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ARTICLE INFO ABSTRACT

Article history: The success of using glycolytic inhibitors for cancer treatment depends on studying the
Received 17 November 2009 individual role of frequently deregulated glycolytic genes in cancer. This report aims to
Received in revised form 10 March study the prognostic implication, and determine the cellular role and action mechanism
2010 of glycolytic ENO1 overexpression in head and neck cancer. The relationship of ENO1 mRNA
Accepted 18 March 2010 expression in 44-pair clinical specimens with patient clinicopathologic characteristics was

analysed by semi-quantitative RT-PCR, Kaplan-Meier survival curve and Cox model analy-
ses. Following ectopic ENO1 expression or knockdown, we studied the proliferative, migra-

Keywords: tory, invasive, colony-forming and tumourigenic abilities of ENO1-genetically altered cells.
Glycolysis DNA microarray analysis was used to identify downstream targets responsible for the ENO1
Enolase action in the cells. The expression of ENO1 mRNA was increased in 68% of tumour (T) spec-
ENO1 imens when compared to their normal (N) counterparts, and positively associated with
Head and neck cancer clinical progression (p < 0.05). High ENO1 expression (T/N > 2) was frequently observed in
CCL20 the patients with large primary tumours, late clinical stages or advanced neck metastasis.

Moreover, high ENO1 patients had significantly poorer clinical outcomes than low express-
ers (T/N < 2). Ectopic ENO1 expression stimulated cell transformation, invasion and tongue
tumour formation. ENO1 knockdown abrogated the stimulation. Suppression of ENO1-
induced proinflammatory CCL20 chemokine expression significantly attenuated its stimu-
latory effects on cell transformation and invasion. A concordant expression of ENO1 and
CCL20 was validated both in ENO1l-expresing cells and in clinical specimens. Together,
we demonstrate a prognostic role of ENO1 overexpression in head and neck cancer and
ENO1-mediated promotion of cell transformation and invasion partly via induced CCL20
expression.
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1. Introduction

During tumour formation and expansion, tumour cells must
increase glucose metabolism to support the increased
demand of energy necessary for unrestricted growth.’ In
addition to accelerated glucose metabolism, aberrant micro-
vasculature associated with tumour is ineffective at deliver-
ing oxygen to tumour cells, leading to hypoxia. Hypoxia is
another common feature of solid tumours.? Under this condi-
tion, activation of hypoxia-inducible factor (HIF), particularly
HIF1, drives the expression of a myriad of genes controlling
multiple cell functions including those involved in glycolysis.>
Consistent with the hypoxic nature of tumours, overexpres-
sion of glycolytic genes has been found in 24 human cancer
types, including head and neck cancer.*

Recent studies indicate that some glycolytic enzymes are
complicated, multifaceted proteins rather than simple com-
ponents of the glycolytic pathway.”> Enolase, catalysing the
conversion of 2-phosphoglycerate into phosphoenolpyruvate,
is one glycolytic enzyme found in multiple, distinct subcellu-
lar compartments.® Cell surface enolase even acts as a recep-
tor for plasminogen and the binding activates plasminogen,’
a key molecule in the protease system involved in tumour cell
invasion and metastasis.® In line with this observation, the
interaction of cell surface-associated enolase with plasmino-
gen promotes monocyte migration and invasion to an acutely
inflamed lung tissue.’

Enolase is encoded by three independent loci, ENO1, ENO2
and ENO3, in mammals. The product of ENO1 gene is present
in almost all adult tissues, whereas those from ENO2 and
ENO3 are, respectively, found in neuron/neuroendocrine tis-
sues and muscles.’® Enolase 1 is the frequently deregulated
isoform in many cancer types.’ At least three mechanisms
potentially account for the alteration. First, ENO1 is located
in the chromosomal region 1p36, a frequently rearranged or
deleted region in human malignancy. A novel and frequent
amplification unit centring in the vicinity of ENO1 gene was
found in lung cancer.*? Second, HIF1 induces ENO1 transcrip-
tion via hypoxia response elements in the promoter.® Third,
the expression of ENO1 mRNA was elevated in c-MYC-over-
expressing murine cells, suggesting a positive role of onco-
genic c-MYC in the increase of ENO1 expression.'*

Contrasting roles for ENO1 in tumourigenesis have been
reported. Downregualtion of enolase 1 protein in non-small
lung cancer cells indicates a tumour suppressor function of
ENO1.% In line with this notion, introduction of in vitro tran-
scribed ENO1 mRNA into neuroblastoma or embryonic kidney
293 cells induced cell death.'® By contrast, autoantibodies to
enolase 1 were detected in sera and pleural effusion of non-
small cell lung cancer patients, and high level of enolase 1
expression was associated with poor prognosis in lung can-
cer.’"'® Enolase 1 is highly expressed in metastatic head
and neck cancer cells compared to their non-metastatic
counterparts, suggesting an oncogenic role of enolase.’ Fur-
ther studies are thus needed to clarify the exact functions
of enolase 1 in different cancer types.

