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Dual-receptor (EGFR and c-MET) inhibition by
tumor-suppressive miR-1 and miR-206 in head
and neck squamous cell carcinoma

Keiichi Koshizuka1,2, Toyoyuki Hanazawa2, Ichiro Fukumoto1,2, Naoko Kikkawa2, Ryosuke Matsushita3,
Hiroko Mataki4, Keiko Mizuno4, Yoshitaka Okamoto2 and Naohiko Seki1

Our studies of microRNA (miRNA) expression signatures have shown that microRNA-1 (miR-1) and microRNA-206 (miR-206)
were downregulated in head and neck squamous cell carcinoma (HNSCC) clinical specimens. The seed sequences of these

miRNAs are identical, suggesting that the identification of the molecular targets regulated by miR-1 and miR-206 will provide

new insights into novel mechanisms of HNSCC pathogenesis. Our present data showed that restoration of miR-1 and miR-206
significantly inhibited HNSCC cells’ aggressiveness. A combination of gene expression data and in silico analysis revealed that

several pathways (‘pathway in cancer’, ‘focal adhesion pathway’, ‘MAPK signaling pathway’, ‘regulation of actin cytoskeleton

pathway’ and ‘ECM–receptor interaction pathway’) were regulated by miR-1 and miR-206. Among them, we found that two

growth factor receptors, epidermal growth factor receptor (EGFR) and hepatocyte growth factor receptor (c-MET), were directly

regulated by both miR-1 and miR-206 in HNSCC cells. Also, downstream oncogenic signaling of these receptors was reduced by

restoration of miR-1 or miR-206 expression. Moreover, overexpression of EGFR and c-MET was observed in HNSCC clinical

specimens. The identification of targets modulated by tumor-suppressive miR-1 and miR-206 may lead to a better understanding

of molecular pathogenesis of HNSCC.
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INTRODUCTION

The 5-year survival frequency of patients with head and neck
squamous cell carcinoma (HNSCC) is ~ 50% because such patients
are usually diagnosed at a late stage.1 Moreover, local tumor
recurrence and distant metastasis appear after conventional
therapies.1 Application of genomic approaches might elucidate novel
molecular pathways underlying HNSCC and thereby improve ther-
apeutic approaches to the disease.
The discovery of noncoding (NC) RNAs in the human genome was

an important conceptual breakthrough for cancer research in the post-
genome sequencing era.2 NCRNAs affect every stage of gene expres-
sion, from gene transcription and translation to messenger RNA
(mRNA) stability.3,4 Among NCRNAs, the microRNAs (miRNAs) are
small NCRNA molecules (18–25 nucleotides in length) that regulate
the expression of protein-coding/non-protein-coding genes by repres-
sing translation or cleaving RNA transcripts in a sequence-specific
manner.5 Accumulating evidence has demonstrated pivotal roles for
miRNAs in human cancer pathogenesis.6,7 Several studies have shown
that hyperactivity or diminished function of microRNAs disrupt the
tightly controlled RNA networks in cancer cells.4,6,7 Dysregulated RNA

networks contribute to the development of cancer cells and the
acquisition of the malignant phenotype.
We hypothesize that the identification of aberrantly expressed

miRNA would be an important first step toward elucidating the
details of miRNA-mediated oncogenic pathways. On the basis of this
theory, we have constructed miRNA expression signatures of HNSCC
clinical specimens and identified aberrantly expressed miRNAs.8–11

Our previous studies showed that the miR-29 family (miR-29a/b/c),
miR-218, miR-451a and the miR-26 family (miR-26a/b) were sig-
nificantly reduced in HNSCC tissues. Furthermore, ectopic expression
of these miRNAs inhibited cancer cell aggressiveness through the
targeting of genes involved in ‘focal adhesion’ and ‘extracellular matrix
(ECM)–receptor interaction’ pathways.8,9,12–14

