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Promoter Methylation-Regulated miR-145-5p
Inhibits Laryngeal Squamous Cell Carcinoma
Progression by Targeting FSCN1
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Laryngeal squamous cell carcinoma (LSCC) is a common
form of head and neck cancer with poor prognosis. However,
the mechanism underlying the pathogenesis of LSCC re-
mains unclear. Here, we demonstrated increased expression
of fascin actin-bundling protein 1 (FSCN1) and decreased
expression of microRNA-145-5p (miR-145-5p) in a clinical
cohort of LSCC. Luciferase assay revealed that miR-145-5p
is a negative regulator of FSCN1. Importantly, low miR-
145-5p expression was correlated with TNM (tumor, node,
metastasis) status and metastasis. Moreover, cases with low
miR-145-5p/high FSCN1 expression showed poor prognosis,
and these characteristics together served as independent
prognostic indicators of survival. Gain- and loss-of-function
studies showed that miR-145-5p overexpression or FSCN1
knockdown inhibited LSCC migration, invasion, and growth
by suppressing the epithelial-mesenchymal transition along
with inducing cell-cycle arrest and apoptosis. Additionally,
hypermethylation of the miR-145-5p promoter suggested
that repression of miR-145-5p arises through epigenetic
inactivation. LSCC tumor growth in vivo could be inhibited
by using miR-145-5p agomir or FSCN1 small interfering
RNA (siRNA), which highlights the potential for clinical
translation. Collectively, our findings indicate that miR-
145-5p plays critical roles in inhibiting the progression of
LSCC by suppressing FSCN1. Both miR-145-5p and FSCN1
are important potential prognostic markers and therapeutic
targets for LSCC.
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INTRODUCTION
Head and neck squamous cell carcinoma (HNSCC) is the sixth most
common malignancy worldwide.1 Laryngeal squamous cell carci-
noma (LSCC) has the second highest incidence among these cancers
and is especially prevalent in the northern areas of China.2 The lim-
itations of throat anatomy and the richness of submucous lymph
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readily facilitate local invasion and neck lymphatic metastasis in
LSCC and are important risk factors for recurrence and poor prog-
nosis after treatment. Despite therapeutic advances for many cancer
types, the outcomes for most patients with advanced LSCC have
not improved significantly in the last 30 years.3,4 Consequently, un-
derstanding the molecular mechanisms of the proliferation, invasion,
and metastasis of LSCC is essential for its diagnosis, treatment, and
prognosis.

An actin-filament bundling oncogene, fascin actin-bundling protein 1
(FSCN1), has been studied in human cancers.5–7 We previously re-
ported that FSCN1 was frequently upregulated in LSCC tissues as
compared with adjacent normal margin (ANM) tissue. Moreover, up-
regulation of FSCN1 was associated with poor prognosis of LSCC.2

Therefore, understanding the tumor-specific regulation of FSCN1 is
crucial and has potential clinical significance.

MicroRNAs (miRNAs) regulate the expression of protein-coding
genes at the post-transcription level, and almost 60% of human genes
are thought to be regulated by miRNAs.8 Dysregulated miRNAs are
associated with the malignant progression of LSCC. The functions
of miRNAs in LSCC have been revealed. The expression of miR-155
is upregulated in LSCC, and miR-155 overexpression promotes the
proliferation and invasion of LSCCby targeting suppressor of cytokine
signaling 1 and signal transducer and activator of transcription 3.9

miR-27a targets polo-like kinase 2 to promote proliferation and sup-
presses apoptosis in LSCC cells.10 Conversely, miR-1 overexpression
suppresses the migration and invasion of Hep-2 LSCC cells.11

Given the critical oncogenic role of FSCN1 in LSCC, we sought to test
whether FSCN1 expression is regulated by specific miRNAs, with the
hypothesis that the regulatory miRNAs could also be crucial for LSCC
pathogenesis. We found that miR-145-5p is a negative regulator of
FSCN1 expression in LSCC, and the expression of miR-145-5p was
significantly lower in LSCC with poor prognosis. miR-145-5p and
FSCN1 levels affected the phenotypes of LSCC cells, including migra-
tion, invasion, colony formation, proliferation, cell-cycle, apoptosis,
and tumorigenesis both in vitro and in vivo. Moreover, miR-145-5p
overexpression or FSCN1 knockdown inhibited the epithelial-to-
mesenchymal transitions (EMT) and impaired cytoskeleton organi-
zation. Furthermore, miR-145-5p downregulation was attributed to
hypermethylation of its promoter.

RESULTS
miR-145-5p Acts as a Negative Regulator of FSCN1 in LSCC

Ourmicroarray data showed that FSCN1was upregulated in LSCC tis-
sues as compared with ANM tissue (Figure 1A), and we previously re-
ported that differentially high expression of FSCN1 was associated
with poor prognosis in LSCC.2 Furthermore, a recent genome-wide
analysis of cancer transcriptomes highlighted that FSCN1 expression
was prognostic in HNSCC.12 Interrogation of The Cancer Genome
Atlas (TCGA) data showed that FSCN1 was not frequently amplified
in LSCC (Figure S1A), and we hypothesized that other regulatory
mechanisms were involved, particularly that altered expression of
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miRNAs and affected FSCN1 expression in HNSCC. To address this
concept, we turned to our prior analysis of miRNA expression profiles
in LSCC determined by genome-wide miRNA microarray assay.13,14

To determine potential miRNA regulators of FSCN1, we performed
bioinformatics analysis with miRwalk-2.15 The miRNAs hit by
miRwalk-2 were intersected with miRNAs downregulated in LSCC
microarray data (Figure 1B; Tables S1 and S2). Notably, miR-145-
5p was the only miRNA that was derived in common with the two
approaches (Figure 1C). Therefore, we focused on miR-145-5p as a
putative regulator of FSCN1 in LSCC.