Head and neck cancer is the sixth most frequent cancer
worldwide and the five-year survival rate is amongst the

lowest of the major cancers.”® More than 90% of head and
neck cancer occurs in the oral cavity.*’ The presence of
ENO1 transcripts in oral cancer and a preferential location
of its gene product in the basal cell layer of stratified squa-
mous epithelium suggest a role of ENO1 in oral carcinogene-
sis.?? Oral cancer was used as a model to study the causal
relationship between ENO1 deregulation and head and neck
cancer, and the identity of ENO1 downstream targets that
may be involved in this action. We genetically manipulated
ENO1 expression in oral cancer cells and confirmed the role
of ENO1 expression both in vitro and in vivo. The clinical signif-
icance of ENO1 deregulation and the underlying mechanism
responsible for the ENO1 action in head and neck cancer cells
were also presented.

2. Patients and methods

2.1. Cell culture

Normal oral keratinocytes (NOKs) from gingival tissues of
healthy individuals with informed consent were grown in cal-
cium-free Epilife Medium supplemented with human kerati-
nocyte growth supplement (Cascade Biologics, Portland, OR,
USA). Dysplastic oral keratinocyte (DOK) was maintained in
DMEM with 10% FBS and 5 pg/ml hydrocortisone. Five oral
cancer cell lines, CAL-27, OC-2, OC-3, OEC-M1 and HSC-3,
were maintained as described.?®

2.2. Patient specimens

Frozen tissues of surgically resected tumours and adjacent
normal tissues from 2001 to 2007 were obtained with in-
formed consent from the archives of Tissue Bank at the Na-
tional Cheng Kung University Hospital. Their use for this
study was approved by the Institutional Review Board. The
study population included 41 males and 3 females with a
median age of 50 years and clinicopathological characteristics
in Table S1. Each characteristic between high and low ENO1
groups was compared by Chi-square test. Kaplan-Meier sur-
vival method and log-rank test were used to evaluate the rela-
tion of ENO1 expression and patient survival. Cox regression
model was used to assess the independent value of potential
prognostic factors.

2.3. Online supplementary methods

All the other methods are in the supplementary materials and
methods.

3. Results

3.1. Increased ENO1 expression correlates with poor
prognosis of oral cancer patients

To study whether ENO1 was overexpressed while avoiding the
cross-reactivity of anti-enolase 1 antibodies in human clinical
specimens, we analysed the level of ENO1 mRNA in 44 surgi-
cal pairs of tumour (T) and adjacent normal (N) tissues by
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semi-quantitative RT-PCR. The expression of ENO1 mRNA was
increased in 68% of the tumour specimens compared to that
of their normal parts (T/N>1 in 30 patients). Moreover,
ENO1 mRNA expression level significantly increased with oral
cancer progression (Fig. 1A, p < 0.05).
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Fig. 1 - ENO1 mRNA expression increased with clinical
progression of oral cancer and its high expression was
associated with poor clinical outcomes. (A) ENO1 mRNA
levels in 44-pair surgical specimens including tumour (T)
and normal (N) tissues were measured by RT-PCR. Following
GAPDH normalisation, ENO1 mRNA expression ratio in each
patient was expressed as T/N and a median ratio for each
stage was indicated. Early, clinical stages I and II. Late,
clinical stages III and IV. (B) OS and (C) DFS in these patients
were stratified by ENO1 mRNA expression status, T/N > 2
and T/N< 2.

