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Head and neck squamous cell carcinomas (HNSCC) are associated with

poor morbidity and mortality. Current treatment strategies are highly toxic

and do not benefit over 50% of patients. There is therefore a crucial need

for predictive and/or prognostic biomarkers to allow treatment stratifica-

tion for individual patients. One class of biomarkers that has recently

gained importance are microRNA (miRNA). MiRNA are small, noncod-

ing molecules which regulate gene expression post-transcriptionally. We

performed miRNA expression profiling of a cohort of head and neck

tumours with known clinical outcomes. The results showed miR-9 to be

significantly downregulated in patients with poor treatment outcome, indi-

cating its role as a potential biomarker in HNSCC. Overexpression of

miR-9 in HNSCC cell lines significantly decreased cellular proliferation

and inhibited colony formation in soft agar. Conversely, miR-9 knock-

down significantly increased both these features. Importantly, endogenous

CXCR4 expression levels, a known target of miR-9, inversely correlated

with miR-9 expression in a panel of HNSCC cell lines tested. Induced

overexpression of CXCR4 in low expressing cells increased proliferation,

colony formation and cell cycle progression. Moreover, CXCR4-specific

ligand, CXCL12, enhanced cellular proliferation, migration, colony forma-

tion and invasion in CXCR4-overexpressing and similarly in miR-9 knock-

down cells. CXCR4-specific inhibitor plerixafor abrogated the oncogenic

phenotype of CXCR4 overexpression as well as miR-9 knockdown. Our

data demonstrate a clear role for miR-9 as a tumour suppressor micro-

RNA in HNSCC, and its role seems to be mediated through CXCR4

suppression. MiR-9 knockdown, similar to CXCR4 overexpression, signifi-

cantly promoted aggressive HNSCC tumour cell characteristics. Our

results suggest CXCR4-specific inhibitor plerixafor as a potential therapeu-

tic agent, and miR-9 as a possible predictive biomarker of treatment

response in HNSCC.
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1. Introduction

Head and neck squamous cell carcinoma (HNSCC) is

the sixth most common cancer in the world with

approximately 650 000 new cases diagnosed each year

(Ferlay et al., 2010; Li et al., 2011; Raulf et al., 2014).

HNSCC are a group of heterogeneous tumours of the

oral cavity, oropharynx, larynx or hypopharynx that

usually present with locally advanced disease (Suh

et al., 2014). Several risk factors have been correlated

with HNSCC including tobacco, alcohol, genetic

susceptibility and viral infection (Ragin et al., 2007).

Typical treatment consists of surgery and radiother-

apy; however, patients generally develop resistance, as

a result, 5-year survival rates of HNSCC patients are

around 40–50% (Mehanna and Ang, 2012). Therefore,

predictive biomarkers and targeted therapies are

required to enable individualisation of treatment and

improve outcomes.

MicroRNA (miRNA) are small (20–22nt), tissue-

specific, noncoding RNA molecules that have an

important post-transcriptional regulatory role in gene

expression. Genomewide miRNA profiling studies per-

formed on various cancer types such as breast (Iorio

et al., 2005), glioblastoma (Chan et al., 2005), hepato-

cellular carcinoma (Murakami et al., 2006) and lung

(Yanaihara et al., 2006) amongst others (reviewed

Calin and Croce, 2006) showed that miRNA profiles

in cancers can be used to differentiate between disease

subtypes and predict patient survival and treatment

response (Lu et al., 2005). MiRNA expression in can-

cer was globally downregulated compared to normal

tissues and could be used to discriminate between dif-

ferent developmental lineage and differentiation status.

Expression profiling in prostate cancer has shown that

a panel of nine miRNA could discriminate between

neoplastic and normal tissue (Carlsson et al., 2011). In

cervical cancer-specific miRNA expression profiles

were predictive of stage (downregulation of seven

miRNA), metastasis (six miRNA) and prognosis (two

miRNA) (Huang et al., 2012). Moreover, miRNA

expression profiling performed in lung cancer showed

that specific miRNA signatures were able to discrimi-

nate between lung cancer and normal lung tissues and

were also able to differentiate between tumours with

different prognosis (Yanaihara et al., 2006). MiRNA

have potential diagnostic and prognostic roles as

biomarkers in a variety of cancers including HNSCC

(Hui et al., 2010, 2016; Summerer et al., 2015).

MiR-9 has emerged in recent years as an important

miRNA in various cancer types (Cekaite et al., 2012;

Liu et al., 2012; Song et al., 2014; Sun et al., 2009; Xu

et al., 2014). MiR-9 is encoded on chromosomes 1

(miRNA-9-1), 5 (miRNA-9-2) and 15 (miRNA-9-3) all

of which give rise to the same mature miRNA. All

three genomic loci have CpG islands, and hypermethy-

lation of miR-9 loci occurs in several different cancer

types including breast, lung, colon, melanoma, acute

lymphoblastic leukaemia and HNSCC (Bandres et al.,

2009; Hsu et al., 2009; Lujambio et al., 2008; Roman-

Gomez et al., 2009). MiR-9 expression and its role

seem to vary in different tumour types (Fenger et al.,

2014; Hildebrandt et al., 2010; Lu et al., 2012, 2014a,

b; Sun et al., 2013; Yu et al., 2014). Several target

genes of miR-9 have been identified including E-cad-

herin (Ma et al., 2010), NFjB1 (Bazzoni et al., 2009)

and CXCR4 (He et al., 2017).

CXCR4 is a 352 amino acid rhodopsin-like alpha

G-protein-coupled receptor that exclusively binds the

CXCR4 chemokine stromal cell-derived factor 1

(SDF-1) also known as CXCL12 (Busillo and Benovic,

2007). Knockout studies of either CXCL12 or CXCR4

in mice have shown similar phenotypic consequences,

late gestational lethality, bone marrow colonisation,

cardiac septum formation and defects in B-cell lym-

phopoiesis indicating that CXCR4 is essential for

development (Nagasawa et al., 1996; Zou et al., 1998).

Moreover, CXCR4 is important in classical chemokine

receptor response in adults as well as neutrophil matu-

ration (Machado et al., 2016). CXCR4 has been impli-

cated in tumour metastasis in several tumour models

including melanoma (Neagu et al., 2015), prostate (Lee

et al., 2014) and neuroblastoma metastasis (M€uhlethaler-

Mottet et al., 2015) and has been suggested as a bio-

marker for HNSCC with high metastatic potential

(Albert et al., 2013). Plerixafor is the only approved

drug that targets CXCR4 and CXCR7. It is used to

mobilise haematopoietic stem cells (HSCs) from the

bone marrow into the peripheral blood circulation in

the 30–40% of lymphoma and multiple myeloma

patients who do not respond to the effects of granu-

locyte colony-stimulating factor (G-CSF) alone

(Wagstaff, 2009). Currently, using plerixafor in com-

bination with conventional therapy is in clinical

trials for other cancers such as prostate and cervical

cancer (Chaudary et al., 2017; Conley-LaComb et al.,

2016) but not HNSCC. Additionally, plerixafor is

the only approved drug for selecting haematological

stem cells for autologous stem cell transplantation

(Anonymous, 2007).

We performed miRNA expression profiling of a

panel of HNSCC tumours and found that miR-9 was

significantly downregulated in a group of HNSCC

patients with known negative clinical outcome after

conventional treatment. We subsequently performed

functional studies by modulating miR-9 expression in
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a panel of HNSCC cell lines. Knockdown of miR-9 in

HNSCC cells resulted in increased proliferation, cell

cycle progression, increased invasion and enabled col-

ony formation in soft agar. By luciferase reporter

assay, we confirmed CXCR4 to be a direct target of

miR-9 in HNSCC. The knockdown of miR-9 or over-

expression of CXCR4 in HNSCC cell lines had similar

consequences on tumour cell behaviour. Importantly,

the effect of miR-9 knockdown could be abrogated by

treatment of cells with CXCR4-specific inhibitor pler-

ixafor.

This study demonstrates a clear tumour suppressor

role for miR-9 in HNSCC and suggests that the poten-

tial oncogenic effects of miR-9 knockdown in HNSCC

are mediated through targeting CXCR4. Furthermore,

we demonstrate that miR-9 may be a potential bio-

marker for response of HNSCC to the CXCR4 inhibi-

tor plerixafor.

2. Materials and methods

2.1. Cell lines and culture

The cell lines HSC3 and HSC3M3 were gifts from

Kazuya Tominaga, Department of Oral Pathology,

Osaka Dental University (Hirakata, Osaka, Japan).