Next, we compared miR-145-5p and FSCN1 RNA expression across
40 paired samples of fresh LSCC and ANM tissue. For all cases,
miR-145-5p was significantly downregulated in LSCC tissue as
compared with ANM tissue, and FSCN1 was differentially upregu-
lated (Figures 1D and 1E). As compared with LSCC cases with low
FSCN1 level, LSCC cases with high FSCN1 level showed low
miR-145-5p level (Figure 1F), with Pearson correlation analyses
revealing a clear inverse relation between miR-145-5p expression
and FSCN1 mRNA level (r = �0.737; p < 0.001) (Figure 1G).
In support, in situ hybridization experiments illustrated that LSCC
lesions with high FSCN1 level showed low miR-145-5p level (Fig-
ure 1H). In contrast, miR-145-5p expression was readily observed
in surrounding cells and ANM tissues (Figure 1H; Figure S1B).

To better understand the association between miR-145-5p and
FSCN1, we used cell models of LSCC (Hep-2 and TU177) along
with normal HOK cells for comparison. Notably, qRT-PCR-based
analysis demonstrated relatively low expression of miR-145-5p in
Hep-2 and TU177 cells, and high level of FSCN1 as compared with
HOK cells showing the reverse pattern (Figure 1I). Moreover, manip-
ulating miR-145-5p levels with a mimic sharply decreased FSCN1
mRNA and protein levels in both Hep-2 and TU177 cells
(Figures 1J and 1K). Together these findings indicate that FSCN1
expression in LSCC depended on miR-145-5p level, but the underly-
ing basis of this relation remained undefined.

We then sought to determine whether FSCN1 mRNA was directly
regulated by miR-145-5p binding. Indeed, bioinformatics analysis
identified that the 30 UTR region of FSCN1 contains four putative
seed regions with complementarity to miR-145-5p binding (Fig-
ure S1C). To verify that miR-145-5p targets FSCN1 via 30 UTR-medi-
ated regulation, we conducted experiments with HEK293T cells
transfected with FSCN1 30 UTR luciferase reporter constructs.
Notably, co-introduction of a miR-145-5p mimic, but not a control,
significantly depleted the reporter activity of wild-type FSCN1 30

UTR construct binding (Figure 1L). Similar results were obtained
when each of the four miR-145-5p binding sites in the FSCN1 30

UTR construct were individually mutated (Figure 1L). Only mutation
of all four miR-145-5p binding sites abrogated the ability of miR-145-
5p mimics to inhibit reporter activity (Figure 1L), which suggests that
all seed regions participate in FSCN1 regulation. Overall, these find-
ings support a mechanism whereby miR-145-5p targets FSCN1



Figure 1. miR-145-5p Is a Negative Regulator of FSCN1 in LSCC and Is Associated with Prognosis of LSCC Patients

Heatmap of (A) mRNAs and (B) miRNAs most increased and decreased in expression in six LSCC tissues as compared with six matched non-tumor tissues analyzed by

Arraystar Chip. (C) Screening of miRNA target FSCN1 in LSCC. Intersection of bioinformatics-predicted miRNAs targeting FSCN1 (181) and miRNAs with decreased

expression in LSCC miRNA profiling (6) showing miR-145-5p as a potential negative regulator of FSCN1 in LSCC. (D) miR-145-5p was downregulated in LSCC. qPCR of

miR-145-5p level in 40 pairs of fresh LSCC tissue and corresponding ANM tissue. (E) FSCN1was upregulated in LSCC. qPCR of FSCN1 level in 40 pairs of fresh LSCC tissue

and corresponding ANM tissue. (F) Relative miR-145-5p expression in LSCC tissue with high and low FSCN1 expression. (G) Pearson correlation analysis of miR-145-5p and

FSCN1mRNA levels in LSCC tissue. (H) Expression of miR-145-5p and FSCN1 in LSCC tissue determined by fluorescence in situ hybridization and immunohistochemical

staining. In immunohistochemical staining, black arrows indicate tumor areas, and black stars indicate interstitial tissues. (I) qPCR analysis of RNA levels of miR-145-5p and

FSCN1 in LSCC cells and human oral keratinocyte HOK cells. (J) qPCR analysis of FSCN1 expression in miR-145-5p mimic-transfected Hep-2 and TU177 cells. (K) FSCN1

protein level in miR-145-5p-transfected Hep-2 and TU177 cells examined by western blot analysis. (L) miR-145-5p binds to the 30 UTR of FSCN1 to inhibit its expression.

HEK293T cells were co-transfected with luciferase reporter constructs containing wild-type (WT) or mutated FSCN1 30 UTRs and miR-145-5p mimic, and relative luciferase

activity was measured and normalized to negative control (NC) mimic-transfected cells. Red circle indicates mutation of miR-145-5p binding site. siCHECK2 indicates cells

transfected with the empty vector psiCHECK-2, which does not contain the 30 UTR region of FSCN1. (M) Differential expression analysis of FSCN1mRNA of head and neck

squamous cell carcinoma (HNSCC) patients in the TCGA cohort (tumor group, 519; normal group, 44; *p < 0.01). (N and O) Kaplan-Meier survival curves of HNSCC patients

with different FSCN1 (N) and miR-145-5p (O) level in the TCGA cohort via Oncolnc (http://www.oncolnc.org). Upregulated FSCN1 was significantly correlated with poor

outcome for patients with HNSCC (log rank test, p = 0.00587), and miR-145-5p level was positively correlated with survival time of HNSCC (log rank test, p = 0.718). (P–R)

Kaplan-Meier survival analysis of 188 LSCC patients by expression of miR-145-5p (P), FSCN1 (Q), and a combination of miR-145-5p and FSCN1 (R). p value was determined

by log rank test. Error bars represent SD of the indicated clinical samples or three independent assays.
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Table 1. Association between Expression of miR-145-5p/FSCN1 and

Clinical Features of LSCC Patients

miR-145-5p
Expression

FSCN1 Protein
Expression

Parameters Cases (n)
Average
Rank p Valuea

Average
Rank p Valuea

Age (Years)

