lecular targets involved in OSCC development, we found
that IFITM3 was significantly overexpressed in tumour
tissues compared to NOM tissues regardless risk habits
of the patients [33]. Others have examined differentially
expressed genes between OSCC and matched normal oral
tissues in patients chewing tobacco and also found that
IFITM3 was overexpressed in the OSCC tissues [31].
Here, we further validated IFITM3 overexpression in a
high percentage of patients in an independent OSCC co-
hort at both the mRNA and protein levels. Concordantly,
we found after analysis of specimens deposited in TCGA
that IFITM3 is overexpressed in HNSCC tumour tissues
compared to matched normal tissues.

Whilst information on the role of IFITM family members
in tumourigenesis is emerging, information on the role of
these proteins in HNSCC has so far remained limited.
IFITM1 has been reported to be overexpressed in invasive
HNSCC tumours, and to promote cancer cell invasion through
up-regulation of MMPs [13]. A transcriptional analysis con-
ducted on nasopharyngeal cancers revealed that IFITM2 is up-
regulated in tumour tissues compared to normal nasopharyn-
geal tissues, but further information on the role of IFITM2 in
these tumours is currently lacking [32]. IFITM3 overexpres-
sion has been consistently reported in OSCC, suggesting an
oncogenic role for IFITM3 in OSCC development [31, 33].
Since the functional role and mode of action of IFITM3 in
OSCC development have so far not been determined, we
sought to investigate this here. We found that IFITM3 knock-
down markedly hampered the proliferative capability of
OSCC cells, as indicated by induction of apoptosis, cell cycle
arrest and senescence. The growth inhibitory effect of IFITM3
knockdown has also been reported in other malignancies in-
cluding breast, gastric, glioma and lung cancers [12, 14, 16,
27]. Furthermore, IFITM family members may have inherent
properties of driving cell proliferation and maintaining
pluripotency as they have been shown to be expressed in
murine pluripotent embryonic stem cells and in germ cell pre-
cursors [8, 44]. Andreu and colleagues found that IFITM

Fig. 5 Bioinformatics analysis of IFITM3 associations with cell cycle
pathways. a Data mining from the STRING database indicate that
IFITM3 is associated with genes involved in KEGG cell cycle and

cancer pathways. b Gene co-expression network depicting genes posi-
tively co-expressed with IFITM3 in ORL cell lines enriched in cell cycle
signalling pathways
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members are expressed in stem cell compartments and that
their induction results in a rapid transformation of adenomas
in a conditional adenomatous polyposis coli (Apc) inactiva-
tion mouse model [19]. Although it is challenging to distin-
guish functional differences between IFITM members due to
their high sequence homology, we found that the siRNA used
in this study could specifically and sustainably knockdown
IFITM3 in OSCC cells up to day 6. The growth of these cells
was consistently inhibited as revealed by cell proliferation and
colony formation assays, despite the expressions of IFITM1
and IFITM2. Taken together, these data indicate that IFITM3
may play an important role in OSCC growth, rather than
IFITM1 and IFITM2.

Further analysis of the CCND1-CDK4/6-pRB axis re-
vealed that expression of its rate-limiting proteins CCND1
and CDK4 was reduced after IFITM3 knockdown. We
noted that CDK6 remained expressed when the CCND1
and CDK4 levels were reduced after IFITM3 knockdown.
Both CDK4 and CDK6 are closely associated with
CCND1 in regulating cellular growth, and it is possible
that CDK6 remained expressed in order to compensate the
function of CDK4 in an attempt to rescue cell cycle arrest.
Alternatively, CDK6 may have a unique function that is
distinct from CDK4 in regulating the cell cycle.
Expression of CDK6 may, for example, restrain the pro-
liferation of certain cell types, although the molecular
mechanisms involved are as yet not fully understood
[45–47]. Importantly, we found that CDK4 and CCND1
reduction after IFITM3 knockdown led to dephosphoryla-
tion of RB, indicating that IFITM3 knockdown indeed
results in cell cycle arrest.

Other members of the IFITM family, in particular IFITM1,
have also been shown to regulate the cell cycle. It has been
reported that IFITM1 silencing leads to CCND1 expression
downregulation and inhibition of cancer cell proliferation
[11]. Our findings on OSCC cells are similar to those reported
for glioma cells harbouring TP53 inactivating mutations,
whereby IFITM1 knockdown led to decreases in CCND1
and CDK2 expression and, subsequently, G1 cell cycle arrest
[11]. Notably, loss of G1 cell cycle regulation has been report-
ed to be a fundamental event in HNSCC development [34, 48]
and genomic HNSCC studies have revealed that TP53 muta-
tions (66–87%), p16 alterations (22–74%) and CCND1 am-
plifications (23–31%) leading to uncontrolled cell cycle pro-
gression are common events, particularly in human papillo-
mavirus (HPV)-negative tumours [34, 48–50]. Therefore, we
conclude that our observation that IFITM3 may modulate the
expression of CCND1 and CDK4 in OSCC cells supports a
role of IFITM3 in regulating the cell cycle in these tumours.

In summary, we show that IFITM3 knockdown affects the
expression of key cell cycle regulators in OSCC cells. Several
clinical trials targeting the cell cycle are underway for HNSCC
[51]. Additional studies aimed at the intricacies of IFITM3

overexpression and how this expression can be inhibited
may be instrumental for the design of novel targeted strategies
to control OSCC.
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