The H357 cell line was a gift from Stephen Prime,

Department of Oral and Dental Science, University

of Bristol (Bristol, UK). HN5 was obtained from

Professor Barry Gusterson, Department of Pathology,

University of Glasgow, UK, and HN30 from

Andrew Yeudall, Philips Institute of Oral and Cranio-

facial Molecular Biology, Virginia Commonwealth

University, Richmond, Virginia, USA. HEK293T cells

were provided by Lucas Chan, Rayne Institute,

King’s College London, UK. MDA-MB-231 was

obtained from Joy Burchell, Breast Cancer Biology

Group, King’s College London, UK, to act as a posi-

tive control for the invasion assay. Five head and

neck cancer cell lines were profiled for expression of

miR-9. Two cell lines with high (HN30 and H357)

and two cell lines with low (HSC3 and HN5) miR-9

expression were selected for further investigation. Cell

lines were authenticated by STR profiling. STR pro-

files were obtained using the Promega Powerplex 16

assay according to the manufacturer’s procedure.

STR profiles were compared to published profiles

(web.expasy.org/cellosaurus/). For H357, there is no

published STR profile but a search of the ATCC

database did not find significant homology with other

cell lines.

All cell lines except H357 were cultured in DMEM

supplemented with 10% FBS, 50 lg�mL�1 streptomycin,

100 lg�mL�1 penicillin and 1 mM sodium pyruvate.

H357 cells were cultured in DMEM-F12 supplemented

with 10% FBS, 4 mM L-glutamine, 69 nM hydrocorti-

sone, 5 lg�mL�1 streptomycin, 5 lg�mL�1 penicillin

and 1 mM sodium pyruvate. The CXCR4-specific

ligand CXCL12 (Bio-Techne) was supplemented to

appropriate cell media at a final concentration of

100 ng�mL�1 whereas the CXCR4-specific inhibitor,

plerixafor (Cambridge Bioscience, Cambridge, UK),

was supplemented to appropriate cell media at a final

concentration of 500 ng�mL�1.

2.2. Plasmids and transfection

MiR-9 was PCR-amplified from HeLa genomic DNA as

a 977-bp fragment using the following primers:

GATGCGCCCTCGATCTTC and CTGTGGGAAAG-

TGTTCAC. The PCR products were TA cloned into

pCR2.1 (Invitrogen, Carlsbad, CA, USA), and the

sequence was verified with M13 forward and reverse pri-

mers and two internal primers F:CAAGTTGACC-

AGTGCCGTTC and R:CTCGGTACCCCACGA-

AGTG. A scrambled sequence was used as a control for

the miR-9 constructs. Calcium phosphate precipitation

was used to transfect the HEK293T to generate miR-9

knockdown and overexpression retrovirus as previously

described (Suh et al., 2015). CXCR4 overexpression/

knockdown constructs were gifts from Gilbert

Fruhwirth, Faculty of Life Sciences and Medicine King’s

College London. HA-CXCR4 overexpression retrovirus

and shRNA CXCR4 knockdown lentivirus were gener-

ated in HEK293T after calcium phosphate transfection

as previously described (Suh et al., 2015). At 24, 36 and

48 h after transfection, viral supernatants were harvested

and filtered through a 0.45-lm filter and supplemented

with 5 lg�mL�1 polybrene. Cells were infected with the

virus overnight, and the infected cells were selected based

on their newly acquired antibiotic resistance.

2.3. Luciferase gene reporter assay

5 9 103 cells were seeded per well on a 96-well plate

overnight, and the cells were infected with MISSION�

CXCR4 30UTR Lenti GoClone (Sigma, St. Louis,

MO, USA) for 48 h. The activity of the luciferase was

determined using the Dual-Glo Luciferase Assay Sys-

tem (Promega, Madison, WI, USA) according to the

manufacturer’s instructions. Firefly bioluminescence

was used as experimental read-out with Renilla biolu-

minescence as an internal control. Samples were mea-

sured on a Veritas Luminometer (Turner Biosystems,

Sunnyvale, CA, USA). Untransfected cells served as

negative control.
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2.4. RNA extraction and qRT–PCR

Total RNA was isolated from 2 9 106 cells using Trizol

(Invitrogen). cDNA was generated from 10 ng of RNA

with miR-9 and RNU6B primers (Applied Biosystems,

Foster City, CA, USA) and the TaqMan miRNA Reverse

Transcription Kit (Applied Biosystems). Whereas for

CXCR4 expression, cDNA was synthesised from 1.5 lg
RNA with CXCR4 (Integrated DNA Technologies, Sko-

kie, IL, USA) and YWHAZ primers (Sigma) and the

SuperScript III Reverse Transcriptase kit (Thermo-

Fisher). Quantitative PCR was performed on the Corbett

Rotor-Gene 6000 with TaqMan Universal Mastermix-No

UNG (Applied Biosystem) for miR-9 and 5x EvaGreen

qPCR mix for CXCR4 (Solis Biodyne, Tallinn, Estonia).

Delta-Ct was calculated after normalising to RNU6B for

miR-9 and YWHAZ for CXCR4. miR-9 primers were

purchased from Applied Biosystems, and CXCR4 primers

were designed on primer 3 and purchased from Integrated

DNA Technologies (CXCR4 primer sequence, forward:

ACGCCACCAACAGTCAGAG and reverse: AGT

CGGGAATAGTCAGCAGGA30). qRT–PCR analysis

was carried out on three independent RNA samples.

2.5. Proliferation assay

Stably transfected cells were seeded in triplicate in 6-

well plates (1.2 9 104 cells per well). Cells were har-

vested and counted in triplicate over the next 5 days.

Proliferation was also assessed using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) cell viability assay as previously described (Suh

et al., 2015). Optical density was measured at a wave-

length of 595 nm on a Tecan Infinite F50.

2.6. Cell cycle assay

The cell lines were synchronised using two 18-h thymi-

dine (2 mM) blocks with an 8-h release. 1 9 106 cells

were harvested and centrifuged for 5 min at 1000 g.

The cell pellets were fixed in 500 lL 1x PBS and

4.5 mL cold 70% ethanol overnight at 4 °C. After

24 h, the cells were centrifuged for 10 min at 1000 g,

and the cells were washed once with 1x PBS, treated

with 300 lL of RNase A/PBS solution (1 mg�mL�1)

and stained with propidium iodide (50 lg�mL�1,

Sigma) solution at 37 °C for 30 min. The DNA his-

tograms were generated with a Becton Dickinson Bio-

science (BD) Aria flow cytometer.

2.7. Scratch assay

Confluent cells were serum starved for 24 h, before a

scratch was introduced using a p200 pipette tip.

Floating cells were removed by washing twice with

PBS before the reintroduction of media with 10%

FBS. Images were taken at 0 and 8 h. The area

between the scratch was imaged and analysed using

ImageJ and the percentage of the scratch area closed

between the time points calculated.

2.8. Soft agar colony-forming assay

Sterile agarose solution of 1% and 0.6% in sterile

water was mixed with the same volume of 2 9

DMEM or DMEM F-12 with 20% FBS and used as

bottom and top layers, respectively. 5x103 cells in

100 ll of appropriate culture medium were added to

the top layer for 21 days. Colonies were fixed with 4%

paraformaldehyde and stained with 0.1 mL of Crystal

violet (0.5 mg�mL�1 in PBS). Images were acquired

with x20 objective on an Olympus BX61 microscope.

2.9. Anoikis resistance sphere assay

Cell was disaggregated into a single-cell suspension

and plated at 500 cells�cm�2 into polyhema [1.2% poly

(2-hydroxyethylmethacrylate)/95% ethanol] coated 6-

well plates for 5 days. Spherical colonies >60 lm were

counted over subsequent generations to discount

aggregates. Normalised percentage sphere-forming effi-

ciency was calculated as number of spheres formed

divided by the number of cells seeded and then nor-

malised against the control.

2.10. Matrigel transwell invasion assay

Cell was seeded at 4x105/mL in serum-free media in

12-well transwell 300 lg�mL�1 Matrigel-coated inserts

for 24 h (BD Biosciences, San Jose, CA, USA). Che-

moattractant (medium containing 5% FBS and med-

ium containing 5% FBS + CXCL12) was added to the

bottom chamber of each transwell. The noninvading

cells in the upper chamber were removed, and the

invading cells were fixed in 100% methanol, stained

with 1% toluidine blue/borax solution and scored.