We divided these patient specimens into high (T/N > 2)
and low groups (T/N < 2) based on ENO1 expression ratio. No
statistical difference was observed in age, tumour site and
size, differentiation, neck metastasis and recurrence between
two groups (Table S1). However, high ENO1 expression was
frequently observed in patients with large primary tumours
(p = 0.07), late clinical stages (p = 0.09) or positive neck metas-
tasis (p = 0.06). Advanced neck metastasis predominantly oc-
curred in high ENO1 group (Cochran-Armitage trend test,
p =0.03, Table S2). Kaplan-Meier survival analysis revealed
that oral cancer patients with high ENO1 expression had both
poor overall and disease-free survival (Fig. 1B and C, p < 0.05).
We used univariate and multivariate Cox proportional-hazard
models to estimate relative risk of developing the diseases.
High ENO1 patients are more likely to die from the disease
(Hazard ratio: 4.5, 95% confidence interval, p = 0.01) and devel-
op the recurrence (Hazard ratio: 2.5, 95% confidence interval,
p =0.05) in univariate but not in multivariate analyses. To-
gether, ENO1 mRNA expression status is a potential prognos-
tic marker for the clinical outcomes of oral cancer patients.

3.2.  Frequent ENO1 overexpression in oral cancer lines

The level of enolase in normal NOK cells, precancerous DOK
and oral cancer lines, OEC-M1, OC-3, CAL-27 and HSC-3 was
examined by Western blot analysis using anti-enolase anti-
bodies (Fig. 2A). The level of enolase was the lowest in NOK,
slightly increased in precancerous DOK cells but markedly in-
creased in oral cancer lines, suggesting a positive role of eno-
lase in cancer. To study enolase isoform distribution in these
cell lines, antibodies specific to enolase 1, 2 or 3 were used for
Western blot analysis. Amongst the isoforms, enolase 1 was
not only differentially expressed but also expressed at higher
level in oral cancer cells than in NOK (Fig. 2B). Enolase 2 was
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Fig. 2 - Enolase 1 overexpression in oral cancer lines.
Western blot analysis of protein lysates from subconfluent
NOK, DOK and 5 other oral cancer lines using (A) C19 anti-
enolase, (B) anti-enolase 1, or (C) anti-enolase 2 antibodies.
p-actin, a loading control.
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Fig. 3 - Ectopic ENO1 expression increased cell transformation and invasion. (A) Western blot analysis of protein lysates from
parental, vector, ENO1#1 and ENO1#2 cells using anti-Myc (top), anti-enolase 1 (bottom). Tubulin or actin, loading controls. (B)
Parental, vector, ENO1#1 and ENO1#2 cells are enumerated every 24 h for 4 days. (C) Representative scraping wounds formed by
parental, vector and ectopic ENO1-expressing ENO1#1 and ENO1#2 cells were measured before wounding (0 h) and 24-h post-
wounding (24 h) (top). Migration rate was expressed as pm/h (bottom). *p < 0.05 versus vector. Scale bar, 100 pm. (D) Ten HPF
(400x) of invasive blue cells of parental, vector, ENO1#1 or ENO1#2 clones were enumerated. (E) Total purple colonies formed by
parental, vector, ENO1#1 or ENO1#2 cells were individually quantified. *p < 0.05, **p < 0.01 or ***p < 0.001 versus vector.

only expressed in CAL27 cells (Fig. 2C). Enolase 3 was not de- enolase 1 but not the other two isoforms was frequently over-
tected in any of tested cell lines (data not shown). Together, expressed in oral cancer cells.
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3.3.  Ectopic ENO1 expression in oral cancer lines

To study the effect of increased ENO1 expression in oral can-
cer cells, CAL27 cells with a better cloning efficiency were
used as a host for establishing ectopic ENO1-expressing stable
clones. Two ENO1-stable expressing clones together with
parental and vector control were analysed for the expression
of ectopic Myc-tagged and endogenous enolase 1. In addition
to similar levels of endogenous enolase 1, ENO1#2 clone ex-
pressed a higher level of Myc-tagged enolase 1 than ENO1#1
clone (Fig. 3A). No obvious morphological change was ob-
served between vector and ectopic ENO1-expressing cells
(data not shown). ENO1#1 and ENO1#2 together with parental
and vector control clones were used for studying the effect of
increased ENO1 expression in cellular and tumourigenic
behaviours.