For example, aberrant expression of ECM components and activa-
tion of ECM-mediated signals have been observed in cancer lesions
and are known to trigger cancer cell aggressiveness.15–17 We demon-
strated that laminin-332-integrin α6β4 signaling contribute to cancer
cell migration and invasion in HNSCC, and these ECM components
were regulated by the miR-29 family as well asmiR-218.13,14 Moreover,
our recent study showed that downregulation of miR-223 enhanced
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ITGA3/ITGB1 signaling and contributed to cancer cell migration and
invasion by prostate cancer cells.17 These data suggested that
identification of miRNA-mediated oncogenic signaling pathways
may have applications in the development of novel therapies targeted
against metastatic cancers.
In this study, we focused on miR-1 and miR-206 because the

expression of these miRNAs was downregulated in HNSCC signatures
and the seed sequences of these miRNAs are identical.9,18 The aim of
this study was to investigate the functional significance of miR-1 and
miR-206 in HNSCC and to identify novel molecular targets involved
in HNSCC aggressiveness. Our present data showed that genes coding
for epidermal growth factor receptor (EGFR) and hepatocyte growth
factor receptor (c-MET) were directly downregulated by both miR-1
and miR-206. Moreover, EGFR or c-MET were overexpressed in
HNSCC clinical specimens. Targets regulated by tumor-suppressor
miR-1 and miR-206 might provide important insights into the
molecular mechanisms of HNSCC progression and metastasis and
suggest novel therapeutic strategies for the treatment of the disease.

MATERIALS AND METHODS

Clinical HNSCC specimens
A total of 22 pairs of primary tumors and corresponding normal epithelial

specimens and 23 formalin-fixed paraffin-embedded tissues were obtained

from patients with HNSCC at Chiba University Hospital (Chiba, Japan) from

2008 to 2014. The patients’ backgrounds and clinicopathological characteristics

are summarized in Tables 1 and 2. The patients were classified according to the

2002 Union for International Cancer Control (UICC) TNM staging criteria

before treatment. Written consent for tissue donation for research purposes was

obtained from each patient before tissue collection. The protocol was approved

by the institutional review board of Chiba University.
The fresh specimens were immediately immersed in RNAlater (Qiagen,

Valencia, CA, USA) and stored at − 20 °C until RNA was extracted. Total RNA

was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to

the manufacturer’s protocol.

Cell line and cell culture
The following human HNSCC cells were used in this study: FaDu (derived
from a primary lesion of hypopharyngeal SCC), SAS (derived from a primary
lesion of tongue SCC) and HSC3 (derived from a lymph node metastasis of
tongue SCC). Cells were cultured in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum in a humidified 5% CO2 atmosphere at 37 °C.

Quantitative real-time reverse transcription PCR
cDNA synthesis and PCR procedures were described in our previous
reports.10,19 The expression levels of miR-1 (assay ID: 002222) and miR-206
(assay ID: 000510), miR-133a (assay ID: 002246) and miR-133b (assay ID:
002247) were analyzed by Taqman quantitative real-time reverse trancription
(RT)-PCR (Taqman MicroRNA Assay; Applied Biosystems, Foster City, CA,
USA) and normalized to RNU48 (assay ID: 001006). Taqman probes and
primers for EGFR (P/N: Hs01076090_m1), c-MET (P/N: Hs01565575_m1) and
GUSB (P/N: Hs99999908_ml) as an internal control were obtained from
Applied Biosystems.

Mature miRNA transfection
To perform gain-of-function assays, we used the following mature miRNAs
species: Pre-miR miRNA precursors (miR-1; P/N: PM10633, miR-206; P/N:
PM10409, and negative control miR; P/N: AM17111; Applied Biosystems). The
miRNA transfection procedures and confirmation of miRNA transfection
efficiency were described in our previous reports.10,19,20

Cell proliferation, migration and invasion assays
Cell proliferation was determined with the XTT assay using a Cell Proliferation
Kit II (Roche Applied Sciences, Tokyo, Japan). Cell migration activity was
analyzed using uncoated Transwell polycarbonate membrane filters. Cell
invasion was evaluated using modified Boyden chambers containing Transwell
membrane filter inserts precoated with Matrigel. These assays were carried out
as previously described.14,19,20

Identification of genes putatively regulated by miR-1 and miR-206
To investigate genes putatively regulated by miR-1 and miR-206, we used the
TargetScan database (Release 6.2, http://www.targetscan.org/). Next, to identify
upregulated genes in HNSCC clinical specimens, we used Gene Expression
Omnibus (GEO; accession number: GSE9638). Finally, putative candidate genes
were categorized in the Kyoto Encyclopedia of Genes and Genomics (KEGG)
using the GeneCodis program. The strategy behind this analysis procedure was
described previously.8–10,12–14