Five representative images from each membrane were

counted and invasion was expressed as the percentage

invaded cell through the Matrigel membrane relative

to the cells seeded.

2.11. 3D invasion assay

The assay was performed as previously described in

Berens et al. (2015). A cell suspension of 5 x 104

was generated and hanging drop cultures made by

placing 20 lL drops of cell suspension on to the lid
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of a 10-cm dish using a multichannel pipette (five

rows of eight drops making 40 drops). Five microli-

tres of sterile PBS was added to the dish to prevent

the hanging drops from evaporation. The lid is

inverted and incubated at 37 °C for 72 h for spher-

oid formation.

After 72 h, an artificial ECM mixture was created

consisting of 100 lL of growth factor-reduced Matri-

gel (BD Biosciences) mixed with 100 lL of type I col-

lagen per well and maintained on ice. The spheroids

were collected and transferred into a 1.5-mL microcen-

trifuge tube, and the spheroids were allowed to settle

for 10 min. The spheroids were aspirate from the bot-

tom 40 lL and added to 200 lL of the ECM mixture.

Forty microlitres of the spheroid/ECM mixture was

added to the centre of a 24-well plate and placed in a

37 °C incubator for 30 min to polymerise the ECM

mixture. After 30 min, 1 mL of 37 °C cell culture

media was added to each well slowly to prevent dis-

lodging.

2.12. Statistical analysis

Student’s two-tailed t-test was performed for assessing

differences between two independent groups. When mea-

suring several independent factors between several groups,

two-way ANOVA was used. GRAPHPAD PRISM 5.03 was

used for statistical analyses (La Jolla, CA, USA).

3. Results

3.1. miR-9 affects cellular proliferation, cell cycle,

colony formation and invasion in HNSCC

The expression of miR-9 was investigated in five head

and neck cancer cell lines (Fig. 1A), and based on

miR-9 expression levels, HSC3, HN5, HN30 and H357

were selected for further functional characterisations.

In HSC3 and HN5, both of which have relatively low

endogenous miR-9 expression, miR-9 was overex-

pressed, and in H357 and HN30 with relatively high

endogenous miR-9 expression levels, it was knocked

down. Analysis by qRT-PCR confirmed miR-9 overex-

pression in HSC3 and HN5 by 800 (P < 0.05, Fig. 1B)

and 25-fold (P < 0.001, Fig. 1C), respectively, com-

pared to vector controls. However, in H357 and HN30

cells, miR-9 knockdown resulted in approximately

40% (P < 0.001, Fig. 1D) and 22% (P < 0.05,

Fig. 1E) decrease, respectively, compared to scrambled

controls.

Cellular proliferation experiments demonstrated

suppression of cellular growth induced by miR-9

overexpression; HSC3 miR-9-overexpressing cells

showed a significant decrease in proliferation rate

with 33% fewer cells compared to vector control on

day five (P < 0.01, Fig. 2A). MiR-9 knockdown in

H357 increased proliferation rate over five days

(P < 0.01, Fig. 2B), with a 1.42-fold increase on day

4 and 1.44-fold on day 5 in the miR-9 knockdown

compared to scrambled control. Immunoblotting for

apoptotic markers, PARP and caspase 3, did not

show differences between the miR-9-modulated cell

lines (Fig. S1), indicating that apoptosis was not the

cause of miR-9-mediated reduced cellular prolifera-

tion. However, cell cycle analysis demonstrated dif-

ferences in the cell cycle distribution with miR-9

knockdown H357 showing decrease in G2/M phase

of the cell cycle compared to scrambled control

(P < 0.01, Fig. S2b) with 10.0% of the scrambled

control cells in G2/M compared to 3.7% in miR-9

knockdown cells.

Overexpression of miR-9 in HSC3 cells resulted in a

substantial ~88% reduction in colony formation in soft

agar compared to vector control (P < 0.001, Fig. 2C).

In contrast, miR-9 knockdown clearly resulted in the

ability to form colonies in soft agar compared with no

colonies formed in the scrambled control (P < 0.001,

Fig. 2D). Furthermore, miR-9 overexpression resulted

in a marked decrease in cellular invasion compared to

control cells, the highly invasive breast cancer cell line

MDA-MB-231 was used as a positive control

(P < 0.0001, Fig. 2E). Approximately 10% of miR-9-

overexpressing HSC3 cells invaded through the

membrane compared to 40% in vector controls. By

contrast, invasion increased significantly by miR-9

knockdown (P < 0.0001, Fig. 2F) in H357 cells with

approximately 60% of miR-9 knockdown cells invad-

ing compared to ~20% in scrambled control cells.

Similar effects of miR-9 modulation on proliferation,

cell cycle and colony formation were observed in other

HNSCC cell lines (HN5 and HN30, Fig. S3).

3.2. miR-9 directly regulates CXCR4 expression in

HNSCC

To identify target gene/s of miR-9, a database (miR-

anda and TargetScan) search was conducted. Both

algorithms indicated that miR-9 could target evolu-

tionarily conserved sequences in CXCR4 mRNA

(Fig. 3A,B). Consequently, CXCR4 expression was

analysed in HSC3 and H357 parental cell lines, scram-

bled controls and miR-9 overexpression/knockdown

cell lines by qRT–PCR.

Clear reverse correlation between endogenous level

of miR-9 and CXCR4 expression was detected with

approximately 40-fold increase in CXCR4 expression
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between the low miR-9 expressing HSC3 and high

miR-9 expressing H357 cell lines (P < 0.0001,

Fig. 3C). Knockdown of miR-9 had no significant

effect on CXCR4 expression in HSC3 cells which

have low endogenous miR-9 (Fig. 3D), whereas miR-

9 knockdown in H357 resulted in over eightfold

increase in CXCR4 expression (P < 0.001, Fig. 3E).

Notably, miR-9 overexpression in HSC3 resulted in

almost 90% decrease in CXCR4 expression

(P < 0.0001, Fig. 3F) and miR-9 overexpression in

H357 resulted in an approximately 60% decrease in

CXCR4 level compared to controls (P < 0.001,

Fig. 3G).

These data show a clear link between miR-9 and

CXCR4 expression. To confirm whether miR-9 directly

regulates CXCR4 expression, a luciferase reporter con-

struct containing the 30-UTR of the CXCR4 gene was

introduced into miR-9-modulated cells. An almost 90%

reduction in relative luciferase activity was detected in

miR-9-overexpressing HSC3 cells compared to vector

control (P < 0.0001, Fig. 3H) and a 1.35-fold increase

in relative luciferase activity in H357 miR-9 knockdown

cells compared to scrambled control (P < 0.0001,

Fig. 3I). These data confirm that CXCR4 is a direct

target of miR-9 regulation in HNSCC cell lines.

3.3. miR-9 regulation of CXCR4 affects cellular

proliferation, cell cycle, colony formation and

invasion

Given the link between miR-9 and CXCR4, expression

of CXCR4 was modulated in HSC3 and H357 cell

lines. CXCR4 knockdown in HSC3 cells resulted in

almost 25% reduction in CXCR4 expression

(P < 0.05, Fig. 4A) whereas CXCR4 overexpression in

H357 cells showed 12-fold increase in CXCR4 expres-

sion (P < 0.001, Fig. 4B). Despite partial CXCR4

knockdown in HSC3, a significant decrease in prolifer-

ation rate was observed, with about 26.1% and 29.9%

decrease on days 4 and 5, respectively (P < 0.01,

Fig. 4C), compared to control. Whereas in H357,

CXCR4 overexpression increased proliferation (P < 0.01,

Fig. 4D), with 1.25-fold and 1.4-fold more cells on

days 4 and 5, respectively, in the CXCR4 overexpres-

sion cells compared to vector control. This result

mirrors the effects on cellular growth observed with

miR-9 modulation.

Additionally, CXCR4 modulation had correspond-

ing effects on cell cycle distribution: CXCR4 knock-

down in HSC3 cells showed an increase in G2/M

phase from 7.8% to 13.2% (P < 0.01, Fig. S4a), whilst

Fig. 1. miR-9 expression in a panel of HNSCC cell lines and the modulated cell lines. (A) Relative expression of miR-9 in six different

HNSCC cell lines using qRT–PCR normalised against HSC3. (B) HSC3 and (C) HN5 were stably transduced with miR-9 overexpression

vectors, and levels were measured by qRT–PCR (D) H357 and (E) HN30 were stably transduced with miR-9 knockdown vectors, and the

efficiency of knockdown was measured by qRT–PCR. Data represent mean � SEM for three independent (n = 3) experiments. Asterisks (*)

show statistical significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. Effect of miR-9 modulation on proliferation, cell cycle, colony formation and invasion. HSC3 and H357 cell lines were stably

transfected using miR-9 knockdown and overexpression vectors, respectively, and expression was measured by qRT–PCR. Cell proliferation

of (A) miR-9 overexpression in HSC3 and (B) miR-9 knockdown in H357 cells was assessed by generating growth curves over 5 days. The

ability of (C) HSC3 miR-9 overexpression and (D) H357 miR-9 knockdown cells to form colonies was tested using the soft agar assay.