3.4.  Ectopic ENO1 expression increased cell
transformation

To examine the impacts of ectopic ENO1 expression on the
transforming behaviours of transfected cells, parental, vector
control and ectopic ENOI-expressing clones (ENO1#1 and
ENO1#2) were used for growth rate, wound healing, Trans-well
invasion and colony formation assays. There was no obvious
difference in the cellular behaviours of parental and vector
control cells (Fig. 3B-E). However, ectopic ENO1 expression sig-
nificantly promoted the ability of cancer cells to proliferate
(Fig. 3B), migrate (Fig. 3C), invade Matrigel (Fig. 3D) and form
colonies (Fig. 3E), when compared to the vector control cells.
ENO1#2 cells with higher ENO1 expression had a greater trans-
forming ability than ENO1#1 cells. Together, ectopic ENO1
expression dose-dependently increased cell proliferation,
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Fig. 4 - Specific ENO1 knockdown reduced ENO1-mediated promotion on cell transformation. (A) Western blot analysis of
Myc-tagged enolase 1 (top) and enolase 2 (bottom) expression in shLuc, E1KD#3 and E1KD#4 knockdown cells using anti-Myc,
anti-enolase 1 or anti-enolase 2 antibodies. (B) Parental ENO1#2, control shLuc and knockdown cells, E1KD#3 and E1KD#4,
seeded in growth medium were enumerated every 24 h for 4 days. (C) The migration rate of ENO1#2, shLuc and ENO1
knockdown cells was measured by wound healing assay and expressed as pm/h. Scale bar, 150 pm. (D) Following migration
assay, ten HPFs of invasive blue cells on the lower membrane side were enumerated. (E) Total colonies formed by parental
ENO1#2, shLuc and ENO1-knockdown cells were individually quantified. *p < 0.05, **p < 0.01, ***p < 0.001 versus shLuc.
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Fig. 4 (continued)

migration, invasion and colony-forming abilities, indicating a
transforming effect of ENO1 overexpression.

3.5. ENO1 knockdown reduced cell transformation

The in vitro role of ENO1 expression was further confirmed by
knockdown approach. Following puromycin selection, two
stable knockdown clones with 50-70% knockdown efficiency
using high ENO1-expressing ENO1#2 cells as host cells were
established and named as EIKD#3 and E1KD#4. ShRNA to
luciferase (shLuc) served as an infection control. Western blot
analysis confirmed the differential reduction of enolase 1 pro-
tein in both knockdown clones but not in parental ENO1#2 or
shLuc cells (Fig. 4A). EIKD#3 has a lower enolase 1 expression
than E1KD#4. The expression of enolase 2 protein was not af-
fected in the ENO1 knockdown cells, indicating the specificity
of shRNA to ENO1 expression.

Cell proliferation, wound healing, invasion and colony for-
mation assays were used to examine the ENOI-knockdown
effect on these cells. Control shLuc cells behaved similarly
to the parental ENO1#2 cells (Fig. 4B-E). ENO1 knockdown sig-
nificantly attenuated the promoting ability of ENO1 expres-
sion on cell proliferation (Fig. 4B), migration (Fig. 4C),
invasion (Fig. 4D) and colony formation (Fig. 4E). The extent
of reduction coincides with the intracellular level of enolase
1. The ENO1-knockdown effect was further validated in an-
other oral cancer line OEC-M1 with endogenous enolase 1
expression. Greater than 50% of ENOI1-knockdown signifi-
cantly reduced OEC-M1 cells to proliferate, migrate, invade
Matrigel and form colonies (Fig. S1). Together, an increase in
ENO1 expression indeed plays a promoting role for cell
transformation.

3.6. Ectopic ENO1 expression enhanced tongue tumour
formation in nude mice

To study if ectopic ENO1 expression promoted tumourigenesis
in oral cavity, a tongue tumour model was used to address the
question. Five weeks following orthotopic injection of vector
control, ENO1#1 or ENO1#2 cells into nude mouse tongues,

we killed the mice and removed tongues from the oral cavity
for weight measurement and HE staining. All tumour-bearing
tongues weighed significantly heavier than normal tongue tis-
sues (p < 0.05). The ectopic ENO1-expressing tumour-bearing
tongues weighed heavier than vector control tumours, and
ENO1#2 tumours with highest ENO1 expression were signifi-
cantly larger than vector control tumours (Fig. 5A). The tu-
mours in the tongue were reminiscent of squamous cell
carcinoma occurring in more than 90% of oral cancer.?!
Although invasions at both perineural regions and lymphatic
vessels were detected in these tumours, lymphatic invasion
was particularly enhanced by high ENO1 expression (Fig. 5B
and C). The relation of cell invasion and enolase 1 expression
was further examined in NOK, DOK, OC-2, OC-3 and OEC-M1
using Western blot analysis and Trans-well invasion assay.
As shown in Fig. 5D, increasing enolase 1 expression positively
associated with cell invasiveness. Together, increased ENO1
expression promoted not only tumour formation but also local
invasion.