Immunohistochemistry
A total of 23 formalin-fixed paraffin-embedded tissues were used. The patients’
backgrounds and clinicopathological characteristics are summarized in Table 2.
The tissues were immunostained following the manufacturer’s protocol for the
Ultra-Vision Detection system (Thermo Scientific, Fremont, CA, USA). The
primary rabbit polyclonal antibodies against EGFR (#4267; Cell Signaling,
Danvers, MA, USA) and c-MET (#8198; Cell Signaling) were diluted 1:50 and
1:300, respectively. The slides were treated with biotinylated goat anti-rabbit
antibodies. The procedure for immunohistochemistry was described
previously.21,22

Western blotting
Immunoblotting was performed as follows with rabbit antibodies obtained
from Cell Signaling: anti-EGFR antibody (1:1000, #4267), anti-c-MET antibody
(1:1000, #8198), anti-p-EGFR antibody (1:1000, #2237), anti-p-c-MET anti-
body (1:1000, #3077), anti-Akt antibody (1:1000, #4691), anti-p-Akt antibody
(1:1000, #4060), anti-Erk1/2 antibody (1:1000, #4695) and anti-p-Erk1/2
antibody (1:2000, #4370). Anti-GAPDH antibodies (1:1000, ab8245; Abcam,
Cambridge, UK) were used as an internal control. The membrane was washed
and incubated with anti-rabbit IgG, HRP-linked antibody (#7074; Cell
Signaling). Specific complexes were visualized with the echochemiluminescence
detection system (GE Healthcare, Little Chalfont, UK). The procedure for
western blotting was described in previous studies.19–21

Table 1 Clinical features of 22 patients with HNSCC

No. Age Sex Location T N M Stage Differentiation

1 66 M Hypopharynx 2 2c 0 IVa Moderate

2 66 M Hypopharynx 4a 2c 0 IVa Well

3 58 M Hypopharynx 4a 0 0 IVa Well

4 76 M Hypopharynx 4a 1 0 IVa Well

5 74 M Hypopharynx 4a 2c 0 IVa Poor

6 45 M Hypopharynx 4a 2c 0 IVa Moderate

7 66 M Hypopharynx 4b 2c 0 IVb Moderate

8 69 M Larynx 3 0 0 III Well

9 85 M Larynx 3 2b 0 IVa Moderate

10 70 M Larynx 4a 1 0 IVa Well–moderate

11 84 M Larynx 4a 0 0 IVa Moderate

12 74 M Tongue 1 0 0 I Well

13 66 M Tongue 2 0 0 II Moderate

14 73 M Tongue 3 1 0 III Poor

15 42 F Tongue 4a 2b 0 IVa Poor

16 39 F Tongue 4a 2c 0 IVa Well

17 67 M Tongue 4a 2c 0 IVa Moderate

18 72 M Tongue 4a 2b 0 IVa Moderate

19 83 M Oral floor 2 1 0 III Well

20 77 M Oral floor 2 2b 0 IVa Moderate

21 68 F Oral floor 4a 1 0 IVa Well

22 69 M Orophalynx 1 0 0 I Well

Abbreviations: F, female; M, male.
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Plasmid construction and dual-luciferase reporter assays
The partial wild-type sequences of the EGFR and c-MET 3′-untranslated
regions (UTR) or those with a deleted miR-1 and miR-206 target site (positions

746–752 of the EGFR and 499–505 and 814–820 of the c-MET 3′-UTR) were
inserted between the Xhol-Pmel restriction sites in the 3′-UTR of the hRluc

gene in the psiCHECK-2 vector (C8021; Promega, Madison, WI, USA). The

procedure for the dual-luciferase assay was described previously.19–21

Statistical analysis
The relationships between two groups and the numerical values obtained by

qPCR were analyzed using the paired t-test. Spearman’s rank test was used to

evaluate the correlation between the expression of miR-1, miR-206 and target

genes. The relationships among more than three variables and numerical values

were analyzed using the Bonferroni-adjusted Mann–Whitney U-test. All

analyses were performed using Expert StatView (version 4, SAS Institute Inc.,

Cary, NC, USA).