Invasive capacity of (E) HSC3 miR-9 overexpression and (F) H357 miR-9 knockdown was assessed using the Transwell Matrigel invasion

assay. Representative images were taken at 109 magnification. Data represent mean number of invaded cells through the Matrigel

membrane relative to migration through the control membrane. Images are representative of cells fixed and stained on the invasion

membrane at 49 magnification. Scale bars = 100 lm Data represent mean � SEM for three independent (n = 3) experiments. Asterisks (*)

show statistical significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

2029Molecular Oncology 12 (2018) 2023–2041 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

H. M. Hersi et al. MiR-9 predictive of plerixafor response in HNSCC



CXCR4 overexpression in H357 resulted in a statisti-

cally significant decrease in G2/M phase, from ~12%
to ~5% (P < 0.001, Fig. S4b).

Similar to miR-9, CXCR4 was found to strongly

affect the colony-forming ability and invasive capacity

of the HNSCC cell lines. CXCR4 HSC3 knockdown

cells showed a 50% decrease in the number of colonies

formed in soft agar compared to the scrambled control

(P < 0.05, Fig. 4E). Interestingly, CXCR4 overexpres-

sion in H357, which generally do not grow in soft

agar, conferred the colony formation ability similar to

the results observed with miR-9 knockdown

(P < 0.0001, Fig. 4F). CXCR4 knockdown in HSC3

cells also reduced invasion capacity in these cells com-

pared to scrambled control cells (P < 0.05, Fig. 4G)

whilst its overexpression induced almost twofold

Fig. 3. miR-9 directly regulates CXCR4 expression. Online computer algorithm (A) TargetScan and (B) miRanda predicting CXCR4 as a miR-9

target. qRT–PCR was performed to compare CXCR4 expression in (C) HSC3 vs H357, (D) HSC3 miR-9 knockdown, (E) H357 miR-9

knockdown versus the scrambled controls, whereas (F) HSC3 miR-9 overexpression and (G) H357 miR-9 overexpression were compared to

the vector control. Luciferase assays confirming miR-9 interaction with the 30UTR of CXCR4 were performed for (H) miR-9 knockdown and

(I) miR-9 overexpression. Data represent mean �SEM for three independent (n = 3) experiments. Asterisks (*) show statistical significance

as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Fig. 4. CXCR4 modulations affect cellular proliferation, cell cycle, colony formation and invasion. HSC3 and H357 were stably transfected

using (A) CXCR4 knockdown and (B) overexpression vectors and analysed using qRT–PCR. Cell proliferation of (C) CXCR4 knockdown and

(D) overexpression H357 cells was assessed by generating growth curves over 5 days. The ability of the (E) CXCR4 knockdown and (F)

overexpression cells to form colonies was tested using the soft agar assay. Representative images were taken at 109 magnification.

Invasive capacity of (G) CXCR4 knockdown and (H) overexpression cells was assessed using the Transwell Matrigel invasion assay.

Representative images were taken at 109 magnification. Data represent mean number of invaded cells through the Matrigel membrane

relative to migration through the control membrane. Images are representative of cells fixed and stained on the invasion membrane at 49

magnification. Scale bars = 100 lm Data represent mean � SEM for three independent (n = 3) experiments. Asterisks (*) show statistical

significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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increase in invasion rising from 20% in controls to

40% in overexpressing cells (P < 0.01, Fig. 4H). The

effects of CXCR4 modulation on regulating prolifera-

tion, cell cycle and colony formation and invasion pro-

vide strong evidence for miR-9 tumour-suppressive

effects being mediated via the inhibition of CXCR4.

3.4. The CXCR4 ligand CXCL12 stimulates the

oncogenic effects of miR-9 knockdown

To investigate the relationship between miR-9 and

CXCR4, cellular proliferation, migration and colony

formation assays were performed in the presence of

CXCR4-specific ligand CXCL12.

As demonstrated above, CXCR4 overexpression or

miR-9 knockdown by itself increased proliferation of

H357 cells. Whilst CXCL12 had no effect on cellular

proliferation of the vector control cells, there was an

approximately 2.33-fold (P < 0.0001) and 1.6-fold

(P < 0.001) increase in proliferation on days 3 and 4,

respectively, between unstimulated and stimulated

CXCR4-overexpressing cells treated with CXCL12

(Fig. 5A,B). Interestingly, miR-9 knockdown cells had

a similar response; CXCL12 had no effect on the

scrambled control cells but caused an approximately

2.2-fold (P < 0.05) increase in proliferation on day 3

between stimulated and unstimulated miR-9 knock-

down cells (Fig. 5C,D).

Vector control cells showed no difference in migra-

tion after CXCL12 stimulation; however, CXCL12

stimulation induced a 2.5-fold increase in migration in

CXCR4-overexpressing cells (P < 0.05, Fig. 5E). Addi-

tionally, CXCL12 stimulation of CXCR4-overexpres-

sing cells resulted in an approximately 1.5-fold

increase in anoikis-resistant spheroid colonies in low

adherent conditions compared to treated and untreated

controls (P < 0.01, Fig. 5F).

Interestingly, wound healing assay showed that

although miR-9 knockdown by itself did not result in

a change in migration of H357 cells compared to

scrambled control cells, when stimulated with CXCL12,

knockdown of miR-9 induced a 1.5-fold increase in gap

closure as compared with scrambled control cells

(Fig. 5G). Additionally, CXCL12 stimulation of scram-

bled control cells had no effect on colony formation

whereas miR-9 knockdown cells had a significant

increase (over 1.2-fold) in anoikis-resistant spheroid

colonies after CXCL12 stimulation (P < 0.01, Fig. 5H).

Together, these results indicate that miR-9 knockdown

similar to CXCR4 overexpression makes cells respon-

sive to CXCL12 and strongly suggest that miR-9

tumour-suppressive effects are mediated via CXCR4

pathway.

3.5. CXCR4-specific inhibitor plerixafor mimics

the tumour-suppressive role of miR-9

To further investigate the association between miR-9

and CXCR4 activities in HNSCC, the CXCR4-specific

inhibitor plerixafor was used. Treatment of miR-9

knockdown (Fig. S5a) and CXCR4-overexpressing

(Fig. S5b) cells with plerixafor showed a dose-depen-

dent decrease in cell viability in both groups.

The effect of plerixafor treatment on proliferation

was investigated on CXCR4-overexpressing and vec-

tor control cells (Fig. 6A,B). Plerixafor treatment of

vector control cells had no effect on proliferation

(Fig. 6A), whereas CXCR4-overexpressing cells had a

near-complete loss in proliferation over five days

(P < 0.01, Fig. 6B). This effect was also observed in

miR-9 knockdown cells, with plerixafor treatment

drastically reducing proliferation in only the miR-9

knockdown cells (P < 0.001, Fig. 6C,D). Interest-

ingly, plerixafor inhibited the CXCL12 stimulated

increase in proliferation in miR-9 knockdown cells

(Fig. S6).

Moreover, the inhibitory effect of plerixafor, specifi-

cally on CXCR4-overexpressing and miR-9 knock-

down cells, was seen by changes in cell cycle profile:

treatment of miR-9 knockdown cells significantly

increased G2/M progression, rising from 3.9% in

untreated cells to 14.7% in treated cells (P < 0.0001,

Fig. S7a). Treatment of CXCR4-overexpressing cells

also resulted in a marked increase in G2/M phase

compared to untreated (5.5% to 13.8%, untreated and

treated; P < 0.0001, Fig. S7b).

Plerixafor treatment also affected migration with

CXCR4-overexpressing cells showing 50% decrease in

migration with plerixafor treatment when compared to

untreated and treated control cells after plerixafor

treatment (P < 0.0001, Fig. 6E) and plerixafor treat-

ment of miR-9 knockdown cells resulted in 30%

decrease in migration compared to untreated and trea-

ted controls (Fig. 6F).