3.7.  Effect of increased ENO1 expression on global gene
expression

To understand the mechanism responsible for the transform-
ing effect of increased ENO1 expression, we used a Human-
Ref-8 v2 Expression BeadChip which contains 235,000
probes per array targeting genes and known alterative splice
variants from RefSeq (I[llumina, San Diego, CA) to compare
the mRNA expression profile in ENO1#2 and vector control
cells. Amongst 166 genes with 2 or greater fold change in
ENO1#2 cells, 35 genes are associated with inflammation
(data not shown). Amongst the 7 cytokines/chemokines in-
duced by ENO1 (Table S3), CCL20, frequently overexpressed
in human cancer,?*?> was the most expressed in these cells.
Consistent with microarray data, more than 3-fold increase
of CCL20 mRNA was detected in ENO1-expressing cells by
using semi-quantitative RT-PCR (Fig. 6A). Western blot analy-
sis confirmed the release of CCL20 protein into the condi-
tioned medium from five oral cell lines. The release of
CCL20 protein was much higher in high enolase 1-expressing
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Fig. 5 - Ectopic ENO1 expression promoted tongue tumour formation and invasion. (A) Tongues were removed from the oral
cavity and weighed at 5 weeks post-injection. Normal tongue tissues at the same age serve as normal control. *p < 0.05
versus normal; N.S., not significant versus vector; #p < 0.05 versus vector. (B) Tissue sections were stained with H&E stain
(i and v, 40x; ii and vi, 100x; iii and vii, 200x; iv, viii and xi, 400x). I-iv, vector control tumour; v—xi, ENO1#2 tumour. viii,
perineural invasion; xi, lymphatic invasion. Insets are the images for higher magnifications. Scale bar, 100 pm. (C) Perineural
and lymphatic invasion number in tumour sections, enumerated by microscopy (100x), was expressed as mean + SEM.

*p < 0.05 versus vector. Parental, CAL27 cells. (D) Enolase 1 protein expression in 5 cell lines was measured by Western blot
analysis using anti-enolase 1 antibody (top) and the invasiveness of the same lines was examined by Trans-well invasion
assay (bottom). Actin, a loading control. *p < 0.05 versus NOK.
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Fig. 6 - A concordant expression of CCL20 and enolase 1 in enolase 1-expressing cells and clinical specimens. (A) The
expression of CCL20 and actin mRNA in vector control and ENO1#2 stable clones using RT-PCR analysis (repeats 1 and 2).
Following normalisation with GAPDH, numbers on the bottom indicate fold changes of CCL20 mRNA in ENO1#2 relative to vector
control cells. (B) The expression of CCL20 protein in conditioned media prepared from the indicated cell lines was analysed by
Western blot analysis using anti-CCL20 antibodies. (C) The mRNA expression of ENO1, CCL20 and actin in 8 pair-wise (N versus
T) patient specimens (Pt1-8) was measured by RT-PCR and expressed as fold change following the normalisation with actin. (D)
Western blot analysis of enolase 1 and CCL20 protein in pairwise samples pt.1-8. Actin, a loading control.

OEC-M1 and OC3 lines than that in low enolase 1-expressing
precancer DOK cells (Fig. 6B). This concordant relationship
was further validated in 40 pair-wise surgical specimens by
semi-quantitative RT-PCR. Spearman’s rank correlation anal-
ysis showed a positive association of CCL20 with ENO1 mRNA
expression in these tumour tissues (Spearman p =0.388,
p =0.013, Fig. S2). Due to the limited number of frozen tissues
collected from these patients, we confirmed this relationship
in a separate cohort of 8 patients (Table S4) using RT-PCR and
Western blot analysis . f-actin was used as a loading control
to avoid the bias of using GAPDH as a control. We detected

a corresponding increase of CCL20 mRNA and protein in most
of the oral cancer specimens with elevated enolase 1 expres-
sion when compared to adjacent normal tissues (Fig. 6C and
D), suggesting that CCL20 is a potential downstream target
of ENO1.