%60 99 95.92
0.662

88.07
0.038

>60 89 92.92 101.65

Sex

Female 21 87.79
0.488

100.14
0.540

Male 167 95.34 93.79

Primary Cancer Site

Glottic 101 102.41

0.043

81.40

<0.001Supraglottic 83 84.87 108.88

Subglottic 4 94.50 127.00

Differentiation

High 72 112.78
<0.001

68.25
<0.001

Medium or low 116 83.16 110.79

T Staging

T1+T2 111 105.93
<0.001

87.20
0.007

T3+T4 77 78.02 105.03

Cervical Lymph Node Metastasis

N0 142 99.13
0.018

89.27
0.005

N+ 46 80.20 110.65

Distant Metastasis

M0 183 95.78
0.024

93.61
0.100

M1 5 47.50 127.00

Clinical Stage

I+II 96 104.29
0.004

85.88
0.007

III+IV 92 84.28 103.50

Smoke Preoperatively

No 75 100.14
0.181

84.39
0.012

Yes 113 90.76 101.21

FSCN1 Protein Expression

Low 65 119.81
<0.001

–
–

High 123 81.13 –

aMann-Whitney U test used for two-group analysis. Kruskal-Wallis H test used for
three-group analysis.
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directly, and downregulation of miR-145-5p results in FSCN1 upre-
gulation in LSCC.

Expression ofmiR-145-5p and FSCN1 Is AssociatedwithClinical

Features and Prognosis in LSCC

To evaluate the clinical and prognostic significance of miR-145-5p
expressionandFSCN1protein level inLSCC,we examined their expres-
sion in 188 formalin-fixed paraffin-embedded (FFPE) tissue samples
(Table S3) by using qRT-PCR and immunohistochemistry. miR-145-
368 Molecular Therapy Vol. 27 No 2 February 2019
5p level was significantly lower in samples from LSCC patients with
distant metastases (p = 0.024). Onmultivariate analysis, the expression
of miR-145-5p in LSCC tissue was negatively associated with T staging
(p < 0.001), N status (p = 0.018), and clinical stage (p = 0.004; Table 1).
Conversely, high FSCN1protein level in LSCCwas positively associated
with T staging (p = 0.007), N status (p = 0.005), and clinical stage
(p = 0.007; Table S4). Moreover, miR-145-5p expression and FSCN1
protein level were inversely related (p < 0.001; Table 1).

To examine FSCN1 expression across HNSCC and normal tissues at
the mRNA level, we queried TCGA RNA-sequencing (RNA-seq)
data. FSCN1 mRNA level was markedly higher in HNSCC than
normal tissues (Figure 1M). Notably, Kaplan-Meier analysis of
TCGA cohorts revealed that upregulated FSCN1 was significantly
associated with poor outcome with HNSCC (Figure 1N). In contrast,
HNSCC patients with upregulated miR-145-5p exhibited longer sur-
vival time (Figure 1O).

Our analysis revealed better overall survival (OS) in LSCC patients
with comparatively high than low level of miR-145-5p (106.09 ±

4.12 versus 85.01 ± 5.24 months; Figure 1P) and poorer OS with
high than low level of FSCN1 (79.74 ± 4.43 versus 122.83 ±

1.77 months; Figure 1Q). Subdividing patients into four groups based
on miR-145-5p expression and FSCN1 protein level provided an op-
portunity to further delineate outcomes associatedwith biological sub-
type. As expected, LSCC patients with low miR-145-5p/high FSCN1
levels showed low OS, whereas those with high miR-145-5p/low
FSCN1 levels showed the best OS (76.98 ± 5.59 versus 123.16 ±

2.03; p < 0.001; Figure 1R). Furthermore, on regression analysis, the
combination of low miR-145-5p expression and high FSCN1 protein
level was an independent prognostic indicator for LSCC survival (rela-
tive risk = 12.69; 95% confidence interval [CI] 2.83–56.91; p = 0.001;
Table S4). Nevertheless, cases with high miR-145-5p/high FSCN1
levels also partitioned with the poor-performing low miR-145-5p/
high FSCN1 level cases (Figure 1R). Indeed, FSCN1 level proved to
be an independent predictor of LSCC survival (relative risk = 12.27;
95% CI 3.49–43.19; p = 0.001; Table S5), although in contrast, miR-
145-5p expression alone was not significant in this analysis.

Collectively, these data support the existence of a high-risk biological
subtype of LSCC exhibiting low miR-145-5p/high FSCN1 levels, but
further propose that high FSCN1 protein level itself is an independent
prognostic indicator for LSCC. Thus, we propose that miR-145-5p
and its target FSCN1 are potential biomarkers for the diagnosis and
prognosis of LSCC.

Impact of miR-145-5p and FSCN1 Expression on LSCC Growth

and Survival

Next, we sought to better understand the functional impact of miR-
145-5p and FSCN1 expression on the growth behavior of LSCC cells.
First, overexpression of miR-145-5p by using mimics in Hep-2 and
TU177 cell lines with low endogenous miR-145-5p expression sub-
stantially reduced growth and colony formation (Figures 2A and
2B). Measurement of EdU incorporation established reduced cell



Figure 2. miR-145-5p Inhibits LSCC Cell Proliferation, Colony Formation, and Induces Cell-Cycle Arrest and Apoptosis

Hep-2 and TU177 cells were transfected with miR-145-5p mimic or negative control (NC) mimic for 48 hr. Cell proliferation was measured by cell counting kit-8 analysis (A),

colony formation assay (B), and EdU staining (C); cell cycle (D) and apoptosis (E) were measured by flow cytometry. (F) Hep-2 and TU177 cells were transfected with miR-

145-5p mimic or NC mimic for 48 hr. Protein level of cleaved caspase-3 was determined by immunoblotting. Data are mean ± SD of three independent experiments. Error

bars represent SD of three independent assays.

www.moleculartherapy.org
proliferation rates (Figure 2C), and cell-cycle analyses established that
miR-145-5p overexpression increased the proportion of cells in the
G0/G1 stage, with concurrent reduction in the S and G2/M stages
(Figure 2D). In addition, the proportion of apoptotic cells increased
with the introduction of miR-145-5p mimic (Figure 2E). Cells trans-
fected with miR-145-5p showed increased cleavage of caspase-3 and
apoptotic bodies, which was consistent with the induction of
apoptosis (Figure 2F; Figure S2A). These data indicate that high
miR-145-5p expression in LSCC likely inhibits growth by inducing
both G0/G1 phase arrest and apoptosis.