Additionally, CXCR4 overexpression and miR-9

knockdown in H357 increased the ability of these

cells to form spheroid colonies in low adherent con-

ditions and plerixafor treatment was sufficient to sig-

nificantly block this ability. Plerixafor treatment of

CXCR4-overexpressing cells decreased spheroid for-

mation by approximately 71.4% (p < 0.01, Fig. 6G)

whilst treatment of miR-9 knockdown cells decreased

spheroid formation by about 62.5% (p < 0.0001,

Fig. 6H). Collectively, these data further support

miR-9 regulating CXCR4 expression in HNSCC and

suggests miR-9 as a potential biomarker for plerix-

afor response.
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Fig. 5. The CXCR4 ligand CXCL12 augments the oncogenic effects of miR-9 knockdown. Cell proliferation in the presence of CXCL12 was

assessed by MTT assay over 5 days in (A) CXCR4-overexpressing and (B) vector control H357 cells. The effect of CXCL12 on cell

proliferation was also assessed by MTT assay in (C) miR-9 knockdown and (D) scrambled control H357 cells over 5 days. (E) The effect that

CXCL12 stimulation of CXCR4 had on migration was examined by scratch assay using CXCR4-overexpressing H357 cells. (F) Using sphere

formation assay, the effect of CXCL12 on colony formation was investigated using CXCR4-overexpressing H357 cells. (G) Migration of miR-

9 knockdown cells stimulated by CXCL12 was studied using scratch assay. (H) Sphere-forming capacity of miR-9 knockdown cells was

similarly measured in the presence of CXCL12. Data represent mean �SEM for three independent (n = 3) experiments. Asterisks (*) show

statistical significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 6. Plerixafor treatment mimics the tumour-suppressive effect of miR-9 via CXCR4 inhibition. Cell proliferation of (A) vector control and

(B) CXCR4 overexpressing H357 cells was assessed by MTT assay over 5 days. Proliferation of (C) miR-9 knockdown and (D) scrambled

control H357 cells was also assessed by MTT assay over 5 days. (E) The effect of plerixafor on migration was examined by scratch assay

using CXCR4-overexpressing H357 cells. (F) Using sphere formation assay, the effect on colony formation was investigated using CXCR4-

overexpressing H357 cells. (G) Migration of miR-9 knockdown cells was studied using scratch assay. (H) Sphere-forming capacity of miR-9

knockdown cells was similarly measured in the presence of plerixafor. Data represent mean �SEM for three independent (n = 3)

experiments. Asterisks (*) show statistical significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.6. miR-9 and CXCR4 regulate spheroid

formation and invasion in 3D physiological

conditions

Having shown acquisition of anchorage-independent

growth as well as the increased migratory and invasive

capacity of HNSCC cells with miR-9 knockdown and

CXCR4-overexpressing cells in 2D culture, we then

went on to investigate these phenotypes in 3D anchor-

age-independent condition.

Both miR-9 knockdown and CXCR4-overexpressing

cells were able to form 3D spheroids in hanging drop

conditions as described in the Materials and Methods

section, whereas the controls cells were unable to form

any spheres (data not shown). Importantly, miR-9

knockdown and CXCR4-overexpressing spheroids

were only able to invade into the artificial extracellular

matrix when treated with CXCL12 compared to nor-

mal media and media containing the inhibitor plerix-

afor. Spheroid invasion was assessed based on the

longest invasive distance from the centre of the spher-

oid and the total area changed in the area invaded by

the spheroid. MiR-9 knockdown spheroids invaded

more uniformly into a greater area (Fig. 7A,

P < 0.0001) as opposed to travelling a greater distance

(Fig. 7B, P < 0.05) over 48 h. The opposite was true

for CXCR4-overexpressing spheroids, which had a

modest increase in total area invaded (Fig. 7C,

p < 0.05) but travelled a significantly larger distance

(Fig. 7D, P < 0.001) over a 48-h period.

4. Discussion

Treatment options for HNSCC have remained rela-

tively unchanged over the past 30 years and these can-

cers still have high relapse and mortality rates

(Mehanna and Ang, 2012). Increasing evidence indi-

cates the importance of miRNA in different aspects of

cancer development and progression (Lu et al., 2005).

Previous data from our laboratory showed that in a

group of head and neck cancer patients with good and

bad clinical outcomes, miR-9 was significantly down-

regulated in the patients with poor clinical outcome

(Suh et al., 2015). Here, we used functional studies

and demonstrated that knockdown of miR-9 in

HNSCC cell lines increased proliferation, cell cycle

progression, colony formation and invasion. We iden-

tified CXCR4 as the important target gene of miR-9

with CXCR4-overexpressing cells having the reciprocal

effect to miR-9 knockdown. The direct link of miR-9

and CXCR4 was confirmed by CXCR4 inhibitor pler-

ixafor which reduced the oncogenic phenotype in both

CXCR4-overexpressing and miR-9 knockdown cells.

Collectively, these data indicated that miR-9 is a

tumour suppressor and implies CXCR4 as its potential

oncogene target in HNSCC.

In recent years, miR-9 has emerged as an impor-

tant miRNA in cancers and its role seems to vary in

different tumour types (Fenger et al., 2014; Hilde-

brandt et al., 2010; Lu et al., 2012, 2014a,b; Sun

et al., 2013; Yu et al., 2014). In HNSCC, miR-9 has

been shown to be downregulated (Lujambio et al.,

2008) with hypermethylation of miR-9 loci being a

frequent occurrence in HNSCC (Minor et al., 2012).

The restoration of miR-9 expression via demethyla-

tion of miR-9 promotor sites inhibited viability of

HNSCC cells (Minor et al., 2012). Furthermore,

lower miR-9 expression was observed in colon cancer

and malignant melanoma tissues when compared to

their respective normal tissue and this corresponded

with increased cellular proliferation and decreased

apoptosis (Bu et al., 2017; Cekaite et al., 2012). This

reduction in miR-9 is also observed in malignant mel-

anoma cell lines and the ectopic expression of miR-9

resulted in significant suppression of the proliferative

ability of the malignant melanoma cell lines (Bu

et al., 2017).

We found that miR-9 knockdown promoted colony

formation (Fig. 2C,D). To our knowledge, this is the

first evidence of miR-9 knockdown in HNSCC cells

inducing anoikis-resistant growth. Intratumoral injec-

tion of miR-9 into a nasopharyngeal carcinoma cell

line grafted to the mouse liver resulted in fewer micro-

scopic and macroscopic metastases (Lu et al., 2014a,

b). Subsequent work from the same group considered

the role of miR-9 in regulating metastasis. They identi-

fied that miR-9 directly regulated E-cadherin expres-

sion (Ma et al., 2010). E-cadherin is a well-established

protein marker of EMT, mediating cell adhesion and

loss of it promotes tumour metastasis (reviewed (Hu

et al., 2016)). Loss of the epithelial marker E-cadherin

and gaining a mesenchymal marker such as vimentin

are characteristic of a metastatic phenotype (White

et al., 2013). Intriguingly, various studies in prostate

(Dhingra et al., 2017), breast (Ma et al., 2010) and

ovarian cancer (Zhou et al., 2017) have shown that

overexpression of miR-9 correlated with decreased

E-cadherin expression. However, in HNSCC, miR-9

expression has been found to be downregulated

(Lujambio et al., 2008; Minor et al., 2012). Therefore,

it is unlikely that the tumour suppressor effects of

miR-9 in HNSCC are through E-cadherin but poten-

tially through another of its oncogenic targets such as

CXCR4 expression (Fenger et al., 2014; Hildebrandt

et al., 2010; Lu et al., 2012, 2014a,b; Sun et al., 2013;

Yu et al., 2014).
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CXCR4 expression levels are generally low or absent

in most healthy tissues; however, in cancer, CXCR4

was found to be overexpressed in a variety of cancers

over 23 types of cancer (Sun et al., 2010). Overexpres-

sion of CXCR4 has been implicated in tumour metas-

tasis and has been found to metastasise to tissues with

a high concentration of CXCL12, such as lungs, liver

and bone marrow (Balkwill, 2004). Interestingly,

immunohistochemistry on 79 oesophageal squamous

cell carcinoma tissue samples found that the prolifera-

tion index was higher in patients samples with higher

expression of CXCR4 or CXCL12 (Uchi et al., 2016).