RESULTS

Expression of miR-1 and miR-206 in clinical HNSCC specimens and
cell lines
To validate our previously established miRNA expression signature of
HNSCC, we evaluated miR-1 and miR-206 expression in 22 clinical
HNSCC specimens. The expression levels of miR-1 and miR-206 were
significantly reduced in HNSCC cell lines and cancer tissues compared
with corresponding adjacent non-cancerous epithelia (Figures 1a and b).
In human genome, miR-1/miR-133a and miR-206/miR-133b forms
clustered miRNAs in 20q13.33 and 6p12.1, respectively. We also
evaluated the expression levels of miR-133a and miR-133b and
confirmed downregulation of these miRNAs in HNSCC specimens
(Figures 1a and b). Spearman’s rank test showed a positive correlation
between the expression of miR-1/miR-133a and miR-206/miR-133b
(Figures 1a and b).

Effect of restoring miR-1 and miR-206 on cell proliferation,
migration and invasion activities of HNSCC cell lines
To investigate the functional roles of miR-1 and miR-206, we
performed gain-of-function assays using miRNA transfection into
three HNSCC cell lines (FaDu, SAS and HSC3).
The XTT assay demonstrated that cell proliferation was significantly

inhibited in miR-1 and miR-206 transfectants in comparison with the
mock or miR-control transfectant cells (Figure 1c).
The migration assay demonstrated that cell migration activity was

significantly inhibited in miR-1 and miR-206 transfectants in compar-
ison with the mock or miR-control transfectant cells (Figure 1d).
The Matrigel invasion assay demonstrated that cell invasion activity

was significantly inhibited in miR-1 and miR-206 transfectants in
comparison with the mock or miR-control transfectant cells
(Figure 1e).

Selection of candidate target genes regulated by miR-1 and miR-206
in HNSCC cells
We performed in silico and gene expression analyses to identify genes
targeted by both miR-1 and miR-206 for regulation. Our strategy to
narrow down miR-1- and miR-206-regulated genes is shown in
Figure 2. First, we selected putative miR-1 and miR-206 target genes
using the TargetScan database and identified 4246 genes. The gene set
was then analyzed with a publicly available gene expression data set
in GEO (accession number: GSE9638) and genes upregulated
(log2 ratio 41.0) in HNSCC were chosen. A total of 494 genes were
identified as candidate targets of miR-1 and miR-206 regulation.
Next, these genes were then categorized into KEGG pathways using

GeneCodis analysis and 13 pathways were identified as significantly
enriched (Supplementary Table 1). Among these pathways, we focused
on the top five based on the number of genes: pathways in cancer,
focal adhesion pathways, MAPK signaling pathways, regulation of
actin cytoskeleton pathways and ECM–receptor interaction pathways.