We further conducted similar functional analyses after manipulating
FSCN1 levels in LSCC. Both Hep-2 and TU177 cells were depleted
of FSCN1 by using an optimized small interfering RNA (siRNA)
protocol (Figure S2B); the reduced FSCN1 protein level was
confirmed using immunoblotting (Figure 3A). FSCN1 knockdown
inhibited both cell proliferation and colony formation of Hep2
and TU177 cells (Figures 3B–3D), thereby largely phenocopying
the results obtained with the miR-145-5p mimic. In accordance
with these data, FSCN1 knockdown pushed cells toward the
G0/G1 phase (Figure 3E) and increased the proportion of cells un-
dergoing apoptosis (Figure 3F). Moreover, immunoblotting results
showed that FSCN1 knockdown increased cleavage of caspase-3
(Figure 3G). Thus, these effects of miR-145-5p and FSCN1 in
LSCC in vitro reconcile well with the clinical behavior of LSCC tu-
mors in vivo.
Molecular Therapy Vol. 27 No 2 February 2019 369
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Figure 3. FSCN1 Knockdown Inhibits LSCC Cell Proliferation and Induces Cell-Cycle Arrest and Apoptosis

Hep-2 and TU177 cells were transfected with siRNA targeting FSCN1 (si-FSCN1) or negative control (NC) for 48 hr, and FSCN1 levels were determined by western blot assay

(A). Assays of cell proliferation (B), EdU staining (C), colony formation (D), cell cycle (E), and apoptosis (F) after indicated treatments. (G) Hep-2 and TU177 cells were

transfected with si-FSCN1 or NC for 48 hr. Protein level of cleaved caspase-3 was determined by immunoblotting. Data are mean ± SD of three independent experiments.

Error bars represent SD of three independent assays.

Molecular Therapy
The miR-145-5p/FSCN1 Regulatory Axis Controls the EMT

in LSCC

In addition to having effects on cell proliferation and survival, the
miR-145-5p mimic appeared to affect the adhesive properties of
LSCC cells (Figure S2C). Given the well-known relation between
cell adhesion andmotility migration, we further investigated this phe-
nomenon. Indeed, overexpression of miR-145-5p with a mimic
significantly inhibited cell migration and invasion in Transwell assays
as compared with controls (Figures 4A and 4B). Consistent with the
mechanistic relation uncovered between miR-145-5p and FSCN1, on
repeating these assays with FSCN1 siRNA, Hep-2 and TU177 cells
showed decreased migration and invasion (Figures 4C and 4D).
Hence our findings propose that FSCN1 is an oncogene in LSCC
that promotes cell proliferation and is also involved in promoting
migration and invasion.

A corollary to these findings was the phenotype of LSCC cells
observed by scanning electron microscopy. Control cells showed
the typical morphology of cultured cancer cells with prominent la-
370 Molecular Therapy Vol. 27 No 2 February 2019
mellipodial and filopodial structures, whereas LSCC cells treated
with miR-145-5p mimic or si-FSCN1 showed very few lamellipodia
and filopodia, for a relatively rounded cell morphology (Figure 4E).
Furthermore, impaired F-actin polymerization and filopodium for-
mation were observed after miR-145-5p restoration or FSCN1 knock-
down (Figure 4F). Hence, the miR-145-5p/FSCN1mechanismmay be
involved in controlling the EMT in LSCC, generally known as a crit-
ical determinant of tumor cell metastasis.16

To determine whether the regulation of FSCN1 expression via miR-
145-5p and consequent modulation of migration and invasion of
LSCC depended on the EMT, we analyzed EMT marker expression.
Immunoblotting of Hep-2 and TU177 LSCC cells treated with
miR-145-5p mimic or with FSCN1 siRNA revealed increased expres-
sion of E-cadherin level along with reduced levels of Vimentin, Snail,
N-cadherin, and matrix metalloproteinase 2 (MMP2) and matrix
metalloproteinase 9 (MMP9) (Figures 4G and 4H). Hence, miR-
145-5p inhibited the EMT, and its target, FSCN1, promoted the
EMT in LSCC.



Figure 4. miR-145-5p Overexpression or FSCN1 Knockdown Inhibits LSCC Cell Migration, Invasion, and Endothelial-to-Mesenchymal Transition

Hep-2 and TU177 cells were transfected withmiR-145-5pmimic or si-FSCN1 for 48 hr. (A and C) Cell migration of miR-145-5p overexpressed (A) and FSCN1 knockdown (C)

cells were measured by Transwell assays. (B and D) Cell invasion of miR-145-5p overexpressed (B) and FSCN1 knockdown (D) cells were measured by Transwell assays.