This effect on cell proliferation was also observed

in vitro where inhibition of CXCR4 suppressed

Fig. 7. miR-9 and CXCR4 regulate invasion under anchorage-independent conditions. Invasion of miR-9 knockdown cells was quantitated

using IMAGEJ software. Invasion of miR-9 knockdown cells was calculated by measuring the (A) total area invaded by the spheroid and (B)

the longest invasive distance from the spheroid. Invasion of CXCR4-overexpressing cell was also investigated by (C) total area invaded and

(D) longest invasive distance. Data represent mean �SEM for three independent (n = 3) experiments. Scale bars = 100 lm Asterisks (*)

show statistical significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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proliferation of synovial sarcoma cell lines (Kimura

et al., 2016). Moreover, CXCR4 signalling has a role

in cell cycle regulation. In glioblastoma, CXCL12

stimulation of CXCR4 increased cell cycle progression

and EMT through expression of survivin (Liao et al.,

2016). In mouse models, myeloid bone marrow-derived

cells gained promigratory ability when CXCR4 was

stimulated by CXCL12 (Peled and Tavor, 2013).

Intriguingly, we found that CXCR4 overexpression in

H357 resulted in increased anoikis resistance growth

(Fig. 4F). Ligand activation of CXCR4 receptor

increased anoikis resistance via the upregulation of

Bcl-xL and downregulation of BMF (Kochetkova

et al., 2009). Moreover, CXCR4 overexpression has

previously been linked to increased colony formation

in other cancer types (Liang et al., 2015). Silencing

CXCR4 expression in breast cancer cell lines signifi-

cantly decreased colony formation and overexpression

of CXCR4 had the opposite effect (Liang et al., 2015).

Additionally, higher CXCR4 expression increased the

invasive capacity of the miR-9 knockdown and

CXCR4 overexpression cells both in 2D (Figs 2F and

4H respectively) and, interestingly, in 3D settings

(Fig. 7). CXCR4 has been heavily linked to an increas-

ingly invasive phenotype in a variety of cancers types;

however, many of the studies have looked at CXCR4

invasion in only a 2D setting (Guo et al., 2015; Jeong

et al., 2014; Niu et al., 2015; Xu et al., 2015; Ying

et al., 2015). To our knowledge, this is the first experi-

mental evidence of miR-9 knockdown inducing an

invasive phenotype via CXCR4 in 3D culture. There is

one study that shows CXCR4-induced invasion in a

3D setting, increased invasion of glioblastoma spher-

oids which could be abrogated through proteolytic

cleavage of CXCL12 by cathepsin K (Hira et al.,

2017).

We found that the CXCR4 inhibitor plerixafor

reversed the effects of CXCR4 overexpression but

most importantly also affected growth and invasive-

ness of miR-9 knockdown cells in the HNSCC cell

lines (Fig. 6). To our knowledge, this is the first evi-

dence of plerixafor affecting miR-9-mediated cellular

functions. Usage of plerixafor has shown dramatic

reduction in carcinogenic phenotype induced by

CXCR4 in various in vitro cancer studies in solid

tumours such as prostate and cervical cancers (Chaud-

ary et al., 2017; Conley-LaComb et al., 2016), as well

as lymphomas (Reinholdt et al., 2016). Plerixafor is

already approved for the mobilisation of hematopoi-

etic stem cells in lymphoma and multiple myeloma

patients (Wagstaff, 2009). Moreover, inhibition of

CXCR4 via plerixafor is in clinical trials for use with

advanced pancreatic, ovarian and colorectal cancers

(CAM-PLEX NCT02179970, 2014) but not in

HNSCC. Collectively, this raises the possibility of

using plerixafor in combination with standard

chemoradiation-therapy for the treatment of head and

neck cancers.

5. Conclusion

In conclusion, the data presented here suggest that

miR-9 expression has a significant tumour suppressor

role in HNSCC cells, potentially through regulation of

cell cycle progression. Moreover, miR-9 knockdown

was shown to confer anoikis-resistant colony forma-

tion capability in soft agar as well as increased inva-

sion, and CXCR4 was identified as oncogenic target of

miR-9 in HNSCC. The ability of plerixafor to reverse

the effects of the downregulation of miR-9 on cellular

proliferation, cell cycle progression, migration and col-

ony formation indicates that miR-9 might serve as a

potential biomarker for the efficacy of plerixafor treat-

ment.

Acknowledgements

This study represents independent research partly

funded by the National Institute for Health Research

(NIHR) Biomedical Research Centre at Guy’s and St

Thomas’ NHS Foundation Trust and King’s College

London. The views expressed are those of the author

(s) and not necessarily those of the NHS, the NIHR

or the Department of Health. The authors would like

to thank the Rosetrees Trust for part funding of this

study.

Author contributions

MT conceived the project idea and helped in the

design of the experiments and quality assessment of

the data, and with the organisation of the manuscript.

HMH generated the data, HMH and NR helped in

developing the theory, performing experiments and

analysed and interpreted the data, HMH had large

contribution in the writing of the manuscript, JG gen-

erated the necessary constructs and contributed to the

data analysis. NF performed cell lines authentication

and provided helpful data on all the cell lines used. All

authors discussed the results and contributed to the

final manuscript preparation.

References

Albert S, Riveiro ME, Halimi C, Hourseau M, Couvelard

A, Serova M, Barry B, Raymond E and Faivre S

2037Molecular Oncology 12 (2018) 2023–2041 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

H. M. Hersi et al. MiR-9 predictive of plerixafor response in HNSCC



(2013) Focus on the role of the CXCL12/CXCR4

chemokine axis in head and neck squamous cell

carcinoma. Head Neck 35, 1819–1828.
Anonymous (2007) Plerixafor: AMD 3100, AMD3100, JM

3100, SDZ SID 791. Drugs R D 8, 113–119.
Balkwill F (2004) Cancer and the chemokine network. Nat

Rev Cancer 4, 540–550.
Bandres E, Agirre X, Bitarte N, Ramirez N, Zarate R,

Roman-Gomez J, Prosper F and Garcia-Foncillas J

(2009) Epigenetic regulation of microRNA expression

in colorectal cancer. Int J Cancer 125, 2737–2743.
Bazzoni F, Rossato M, Fabbri M, Gaudiosi D, Mirolo M,

Mori L, Tamassia N, Mantovani A, Cassatella MA

and Locati M (2009) Induction and regulatory function

of miR-9 in human monocytes and neutrophils exposed

to proinflammatory signals. Proc Natl Acad Sci U S A

106, 5282–5287.
Berens EB, Holy JM, Riegel AT, Wellstein A (2015) A

cancer cell spheroid assay to assess invasion in a 3D

setting. J Vis Exp e53409, 1–6.
Bu P, Luo C, He Q, Yang P, Li X and Xu D (2017)

MicroRNA-9 inhibits the proliferation and migration

of malignant melanoma cells via targeting sirituin 1.

Exp Ther Med 14, 931–938.
Busillo JM, Benovic JL (2007) Regulation of CXCR4

signaling. Biochim Biophys Acta – Biomembr 1768,

952–963.
Calin GA and Croce CM (2006) MicroRNA signatures in

human cancers. Nat Rev Cancer 6, 857–866.
CAM-PLEX NCT02179970 (2014) To Assess the Safety of

Continuous IV Administration of Plerixafor in Patients

With Advanced Pancreatic, Ovarian and Colorectal

Cancers – Full Text View – ClinicalTrials.gov.

Cambridge. Retrieved from https://clinicaltrials.gov/

ct2/show/NCT02179970

Carlsson J, Davidsson S, Helenius G, Karlsson M,

Lubovac Z, Andr�en O, Olsson B and Klinga-Levan K

(2011) A miRNA expression signature that separates

between normal and malignant prostate tissues. Cancer

Cell Int 11, 14.

Cekaite L, Rantala JK, Bruun J, Guriby M, Agesen TH,

Danielsen SA, Lind GE, Nesbakken A, Kallioniemi O,

Lothe RA et al. (2012) MiR-9, -31, and -182

deregulation promote proliferation and tumor cell

survival in colon cancer. Neoplasia 14, 868–879.
Chan JA, Krichevsky AM and Kosik KS (2005)

MicroRNA-21 is an antiapoptotic factor in human

glioblastoma cells. Cancer Res 65, 6029–6033.
Chaudary N, Pintilie M, Jelveh S, Lindsay P, Hill RP and

Milosevic M (2017) Plerixafor improves primary tumor

response and reduces metastases in cervical cancer

treated with radio-chemotherapy. Clin Cancer Res 23,

1242–1249.
Conley-LaComb MK, Semaan L, Singareddy R, Li Y,

Heath EI, Kim S, Cher ML and Chinni SR (2016)

Pharmacological targeting of CXCL12/CXCR4

signaling in prostate cancer bone metastasis. Mol

Cancer 15, 68.