Table 2 Clinical features of 23 patients and immunohistochemistry status

No. Age Sex Location Differentiation T N M Stage EGFR c-MET

1 60 M Nasal Poor 2 0 0 II 3+ 2+

2 60 M Oropharynx Poor 3 0 0 III 3+ 1+

3 29 F Oral Poor 4a 2b 0 IVa 3+ 1+

4 44 F Maxillary sinus Moderate 4b 1 0 IVb 3+ 1+

5 51 M Oral Well 2 0 0 II 3+ 1+

6 72 M Hypopharynx Moderate 2 0 0 II 3+ 1+

7 77 M Hypopharynx Basaloid SCC 4a 0 0 IVa 3+ 1+

8 55 M Hypopharynx Poor 2 2b 0 IVa 3+ 0

9 57 M Oropharynx Poor 1 2b 0 IVa 3+ 0

10 61 M Oropharynx Moderate 3 0 0 III 3+ 0

11 52 F Oral Well 4a 2c 1 IVc 2+ 2+

12 61 F Hypopharynx Moderate 4a 0 0 IVa 2+ 1+

13 57 M Oropharynx Well 2 2b 0 IVa 2+ 1+

14 64 M Larynx Moderate 4a 2c 0 IVa 2+ 1+

15 73 M Larynx Poor 3 0 0 III 2+ 1+

16 77 M Oral Moderate 2 2b 0 IVa 2+ 1+

17 71 F Hypopharynx Well 2 2b 0 IVa 2+ 1+

18 42 F Oral Poor 4a 0 0 IVa 2+ 1+

19 64 M Hypopharynx Well 2 2b 0 IVa 2+ 1+

20 53 M Oropharynx Moderate 3 2c 0 IVa 2+ 1+

21 70 M Hypopharynx Well 2 2b 0 IVa 2+ 1+

22 73 M Oropharynx Moderate 2 2b 0 IVa 2+ 0

23 80 M Larynx Moderate 3 2c 0 IVa 1+ 1+

Abbreviations: EGFR, epidermal growth factor receptor; F, female; M, male.
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The genes involved in these pathways are listed in Supplementary
Tables 2–6. A total of 32 genes were involved in these pathways, and
we focused on EGFR and c-MET because these two tyrosine kinase
receptors are deeply involved in HNSCC pathogenesis.23–25

The expression status of EGFR and c-MET in HNSCC clinical
specimens
First, we investigated the expression status of EGFR and c-MET
proteins in HNSCC clinical specimens using immunohistochemical
staining. A total of 23 specimens were checked in this study, and 22
samples stained positively for EGFR (⩾50% of positive cells with
moderate or strong staining) and two samples were positive for
c-MET. Two samples stained positively for both EGFR and c-MET
(Figure 3). Clinicopathological characteristics are summarized in
Table 2.

We also investigated the mRNA expression levels of EGFR and
c-MET in 22 HNSCC clinical specimens by quantitative real-time
RT-PCR. EGFR and c-MET were significantly upregulated in HNSCC
tumor tissues (Figures 4a and b). Spearman’s rank test showed a
negative correlation between the expression of EGFR and miR-1
(Po0.0001, R=− 0.0643, Figure 4a), EGFR and miR-206 (Po0.0001,
R=− 0.657, Figure 4a), c-MET and miR-1 (P= 0.0016, R=− 0.482,
Figure 4b) and c-MET and miR-206 (P= 0.0083, R=− 0.402,
Figure 4b).

Direct regulation of EGFR and c-MET by miR-1 and miR-206 in
HNSCC cells
We investigated whether EGFR and c-MET expression would be
reduced by restoration of miR-1 or miR-206 in HNSCC cells. The
mRNA and protein levels of expression of EGFR were significantly
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Figure 1 Expression levels of miR-1/miR-133a and miR-206/miR-133b in head and neck squamous cell carcinoma (HNSCC) clinical specimens and
functional significance of miR-1 and miR-206 in HNSCC cells. (a) Expression levels of miR-1 and miR-133a in HNSCC clinical specimens and cell lines.
RNU48 was used as an internal control. N, noncancerous tissues; T, tumor tissues. Spearman’s rank test showed a positive correlation between the
expression of miR-1 and that of miR-133a (r=0.921 and Po0.0001). (b) Expression levels of miR-206 and miR-133b in HNSCC clinical specimens and
cell lines. Spearman’s rank test showed a positive correlation between the expression of miR-206 and that of miR-133b (r=0.872 and Po0.0001). (c) Cell
proliferation was determined by XTT assay 72 h after transfection with miR-1 or miR-206. (d) Cell movement was assessed by migration assay 48 h after
transfection with miR-1 or miR-206. (e) Cell invasion was characterized by invasion assay 48 h after transfection with miR-1 or miR-206. *Po0.0001.
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reduced by miR-1 or miR-206 transfection compared with that in
mock- or miR-control-transfected cells (Figures 5a and b). Similar to
EGFR expression, expression levels of c-MET were significantly
reduced by miR-1 or miR-206 transfection (Figures 6a and b).
Furthermore, we performed luciferase reporter assay in SAS cells to

determine whether EGFR and c-MET mRNA contained target sites for
miR-1 and miR-206. We used vectors encoding either a partial wild-
type sequence or a sequence in which the miRNA binding site had
been mutated from the 3′-UTR of EGFR and c-MET mRNAs. We
found that the luminescence intensity was significantly reduced by

co-transfection with miR-1, miR-206 and the vector carrying the wild-
type 3′-UTR of EGFR and c-MET mRNA (Figures 5c and 6c).