(E) Surface structure of cells was observed by scanning electron microscopy. (F) F-actin was stained with rhodamine phalloidin, and nuclei were stained with DAPI. As

indicated by white arrows, miR-145-5p mimic or si-FSCN1 treatment decreased cell lamellipodial and filopodial structures as compared with the NC. (G and H) Expression of

EMT markers E-cadherin, N-cadherin, Vimentin, Snail, MMP2, and MMP9 in miR-145-5p overexpressed (G) and FSCN1 knockdown (H) cells were determined by western

blot assays. Representative images and data from three independent experiments. Data are mean ± SD of three independent experiments. Error bars represent SD of three

independent assays. *p < 0.05, **p < 0.01.
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Expression of miR-145-5p Is Regulated by Promoter

Hypermethylation in LSCC

A final question remained as to why downregulation of miR-145-5p
occurs in the malignant transition of LSCC cells. To understand this,
we analyzed the DNA methylation of the miR-145-5p proximal pro-
moter in LSCC cell lines by using pyrosequencing. As compared with
normal control HOK cells, in Hep-2 and TU177 LSCC cells, the CpG
sites 2–7 were highly methylated (Figures 5A and 5B), which suggests
that promoter hypermethylation underpinned the loss of miR-145-5p
expression in LSCC. In support, miR-145-5p expression was signifi-
cantly increased in Hep-2 and TU177 cells treated with the DNA
methyltransferase inhibitor 5-Aza-deoxycytidine (5-Aza) (Figure 5C).
In addition, we tested the effect of the histone deacetylase inhibitor
trichostatin A (TSA) and chemopreventive agent genistein on miR-
145-5p expression. TSA and genistein alone inhibited miR-145-5p
expression, whereas their combination increased miR-145-5p expres-
sion. Cells treated with 5-Aza combined with TSA and/or genistein
showed increased miR-145-5p expression (Figure 5C). Endogenous
FSCN1 protein expression exhibited corresponding changes in
5-Aza-treated Hep-2 and TU177 cells (Figure 5D). Notably, genistein
treatment reduced both miR-145-5p level and FSCN1 protein level
(Figure 5D), which might be due to its different regulatory pathways
for miR-145-5p and FSCN1. Moreover, by MassARRAY methylation
analysis, we determined the DNA methylation level of miR-145-5p
promoter in clinical LSCC tissues separated by laser capture micro-
dissection (LCM) (Figure S3). The methylation level of the miR-
145-5p promoter was significantly higher in LSCC tissue than paired
ANM tissue (Figure 5E), and the methylation level of the miR-145-5p
promoter was inversely associated with the differentiation degree of
LSCC (Figure 5E). Together these findings propose that promoter
hypermethylation underpins the low expression of miR-145-5p
observed in LSCC.

miR-145-5p Suppresses LSCC Tumor Growth In Vivo in a

Preclinical Model

To establish the proof of principle that modulating miR-145-5p or
FSCN1 expression in LSCC could be an effective therapy, we used
a xenograft model. Subcutaneous (s.c.) tumors of Hep-2 or TU177
LSCC cells were established in opposing flanks of nude mice and al-
lowed to grow to 0.5 mm3. Thereafter, miR-145-5p agomir or con-
trol (negative control [NC]) agomir was intra-tumorally injected,
and tumor growth was monitored over 4 weeks. Compared with
controls, injection of miR-145-5p agomir significantly decreased tu-
mor growth rates and tumor size (Figure 6A). Consistent with pre-
vious experiments, injecting tumors with FSCN1-targeting oligos
Figure 5. Hypermethylation of miR-145-5p Promoter Suppresses miR-145-5p E

(A and B) Pyrosequencing analysis of miR-145-5p promoter methylation status in LSCC

Hep-2 and TU177 cells was normalized to that in HOK cells. Pyrosequencingmap (A) and

and TU177 cells were treated with 5-Aza, trichostatin A (TSA), and genistein (Gen) as

TU177 cells were treated with 5-Aza, TSA, and Gen as indicated; FSCN1 protein leve

experiments. (E) Methylation analysis of miR-145-5p in clinical LSCC and paired ANM

dissection was treated with bisulfite and subjected to MassARRAY methylation analys

assays.
also decreased the growth rate and tumor weight of Hep-2 and
TU177 tumors (Figure 6B). Moreover, histopathological examina-
tion of tissues from miR-145-5p or FSCN1 siRNA-injected tumors
showed a higher abundance of shrunken and fragmentized nuclei
in sections as compared with control tissues (Figure 6C), which
suggests increased rates of apoptosis. This finding was confirmed
on TUNEL assay, whereby miR-145-5p overexpression or FSCN1
knockdown increased cell apoptosis as compared with controls
(Figure 6D).

Further analysis of xenografted LSCC tissues by immunohistochem-
ical staining confirmed that the injection of both miR-145-5p ago-
mir and FSCN1 siRNA decreased FSCN1 protein level (Figure 6E).
Moreover, the expression of cyclin-D1 and the proliferation marker
Ki67 was decreased in tumors with miR-145-5p agomir and FSCN1
siRNA injection (Figure 6E). Furthermore, as compared with con-
trols, tumors with miR-145-5p agomir or FSCN1 siRNA injection
showed upregulated E-cadherin and downregulated MMP2 and
MMP9 (Figure 6F). Thus, we established the proof of principle
that modulating miR-145-5p expression in vivo could inhibit
LSCC tumor growth ostensibly via the same mechanisms revealed
in in vitro experiments.

DISCUSSION
The prognostic value of FSCN1 expression has previously emerged
across a number of cancer types, with its upregulation known to pro-
motemigration and invasion.17,18 Our previous study involving LSCC
found FSCN1 protein overexpression associated with clinical features
and poor prognosis.2 However, the regulatory mechanisms of FSCN1
in LSCC remain undefined. In the present study, we found that miR-
145-5p functioned as a negative regulator of FSCN1 in LSCC tissue
and cells, with decreased miR-145-5p level and accompanying
increased FSCN1 level acting as critical determinants of poor prog-
nosis. miR-145-5p and FSCN1 levels may have potential for predict-
ing outcomes with LSCC. Indeed, their applicability as novel bio-
markers to identify LSCC patients with distinct clinical features is
underscored by our findings relating miR-145-5p expression and
FSCN1 protein level with tumor, node, metastasis (TNM) and clinical
staging. Moreover, we demonstrated that miR-145-5p has an impor-
tant regulatory role in LSCC, inhibiting LSCC cell proliferation along
with the accompanying cell-cycle arrest and apoptosis. Nevertheless,
we also found evidence of a high-risk LSCC group displaying elevated
miR-145-5p level with high FSCN1 protein level, likely indicating that
non-miR-145-5p mechanism(s) are also responsible for high FSCN1
protein level in some cases.
xpression in LSCC Cells