Dhingra V, Verma J, Misra V, Srivastav S, Hasan F (2017)

Evaluation of cyclin D1 expression in head and neck

squamous cell carcinoma. J Clin Diagn Res 11, EC01–
EC04.

Fenger JM, Bear MD, Volinia S, Lin T-Y, Harrington BK,

London CA, Kisseberth WC (2014) Overexpression

of miR-9 in mast cells is associated with invasive

behavior and spontaneous metastasis. BMC Cancer 14,

84.

Ferlay J, Shin H-R, Bray F, Forman D, Mathers C and

Parkin DM (2010) Estimates of worldwide burden of

cancer in 2008: GLOBOCAN 2008. Int J Cancer 127,

2893–2917.
Guo Q, Gao B-L, Zhang X-J, Liu G-C, Xu F, Fan Q-Y,

Zhang SJ, Yang B and Wu X-H (2015) CXCL12-

CXCR4 Axis promotes proliferation, migration,

invasion, and metastasis of ovarian cancer. Oncol Res

Featur Preclin Clin Cancer Ther 22, 247–258.
He L, Zhang L, Wang M, Wang W (2017) miR-9 functions

as a tumor inhibitor of cell proliferation in epithelial

ovarian cancer through targeting the SDF-1/CXCR4

pathway. Exp Ther Med 13, 1203–1208.
Hildebrandt MA, Gu J, Lin J, Ye Y, Tan W, Tamboli P,

Wood CG, Wu X (2010) Hsa-miR-9 methylation status

is associated with cancer development and metastatic

recurrence in patients with clear cell renal cell

carcinoma. Oncogene 29, 5724–5728.
Hira VVV, Verbov�sek U, Breznik B, Srdi�c M, Novinec M,

Kakar H, Wormer J, der Swaan BV, Lenar�ci�c B,

Juliano L et al. (2017) Cathepsin K cleavage of SDF-

1a inhibits its chemotactic activity towards

glioblastoma stem-like cells. Biochim Biophys Acta –
Mol. Cell Res 1864, 594–603.

Hsu PY, Deatherage DE, Rodriguez BAT, Liyanarachchi

S, Weng YI, Zuo T, Liu J, Cheng AS and Huang

THM (2009) Xenoestrogen-induced epigenetic

repression of microRNA-9-3 in breast epithelial cells.

Cancer Res 69, 5936–5945.
Hu Q-P, Kuang J-Y, Yang Q-K, Bian X-W and Yu S-C

(2016) Beyond a tumor suppressor: soluble E-cadherin

promotes the progression of cancer. Int J Cancer 138,

2804–2812.
Huang L, Lin J-X, Yu Y-H, Zhang M-Y, Wang H-Y and

Zheng M (2012) Downregulation of six microRNAs is

associated with advanced stage, lymph node metastasis

and poor prognosis in small cell carcinoma of the

cervix. PLoS ONE 7, e33762.

Hui ABY, Lenarduzzi M, Krushel T, Waldron L, Pintilie

M, Shi W, Perez-Ordonez B, Jurisica I, O’Sullivan B,

Waldron J et al. (2010) Comprehensive MicroRNA

profiling for head and neck squamous cell carcinomas.

Clin Cancer Res 16, 1129–1139.

2038 Molecular Oncology 12 (2018) 2023–2041 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

MiR-9 predictive of plerixafor response in HNSCC H. M. Hersi et al.

https://clinicaltrials.gov/ct2/show/NCT02179970
https://clinicaltrials.gov/ct2/show/NCT02179970


Hui L, Wu H, Yang N, Guo X and Jang X (2016)

Identification of prognostic microRNA candidates for

head and neck squamous cell carcinoma. Oncol Rep 35,

3321–3330.
Iorio MV, Ferracin M, Liu C-G, Veronese A, Spizzo R,

Sabbioni S, Magri E, Pedriali M, Fabbri M, Campiglio

M et al. (2005) MicroRNA gene expression

deregulation in human breast cancer. Cancer Res 65,

7065–7070.
Jeong W-J, Choi IJ, Park M-W, An S-Y, Jeon E-H, Paik

JH, Magri E, Pedriali M, Fabbri M, Campiglio M

et al. (2014) CXCR4 antagonist inhibits perineural

invasion of adenoid cystic carcinoma. J Clin Pathol 67,

992–998.
Kimura T, Wang L, Tabu K, Tsuda M, Tanino M,

Maekawa A, Nishihara H, Hiraga H, Taga T, Oda Y

et al. (2016) Identification and analysis of CXCR4-

positive synovial sarcoma-initiating cells. Oncogene 35,

3932–3943.
Kochetkova M, Kumar S and McColl SR (2009)

Chemokine receptors CXCR4 and CCR7 promote

metastasis by preventing anoikis in cancer cells. Cell

Death Differ 16, 664–673.
Lee JY, Kang DH, Chung DY, Kwon JK, Lee H, Cho

NH, Choi YD, Hong SJ and Cho KS (2014) Meta-

Analysis of the Relationship between CXCR4

Expression and Metastasis in Prostate Cancer. World J

Mens Health 32, 167–175.
Li X, Kikuchi K and Takano Y (2011) ING Genes Work

as Tumor Suppressor Genes in the Carcinogenesis of

Head and Neck Squamous Cell Carcinoma. J Oncol

2011, 963614.

Liang S, Peng X, Li X, Yang P, Xie L, Li Y, Du C and

Zhang G (2015) Silencing of CXCR4 sensitizes triple-

negative breast cancer cells to cisplatin. Oncotarget 6,

1020–1030.
Liao A, Shi R, Jiang Y, Tian S, Li P, Song F, Qu Y, Li J,

Yun H and Yang X (2016) SDF-1/CXCR4 Axis

Regulates Cell Cycle Progression and Epithelial-

Mesenchymal Transition via Up-regulation of Survivin

in Glioblastoma. Mol Neurobiol 53, 210–215.
Liu DZ, Ander BP, Tian Y, Stamova B, Jickling GC,

Davis RR, Sharp FR (2012) Integrated analysis of

mRNA and microRNA expression in mature neurons,

neural progenitor cells and neuroblastoma cells. Gene

495, 120–127.
Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J,

Peck D, Sweet-Cordero A, Ebert BL, Mak RH,

Ferrando AA et al. (2005) MicroRNA expression

profiles classify human cancers. Nature 435, 834–838.
Lu M-H, Huang C-C, Pan M-R, Chen H-H and Hung W-

C (2012) Prospero homeobox 1 promotes epithelial-

mesenchymal transition in colon cancer cells by

inhibiting E-cadherin via miR-9. Clin Cancer Res 18,

6416–6425.

Lu J, Luo H, Liu X, Peng Y, Zhang B, Wang L, Xu X,

Peng X, Li G, Tian W et al. (2014a) miR-9 targets

CXCR4 and functions as a potential tumor suppressor

in nasopharyngeal carcinoma. Carcinogenesis 35, 554–
563.

Lu J, Xu X, Liu X, Peng Y, Zhang B, Wang L, Xu X,

Peng X, Li G, Tian W et al. (2014b) Predictive

value of miR-9 as a potential biomarker for

nasopharyngeal carcinoma metastasis. Br J Cancer 110,

392–398.
Lujambio A, Calin GA, Villanueva A, Ropero S, S�anchez-

C�espedes M, Blanco D, Montuenga LM, Rossi S,

Nicoloso MS, Faller WJ et al. (2008) A microRNA

DNA methylation signature for human cancer

metastasis. Proc Natl Acad Sci U S A 105, 13556–
13561.

Ma L, Young J, Prabhala H, Pan E, Mestdagh P, Muth D,

Teruya-Feldstein J, Reinhardt F, Onder TT, Valastyan

S et al. (2010) miR-9, a MYC/MYCN-activated

microRNA, regulates E-cadherin and cancer

metastasis. Nat Cell Biol 12, 247–256.
Machado ID, Spatti M, Hastreiter A, Santin JR, Fock RA,

Gil CD, Oliani SM, Perretti M and Farsky SHP (2016)

Annexin A1 Is a Physiological Modulator of

Neutrophil Maturation and Recirculation Acting on

the CXCR4/CXCL12 Pathway. J Cell Physiol 231,

2418–2427.
Mehanna HM and Ang KK (2012) Head and Neck Cancer

Recurrence: Evidence-based, Multidisciplinary

Management. Thieme, New York, NY.