Effects of EGFR and c-MET oncogenic signaling by miR-1 and
miR-206 transfection
We analyzed the effects of downstream oncogenic signaling of EGFR
and c-MET by using either miR-1 or miR-206 transfectants. The
phosphorylation status of EGFR (Tyr1045), c-MET (Tyr1234/1235),
AKT (Ser 473) and ERK1/2 (Thr 202/yr 204) were examined.
Restoration of miR-1 and miR-206 reduced phosphorylation of EGFR,
c-MET, AKT and ERK1/2 in SAS cells (Figure 7).

DISCUSSION

Our miRNA expression signatures of HNSCC showed that clustered
miRNAs, miR-1/miR-133a and miR-206/miR-133b were significantly
downregulated in cancer tissues.9,11 Our present data confirmed
downregulation of miR-1 and miR-206 in HNSCC clinical specimens.
In the human genome, miR-1-1/miR-133a-2, miR-1-2/miR-133a-1
and miR-206/miR-133b form clustered miRNAs and these clusters are
located at three different chromosomal loci, that is, 20q13.33, 18q11.2
and 6p12.1, respectively.18 The mature sequences of miR-1-1 and
miR-1-2 are identical, but miR-1 and miR-206 differ by four
nucleotides (miRBase: release 21). The seed sequences of
miR-1-1/miR-1-2/miR-206 are identical, suggesting that these miRNAs
regulate the same target genes in cancer or non-cancerous cells. The
molecular mechanisms responsible for the silencing of miR-1 and
miR-206 in cancer cells are not clear. Past study indicated that miR-1-1
contains CpG islands (spanning exon 1 and intron 1) and these sites
were methylated in hepatocellular carcinoma cell lines and in primary
human hepatocellular carcinomas.26 Moreover, suppression of miR-1
expression was recovered by treatment with a DNA hypomethylating
agent and histone deacetylase inhibitor in hepatocellular carcinoma
and lung cancer cells.26,27 The expression control of miR-206 is still
unclear. Past study showed that transcriptional factor activator protein
1 binding site was existed in the promoter region of miR-206 in
human genome and activator protein 1-induced miR-206 expression.

TargetScan database analysis
Predicted miR-1/206 target genes

4246 genes 

GeneCodis analysis
Significantly enriched pathways (P<0.05)

494 genes

Gene-wide expression data (GSE9638) 
Upregulated genes in HNSCC (log2 ratio>1.0)

13 pathways

2 genes   (EGFR, c-MET)

Tyrosine kinase receptor genes 

Top 5 pathways (number of genes) 

18 genes
11 genes
11 genes

9 genes
7 genes

Pathways in cancer           
Focal adhesion
MAPK signaling pathway
Regulation of actin cytoskeleton
ECM-receptor interaction

Figure 2 Flow chart depicting the strategy for identification of miR-1 and
miR-206 target genes.

No. 1 No. 11 No. 2 No. 23

HE

c-MET

EGFR

Figure 3 Immunohistochemical staining of epidermal growth factor receptor (EGFR) and c-MET in head and neck squamous cell carcinoma (HNSCC) clinical
specimens. EGFR and c-MET expression are different in cancer lesions and adjacent non-cancer tissues in the same fields (original magnification, x40).
Patient numbers 1 and 11: EGFR and c-MET stained positively; patient number 2: only EGFR was positive; patient number 23: EGFR and c-MET negative.
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In contrast, a transcriptional repressor protein (YY1) was repressed
expression of miR-206.28 Further studies are needed to understand the
molecular mechanisms of expression control of these miRNAs in
cancer cells.

The functional significance of miR-1 and miR-206 in HNSCC cells
has been investigated by ectopic expression of these miRNAs in cancer
cells. Our data showed that ectopic expression of miR-1 and miR-206
significantly suppressed cancer cell aggressiveness, indicating that these
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miRNAs act as tumor suppressors in normal cells. The tumor-
suppressive role of miR-1 was reported in several types of cancers,
such as lung cancer, colon cancer, genitourinary cancer, head and neck
cancer and sarcoma.20,29–32 Downregulation of miR-1 has been
observed in multiple cancers, suggesting that cancer pathways
regulated by miR-1 or their targets could provide new insights into
potential molecular mechanisms of cancer pathogenesis. Like miR-1,
the downregulation of miR-206 and its anti-tumor roles were reported
for several cancers.18,21,31,33 Ectopic miR-206 expression induced cell
cycle arrest and apoptosis in breast cancer, prostate cancer, lung
cancer, gastric cancer, sarcoma, glioma and neuroblastoma.18,31,34