cell lines Hep-2 and TU177 and normal control HOK cells. The methylation level in

statistical results (B) of methylation levels of Hep-2, TU177 andHOK cells. (C) Hep-2

indicated; the expression of miR-145-5p was determined by qPCR. (D) Hep-2 and

l was measured by western blot assay. Data are mean ± SD of three independent

tissues. DNA purified from LSCC and paired ANM tissues by laser capture micro-

is. Error bars represent SD of the indicated clinical samples or three independent
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Figure 6. miR-145-5p Overexpression or FSCN1 Knockdown Inhibits LSCC Xenograft Tumor Formation in Mice

Nude mice were subcutaneously injected with Hep-2 and TU177 cells. After tumor formation, miR-145-5p agomir, NC agomir, si-FSCN1 stable oligonucleotides, and

corresponding negative oligonucleotides were subcutaneously injected into tumor sites. Tumor volume and weight after injection of miR-145-5p agomir (A) or si-FSCN1 (B)

were plotted. Data are mean ± SD. *p < 0.05. (C) Representative H&E staining images of Hep-2 and TU177 xenograft tumors. (D) TUNEL assay of apoptotic cells in xenograft

tumors. (E) Representative immunohistochemical staining of FSCN1 and proliferation markers Ki67 and CyclinD1 in Hep-2 and TU177 xenograft tumors. (F) Representative

immunohistochemical staining of EMT markers E-cadherin, MMP2, and MMP9 in xenograft tumors. Data are mean ± SD of three independent experiments. Error bars

represent SD of three independent experiments.

Molecular Therapy

374 Molecular Therapy Vol. 27 No 2 February 2019



www.moleculartherapy.org
We initiated our study in response to the clinical impact of FSCN1
expression in LSCC. After identifying miR-145-5p by a bioinformat-
ics approach, we sought to learn more about its role and mechanisms,
particularly involving LSCC.We now provide definitive evidence that
miR-145-5p robustly targets FSCN1 via a multivalent mechanism
involving all four binding sites identified within the 30 UTR of
FSCN1 mRNA. However, although we demonstrated that inhibiting
FSCN1 expression in LSCC largely reproduced the experimental find-
ings observed when miR-145-5p expression was restored, we cannot
exclude the involvement of other important targets. Indeed, a previ-
ous study suggested that miR-145-5p acts in LSCC cells to inhibit
stem cell markers SRY-box 2, POU class 5 homeobox 1 (also known
as OCT4), Kruppel-like factor 4, and ATP binding cassette subfamily
G member 2,19 although the mechanisms need to be further investi-
gated. More generally, these findings expand on the growing evidence
of the importance of the miR-145 locus in cancer progression.20–23

miR-145-5p is found within a cluster of “dual-stranded”miRNAs that
also include miR-143-3p, miR-145-3p, and miR-143-5p.24 Recent ev-
idence obtained in colorectal cancer,25 along with prostate cancer,26

has highlighted that miR-145-5p can target FSCN1 with tumor-sup-
pressive effects on cancer cells. Studies have established the role of
several other miRNAs in the 143/145 cluster as tumor suppressors.
Moreover, miR-143-5p deficiency in gallbladder cancer triggered
the EMT and metastasis by targeting HIF-1a in mesothelioma.27

miR-143-3p suppresses the progression of ovarian cancer and esoph-
ageal squamous cell carcinoma,28,29 and miR-145-3p acts as a tumor
suppressor in HNSCC by targetingMYO1B.30 Despite some evidence
that miRNAs in the 143/145 group may be co-regulated,31 in the
context of the current work, we did not evaluate the expression of
miRNAs other than miR-145-5p, given our focus on FSCN1. Evalu-
ating the overall impact of each miRNA in the 143/145 cluster on
cancer biology is pertinent, as is understanding the hierarchy of their
regulatory relationships.

What are the clinical implications of our work? Both in vitro and
in vivo experiments demonstrated that miR-145-5p overexpression
or FSCN1 knockdown suppressed tumor growth of LSCC via effects
on proliferation and cell survival. Notably, using the in vivo models
in nude mice, we established that direct injection of miR-145-5p ago-
mir or stable si-FSCN1 oligonucleotides into the tumor significantly
retarded growth. This procedure differs from a previous method of
directly injecting miRNA-overexpressing cancer cells into nude
mice.32 However, our method simulated the process of drug therapy
in clinical practice and highlighted the significance of miR-145-5p
and FSCN1 as targets of LSCC therapy.

In addition to the effects observed on proliferation and survival, a
further biological effect of suppressing miR-145-5p expression in
LSCC involved maintaining the cells in a high motility state. Here
the re-introduction of miR-145-5p and likewise antagonizing
FSCN1 expression inhibited cell migration and invasion with a drastic
alteration in cell phenotype. Both miR-145-5p-agomir and si-FSCN1-
treated cells lost protrusive structures (lamellipodia, filopodia, and
invadopodia) associated with migrating and invading cells. Such
structures are formed by spatiotemporal-regulated actin polymeriza-
tion at the leading edge of the migratory cells, with aberrant regula-
tion leading to malignant progression such as tumor invasion and
metastasis.33,34 Moreover, increased cellular protrusions have been
shown to promote invasion and metastasis in oral squamous carci-
noma.35 Because FSCN1 is involved in F-actin crosslinking and cyto-
skeletal organization during cell motility,36–38 the inhibitory effects
on FSCN1 expression may explain how miR-145-5p acts to suppress
LSCC migration and invasion.