Minor J, Wang X, Zhang F, Song J, Jimeno A, Wang X-J,

Lu X, Gross N, Kulesz-Martin M, Wang D et al.

(2012) Methylation of microRNA-9 is a specific and

sensitive biomarker for oral and oropharyngeal

squamous cell carcinomas. Oral Oncol 48, 73–78.
M€uhlethaler-Mottet A, Liberman J, Ascenc�~ao K, Flahaut

M, Balmas Bourloud K, Yan P, Jauquier N, Gross N

and Joseph J-M (2015) The CXCR4/CXCR7/CXCL12

Axis Is Involved in a Secondary but Complex Control

of Neuroblastoma Metastatic Cell Homing. PLoS

ONE 10, e0125616.

Murakami Y, Yasuda T, Saigo K, Urashima T, Toyoda H,

Okanoue T and Shimotohno K (2006) Comprehensive

analysis of microRNA expression patterns in

hepatocellular carcinoma and non-tumorous tissues.

Oncogene 25, 2537–2545.
Nagasawa T, Hirota S, Tachibana K, Takakura N,

Nishikawa SI, Kitamura Y, Yoshida N, Kikutani H

and Kishimoto T (1996) Defects of B-cell

lymphopoiesis and bone-marrow myelopoiesis in mice

lacking the CXC chemokine PBSF/SDF-1. Nature 382,

635–638.
Neagu M, Constantin C and Longo C (2015) Chemokines

in the melanoma metastasis biomarkers portrait. J

Immunoassay Immunochem 36, 559–566.

2039Molecular Oncology 12 (2018) 2023–2041 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

H. M. Hersi et al. MiR-9 predictive of plerixafor response in HNSCC



Niu J, Huang Y and Zhang L (2015) CXCR4 silencing

inhibits invasion and migration of human laryngeal

cancer Hep-2 cells. Int J Clin Exp Pathol 8, 6255–6261.
Peled A, Tavor S (2013) Role of CXCR4 in the pathogenesis

of acute myeloid leukemia. Theranostics 3, 34–39.
Ragin CCR, Modugno F and Gollin SM (2007) The

Epidemiology and Risk Factors of Head and Neck

Cancer: a Focus on Human Papillomavirus. J Dent

Res 86, 104–114.
Raulf N, El-Attar R, Kulms D, Lecis D, Delia D, Walczak

H, Papenfuss K, Odell E and Tavassoli M (2014)

Differential response of head and neck cancer cell lines

to TRAIL or Smac mimetics is associated with the

cellular levels and activity of caspase-8 and caspase-10.

Br J Cancer 111, 1955–1964.
Reinholdt L, Laursen MB, Schmitz A, Badker JS,

Jakobsen LH, Bøgsted M, Johnsen HE, Dybkær K

(2016) The CXCR4 antagonist plerixafor enhances the

effect of rituximab in diffuse large B-cell lymphoma

cell lines. Biomark Res 4, 12.

Roman-Gomez J, Agirre X, Jim�enez-Velasco A, Arqueros V,

Vilas-Zornoza A, Rodriguez-Otero P, Martin-Subero I,

Garate L, Cordeu L, San Jos�e-Eneriz E et al. (2009)

Epigenetic regulation of MicroRNAs in

acute lymphoblastic leukemia. J Clin Oncol 27, 1316–1322.
Song Y, Li J, Zhu Y, Dai Y, Zeng T, Liu L, Li J, Wang

H, Qin Y, Zeng M et al. (2014) MicroRNA-9

promotes tumor metastasis via repressing E-cadherin in

esophageal squamous cell carcinoma. Oncotarget 5,

11669–11680.
Suh Y, Amelio I, Guerrero Urbano T and Tavassoli M

(2014) Clinical update on cancer: molecular oncology of

head and neck cancer Cell Death Dis 5, e1018.

Suh Y-E, Raulf N, G€aken J, Lawler K, Urbano TG,

Bullenkamp J, Gobeil S, Huot J, Odell E, Tavassoli M

(2015) MicroRNA-196a promotes an oncogenic effect in

head and neck cancer cells by suppressing annexin A1 and

enhancing radioresistance. Int J Cancer 137, 1021–1034.
Summerer I, Unger K, Braselmann H, Schuettrumpf L,

Maihoefer C, Baumeister P, Kirchner T, Niyazi M,

Sage E, Specht HM et al. (2015) Circulating

microRNAs as prognostic therapy biomarkers in head

and neck cancer patients. Br J Cancer 113, 76–82.
Sun X, Cheng G, Hao M, Zheng J, Zhou X, Zhang J,

Taichman RS, Pienta KJ and Wang J (2010) CXCL12/

CXCR4/CXCR7 chemokine axis and cancer

progression. Cancer Metastasis Rev 29, 709–722.
Sun Z, Han Q, Zhou N, Wang S, Lu S, Bai C and Zhao

RC (2013) MicroRNA-9 enhances migration and

invasion through KLF17 in hepatocellular carcinoma.

Mol Oncol 7, 884–894.
Sun Y, Wu J, Wu SH, Thakur A, Bollig A, Huang Y, Liao

DJ (2009) Expression profile of microRNAs in c-Myc

induced mouse mammary tumors. Breast Cancer Res

Treat 118, 185–196.

Uchi Y, Takeuchi H, Matsuda S, Saikawa Y, Kawakubo

H, Wada N, Takahashi T, Nakamura R, Fukuda K,

Omori T et al. (2016) CXCL12 expression promotes

esophageal squamous cell carcinoma proliferation and

worsens the prognosis. BMC Cancer 16, 514.

Wagstaff AJ (2009) Plerixafor. Drugs 69, 319–326.
White RA, Neiman JM, Reddi A, Han G, Birlea S, Mitra

D, Dionne L, Fernandez P, Murao K, Bian L et al.

(2013) Epithelial stem cell mutations that promote

squamous cell carcinoma metastasis. J Clin Invest 123,

4390–4404.
Xu T, Liu X, Han L, Shen H, Liu L, Shu Y (2014) Up-

regulation of miR-9 expression as a poor prognostic

biomarker in patients with non-small cell lung cancer.

Clin Transl Oncol 110, 392–398.
Xu Q, Wang Z, Chen X, Duan W, Lei J, Zong L, Li X,

Sheng L, Ma J, Han L et al. (2015) Stromal-derived

factor-1a/CXCL12-CXCR4 chemotactic pathway

promotes perineural invasion in pancreatic cancer.

Oncotarget 6, 4717–4732.
Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto

K, Yi M, Stephens RM, Okamoto A, Yokota J,

Tanaka T et al. (2006) Unique microRNA molecular

profiles in lung cancer diagnosis and prognosis. Cancer

Cell 9, 189–198.
Ying X, Jing L, Ma S, Li Q, Luo X, Pan Z, Feng Y and

Feng P (2015) GSK3b mediates pancreatic cancer cell

invasion in vitro via the CXCR4/MMP-2 pathway.

Cancer Cell Int 15, 70.

Yu T, Liu K, Wu Y, Fan J, Chen J, Li C, Yang Q, Wang

Z (2014) MicroRNA-9 inhibits the proliferation of oral

squamous cell carcinoma cells by suppressing

expression of CXCR4 via the Wnt/b-catenin signaling

pathway. Oncogene 33, 5017–5027.
Zhou B, Xu H, Xia M, Sun C, Li N, Guo E, Guo L, Shan

W, Lu H, Wu Y et al. (2017) Overexpressed miR-9

promotes tumor metastasis via targeting E-cadherin in

serous ovarian cancer. Front Med 11, 214–222.
Zou YR, Kottman AH, Kuroda M, Taniuchi I, Littman

DR (1998) Function of the chemokine receptor

CXCR4 in haematopoiesis and in cerebellar

development. Nature 393, 595–599.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. miR-9 knockdown and overexpression have

no effect on apoptosis.

Fig. S2. miR-9 knockdown affects cell cycle profile.

Fig. S3. miR-9 modulation in HNSCC cells affects

proliferation, cell cycle, colony formation and inva-

sion.
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Fig. S4. CXCR4 modulation in HNSCC cells affects

cell cycle.

Fig. S5. Plerixafor titration on CXCR4 overexpressing

and miR-9 knockdown cells.

Fig. S6. Plerixafor blocks CXCL12 induced increase in

proliferation in miR-9 knockdown cells.

Fig. S7. Effect of plerixafor on cell cycle profile.
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