Expression levels of miR-206 were correlated with an advanced stage,
lymph node metastasis and poor prognosis in several cancers.34,35 In
oral SCC cells, K-Ras was directly regulated by miR-206.33 Activation

of the K-Ras oncogene is implicated in several types of cancers36,37,
suggesting that miR-206 acts as a critical anti-tumor effector in oral
SCC cells.
We hypothesized that identification of the molecular targets and

pathways regulated by tumor-suppressive miR-1 and miR-206 in
HNSCC would enhance our understanding of the disease and could
suggest more effective strategies for future therapeutic interventions.
Thus, we identified the genetic targets regulated by miR-1 and
miR-206. In this screening, several pathways and targets were
annotated as subjects of miR-1 and miR-206 regulation in HNSCC
cells. Among them, we focused on two receptor tyrosine kinase (RTK)
genes (EGFR and c-MET) because these receptors mediate signals
contributing to cancer cell aggressiveness and drug resistance.21,25,27,30

Our data showed that EGFR and c-MET were directly regulated by
miR-1 and miR-206, making them tumor-suppressive miRNAs. More-
over, ectopic expression of these miRNAs reduced the levels of
p-ERK1/2 and p-ATK as downstream signaling molecules of these
RTKs. Previous studies demonstrated the inhibition of c-MET by
miR-1 in several cancers.30,31,38 More recently, we showed that ectopic
expression of miR-206 suppressed dual tyrosine kinase receptors,
EGFR and c-MET in lung squamous cell carcinoma cells.21 Past studies
showed that EGFR was regulated by miR-133a and miR-133b as
clustered miRNAs in miR-1 and miR-206, respectively.39,40 However,
we had no positive data expression control of EGFR by miR-133a or
miR-133b in HNSCC cells (data not shown).
Overexpression of EGFR is observed in ~ 90% of patients with

HNSCC and aberrant activation of EGFR signaling enhances prolif-
eration, invasion, metastasis and angiogenesis of cancer cells.23

Aberrant expression of EGFR correlates with decreased survival.
Furthermore, EGFR and its mediated signal cascade have been
implicated in the pathogenesis of HNSCC.24 In 2006, the EGFR-
targeting monoclonal antibody cetuximab was approved by Food and
Drug Administration (FDA) for treatment of patients with HNSCC.
Currently, cetuximab is approved in combination with radiation
therapy for HNSCC as a first-line treatment, or with other anticancer
drugs in recurrent or metastatic disease.41,42 However, the curative
effects of cetuximab treatments are limited, and it is difficult to achieve
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complete remission in this disease. Many studies have suggested that
several alternative signal cascades are activated by EGFR blockade
therapies in cancer cells.43,44 Interestingly, several reports showed that
cetuximab induced c-MET signal activation, suggesting a possible
mechanism of acquired resistance to EGFR inhibitors.45 Recent studies
indicate that c-MET activation is responsible for ~ 20% of resistance to
EGFR inhibitors.46

Similar to EGFR expression, aberrant expression of c-MET was
observed in 90% of HNSCC cell lines and 84% of HNSCC patient
samples.25 Our present data showed that overexpression of both EGFR
and c-MET occurred in several HNSCC clinical specimens. It is
extremely important to realize that both tumor-suppressive miR-1 and
miR-206 inhibited EGFR and c-MET oncogenic signaling in HNSCC
cells. Therefore, we propose that therapeutic strategies relying on dual
blocking of EGFR and c-MET oncogenic signaling are indispensable
for HNSCC treatment. The identification of novel molecular pathways
regulated by miR-1 and miR-206may lead to a better understanding of
HNSCC aggressiveness and mechanisms of drug resistance.
In conclusion, downregulation of miR-1 and miR-206 enhances

cancer cell aggressiveness through their targeting of tyrosine kinase
receptors, EGFR and c-MET in HNSCC cells. Ectopic expression of
miR-1 and miR-206 inhibited EGFR and c-MET downstream signal
cascades. Elucidation of the cancer pathways and target genes regulated
by tumor-suppressive miR-1 and miR-206 should provide new
approaches and potential therapeutic targets in the treatment of HNSCC.
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