The EMT plays a crucial role in increased invasion, metastasis, and
proliferation for carcinoma. When EMT occurs, the expression of an
epithelial marker, such as E-cadherin, is suppressed, whereas that of
mesenchymal markers, such as N-cadherin, Vimentin, Snail, MMP2,
and MMP9, are enhanced.39 Altering the expression of miR-145-5p
and its target, FSCN1, caused EMT reversal in LSCC, as shown by
the increased expression of E-cadherin and reduced expression of
N-cadherin, Vimentin, Snail, MMP2, and MMP9 both in vitro and
in LSCC tumors in vivo. These findings imply that the associated
phenotypic and functional changes in LSCC accompanying loss of
miR-145-5p are associated with the process of EMT. The EMT of can-
cer cells accompanies the formation of invasive structures such as la-
mellipodia and filopodia. These changes depend on the reorganization
of actin cytoskeleton, and actin-associated proteins control the poly-
merization and depolymerization processes to regulate the reorganiza-
tion of actin cytoskeleton.40,41 Moreover, recent studies revealed that
the actin binding protein Cofilin 1 (CFL1) promotes the EMT process
by promoting the formation of invasive structures, as well as by modu-
lating EMT-related gene expression via regulation of actin organiza-
tion in the nucleus.42 The present results demonstrate that FSCN1
knockdown inhibits invadopodia formation and impairs actin cyto-
skeleton organization. Therefore, we hypothesized that FSCN1 affects
EMT-related gene expression by regulating actin cytoskeleton organi-
zation. Further studies are required to elucidate how miR-145-5p/
FSCN1 regulates the EMT pathway.

Finally, as observed in some other cancer types,43 we found a differ-
entially lower expression of miR-145-5p in LSCC versus normal tis-
sues. Given the role of miR-145-5p as a tumor suppressor, our study
also investigated how its expression is suppressed in LSCC. Promoter-
region hypermethylation causing silencing of miR-145-5p was
previously observed in cancer,44 and our data similarly support a
differentially increased methylation of the miR-145-5p promoter re-
gion in LSCC as compared with normal tissues, and high methylation
levels of the miR-145-5p promoter indicated low differentiation of
LSCC. This observation was functionally evaluated by treating
LSCC cells with a variety of epigenetic modifier compounds, with
our findings indicating that miR-145-5p expression in LSCC could
be readily restored by a number of different treatment approaches.
Moreover, consistent with the proposed mechanism (Figure 7), we
found largely concurrent reduced expression of FSCN1. However,
our findings are not fully concordant with previous data; for example,
we found that treatment with TSA plus genistein potently upregulated
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Figure 7. Proposed Regulatory Model for miR-145-

5p/FSCN1 Axis in LSCC Progression

Expression of miR-145-5p was silenced by hyper-

methylation of its promoter in LSCC. miR-145-5p inhibits

malignant phenotypes of LSCC by directly targeting

FSCN1 to inhibit the EMT and cytoskeletal organization.

Downregulation of miR-145-5p upregulates FSCN1 in

LSCC, thus promoting tumorigenesis and progression.
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miR-145-5p expression in LSCC cells, which contrasts with previous
data in prostate cancer cells.45 We need to understand the effects of
these agents in different cell contexts. Regardless, our findings high-
light the potential for these approaches to reverse the methylation
of the miR-145-5p promoter region as a potential treatment avenue
for LSCC.

MATERIALS AND METHODS
Ethical Statement

This study was conducted in accordance with the Helsinki Declara-
tion. All patients signed a written, informed consent before surgery,
acknowledging that they understood their rights and obligations. An-
imal studies were carried out in compliance with our institutional
guidelines, and animal experimental procedures were approved by
the Animal Care Commission of Experimental Animal Center of
Shanxi Medical University. All aspects of the study were approved
in full by theResearchEthics Committee at ShanxiMedicalUniversity.

Clinical Samples and Patient Population

Forty LSCC tissues and 40 corresponding ANM tissues were obtained
from patients undergoing surgery in the Department of Otolaryn-
gology Head & Neck Surgery, The First Hospital Affiliated with
Shanxi Medical University. ANM tissues were isolated from surgical
specimens at about 1–3 cm from the neoplastic edge. Fresh specimens
were frozen by use of liquid nitrogen for qRT-PCR and western blot
analysis, and the other part was embedded in paraffin for H&E stain-
ing to ensure the diagnosis of LSCC and ANM.

Study Participants

The study involved 188 LSCC patients undergoing surgery in our
department from 2000 to 2006. Patients did not receive radiotherapy
376 Molecular Therapy Vol. 27 No 2 February 2019
or chemotherapy before surgery and were
without prior associated clinical treatment
before diagnosis. The dates of laryngeal cancer
surgery and of last follow-up and status at last
follow-up (living, lost to follow-up, or deceased)
were recorded. Two staff anatomical patholo-
gists provided the diagnosis of laryngeal cancer
from paraffin-embedded tissues. Tumor and
clinical staging involved the TNM staging sys-
tem of the American Joint Committee on Can-
cer (2010). The histological types of LSCC were
determined according to the World Health
Organization system. Detailed clinical records
were available for all participants with follow-up records at three
monthly intervals (phone, mail, or outpatient visit) with the final
recording in November 2011. Survival time was defined as the time
between the date of surgery and patient death or the end of the study
period.

Cell Culture and Transfection

The human 293T and LSCC cell line Hep-2 was purchased from the
China Center for Type Culture Collection and cultured in DMEM
(GIBCO, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS) (BI, Cromwell, CT, USA). TU177 cells (Bioleaf
Biotech, Shanghai) were cultured in MEM supplemented with 10%
FBS. Normal human oral mucous-membrane keratinizing basal cells
(HOK) were cultured with ScienCell OKM (Cat. No. 2611; ScienCell)
and 10% FBS. The micrON Hsa-miR-145-5p mimic (miR10000437-
1-5) was from RiboBio (Guangzhou, China) and used in cell trans-
fection experiments. The siRNA and NC were from Genechem
(Shanghai). Cells were transfected with Lipofectamine 2000 following
the manufacturer’s instructions. FSCN1 siRNA sequences were for
si-FSCN1-1: 50-CGACTATAACAAGGTGGCCAT-30, si-FSCN1-2:
50-CAAAGACTCCACAGGCAAA-30, and si-FSCN1-3: 50-CAAGTT
TGTGACCTCCAAGAA-30. 5-Aza, TSA, and Genistein were from
Sigma-Aldrich (St. Louis, MO, USA) and were dissolved in DMSO.
Cells with 50%–60% confluence were treated with concentrations of
5-Aza (10 mM), TSA (100 ng/mL), and Genistein (25 mM); cells
treated with DMSO were controls.

DNA Methylation Analysis

For cell sample, DNAwas extracted and treated with bisulfite by using
the EpiTect Bisulfite Kit (QIAGEN, Germany). An amount of 2 mL of
bisulfite-treated DNA was used for PCR to amplify the miR-145
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promoter fragment with primers listed in Supplemental Materials and
Methods. After purification, PCR products were degenerated for
2 min with the sequencing primer (Supplemental Materials and
Methods) at 80�C, followed by pyrosequencing on the PyroMark
Q96 instrument (QIAGEN, Germany).

For clinical samples, to precisely separate the tumor and normal tissue
frozen sections, we stained frozen sections of LSCC or paired ANM
fresh tissue with Histogene staining solution (Thermo Fisher Scienti-
fic, Waltham, MA, USA) and microdissected them by using the Leica
LMD6500 laser microdissection system (Leica Microsystems CMS,
Wetzlar, Germany). DNA was extracted from the microdissected
LSCC and ANM tissue fragments. Subsequently, MALDI-TOF-mass
spectrometry (MS)-based DNA methylation analysis was performed
with MassARRAY Analyzer 4.0 (Agena Bioscience, San Diego, CA,
USA) as described previously.46 In brief, the target gene regions
were amplified by using bisulfite-modified DNA and the primer pairs
described in the Supplemental Materials and Methods. Next, in vitro
RNA transcription was performed on the reverse strand, followed
by base-specific cleavage. The cleavage products were analyzed by us-
ing MALDI-TOF, and a distinct signal pair pattern resulting from the
methylated and non-methylated template DNA was obtained and
analyzed by using MassARRAY EpiTYPER (Agena Bioscience, San
Diego, CA, USA). The clinical features of LSCC samples that under-
went MassARRAY methylation analysis are described in Table S6.

Nude Mouse Xenograft Tumor Model

BALB/C nude mice (specific pathogen-free grade, female, 7 weeks
old) were obtained from HNJIA (Hunan, China). Mice were main-
tained in the Medical Experimental Animal Center (Guangzhou,
China). Hep-2 or TU177 cells were s.c. injected into the flanks of
nude mice to generate xenograft tumors. Agomir is a chemically
modified double-strand miRNA mimic, with two phosphorothioates
at the 50 end, four phosphorothioates and one cholesterol group at the
30 end, and a full-length nucleotide 20-methoxy added to the antisense
strand. Compared with miRNA mimics, agomir exhibits enhanced
cellular uptake, stability, and regulatory activity in vivo. Agomir can
upregulate corresponding miRNAs by local or systemic injection
into animals. Hsa-miR-145-5p agomir and FSCN1 siRNA stable oli-
gonucleotides modified by cholesterol, 20-OMe, and phosphoro-
thioate were synthesized by GenePharma (Shanghai). When tumors
had grown to 0.5 mm3, miR-145-5p agomir and FSCN1 siRNA stable
and NC oligonucleotides were s.c. injected into the tumor site as fol-
lows: multi-point injection with 0.1 mL oligonucleotides (10 nmol), 2
times/week/position and on the first and fourth day per week. The
delivery efficiency and distribution of miR-145-5p agomir or
FSCN1 siRNA in tumors were verified (Figure S4). Tumor growth
was measured every week. Tumor volume (V) was calculated as
V = (L�W2)/2. Four weeks after the first injection, mice were eutha-
nized, and tumors were excised, weighed, and paraffin embedded.

Statistical Analysis

Statistical analysis involved use of SPSS v19.0 (SPSS, Chicago, IL,
USA) and R software v3.2.5 (https://www.r-project.org/). Indepen-
dent Student’s t test was used to compare the differences between
two groups. The association between miR-145-5p/FSCN1 expression
and clinicopathological variables was assessed by Pearson’s chi-
square or Fisher’s exact test. Mann-Whitney test was used for two-
group analysis, and Kruskal-Wallis test for three-group analysis.
The association between miR-145-5p and FSCN1 RNA expression
in clinical samples was assessed by Pearson correlation analysis. OS
was defined as the time from surgery date to death from laryngeal car-
cinoma or date of last contact. Survival was analyzed by the Kaplan-
Meier method with a log rank test. Eight possible factors affecting
LSCC selected to analyze by Cox proportional-hazards regression
included age, T staging, neck lymph node metastasis, differentiation
level, clinical stage, smoking preoperatively, miR-145-5p expression,
and FSCN1 protein expression. The reported results included relative
risk and 95% CIs for all tests. Two-sided p% 0.05 was considered sta-
tistically significant.

The following experiments were presented in the Supplemental Ma-
terials and Methods: RNA extraction and qRT-PCR analysis, western
blot analysis, generation of reporter constructs, luciferase reporter
assay, immunohistochemistry staining and analysis, cell proliferation
assay, cell adhesion assay, apoptosis analysis, cell-cycle analysis,
Transwell migration/invasion assay, microscopy imaging, and stain-
ing. Antibody information is shown in the Supplemental Materials
and Methods.

SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, six tables, and Sup-
plemental Materials and Methods and can be found with this article
online at https://doi.org/10.1016/j.ymthe.2018.09.018.
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