3.8.  ENO1-mediated cell transformation partly via CCL20
up-regulation

Although CCL20 participates in inflammatory cell recruit-
ment, it also promotes certain cancer cell proliferation and
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invasion.?*?® CCR6, the only receptor for CCL20, was abun-
dantly expressed in oral cancer cells based on our microarray
data (data not shown). To study the role of CCL20 in ENO1-
expressing cells, two shRNA clones, 64 and 67, with differen-
tial knockdown were used (Fig. S3). Etopic ENO1-expressing
cells, ENO1#2, were used as host cells for knocking endoge-
nous CCL20 expression. The decrease of CCL20 protein but
not its receptor, CCR6, was confirmed in these two clones
using Western blot analysis (Fig. 7A). Cell proliferation, migra-
tion and invasion assays of CCL20-knockdown clones, #64 and
#67, showed that suppressing CCL20 expression dose-depen-
dently reduced the promoting effect of ENO1 overexpression
on cell proliferation, migration and invasion (Fig. 7B-D,
p < 0.01). Together, CCL20, a downstream target of ENO1, plays
a positive role in the ENO1-mediated cell transformation.

4, Discussion

Enolase 1 was frequently overexpressed in head and neck
cancer cells. The increase of ENO1 mRNA expression asso-
ciated not only with cancer progression but also with poor

clinical outcomes in these patients. Moreover, neck metas-
tasis severity significantly increased in the high ENO1
group. Ectopic ENO1 expression in vitro promoted cell prolif-
eration, migration, invasion and colony formation. Specific
ENO1 knockdown abrogated ENOI-mediated stimulation of
cell transformation. Moreover, the increase significantly
promoted tumour growth and lymphatic invasion in ton-
gue. ENO1-promoted cell transformation was partly via
altering the expression of proinflammatory cytokine
CCL20. Knocking CCL20 down significantly compromised
the stimulatory effect of ENO1 overexpression on cell trans-
formation. A positive association of CCL20 with ENO1
expression was observed in ENO1-expressing cells and vali-
dated in clinical specimens.

Although enolase is conventionally known as a glycolytic
enzyme in the cytosol, the presence of enolase in distinct sub-
cellular localisations other than cytosol indicates additional
intracellular functions of enolase.’® This notion was recently
corroborated that cell surface enolase, a receptor for plasmin-
ogen, uses the plasminogen-binding sites to potentiate the di-
rected migration and invasion of monocytic U937 cells.”?
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Consistent with diverse subcellular localisations of enolase in
the cells, altering ENO1 gene expression had profound im-
pacts on cell proliferation, migration, invasion and transfor-
mation. Although ENO1 overexpression induced apoptotic
neuroblastoma or 293 cells,’® no apoptotic effect of ectopic
ENO1 expression was detected in transiently or stably trans-
fected oral cancer cells (data not shown). Moreover, the trans-
forming ability was proportional to the expression level of
ENO1 in the cells. Although the exact function of enolase in
different subcellular compartments of cancer cells remains
elusive, our study of showing the transforming function of
ENO1 overexpression further supports that a tight regulation
of enolase 1 is crucial for normal cell functions.

The production of phosphoenolpyruvate, the second of
two high energy intermediates in ATP production, was cata-
lysed by enolase during glycolysis.?® Intracellular ATP levels
in both ENO1l-expressing and knockdown cells were
measured by the luciferin-luciferase method. Although there
was a trend of reduced ATP production in ENO1-knockdown
cells depending on the knockdown efficiency, no significant
change of ATP production was observed in ectopic ENO1-
expressing cells when compared with vector control (data
not shown). Therefore, the observed alterations induced by
ectopic ENO1 expression in the cellular behaviours were
unlikely due to the changes of ATP production in these
cells.

Metastasis is the main reason for the mortality of head
and neck cancer. Understanding the molecular mechanism
underlying metastasis holds a key for the development of
anti-cancer treatment. Proteomic analysis identified up-regu-
lation of enolase 1 in metastatic head and neck cancer, sug-
gesting a role of enolase 1 in cancer invasion and
metastasis.’® Consistent with the notion, high ENO1 expres-
sion was tightly associated with poor clinical outcomes in
head and neck cancer. Moreover, high ENO1 patients had a
higher percentage of node positivity than low patients
(p = 0.06, Table S1) and the severity of neck metastasis signif-
icantly increased in high group (p =0.03, Table S2). Ectopic
ENO1 expression promoted tumour cell invasion through
Matrigel in vitro and regional lymphatic invasion in vivo. Fur-
thermore, the invasiveness of oral cancer cells positively cor-
related with the increased ENO1 expression. In line with our
observations, increased enolase 1 expression was previously
shown to positively correlate with not only tumour size but
also venous invasion in hepatitis C virus-related hepatocellu-
lar carcinoma.?® Moreover, an increase of enolase 1 expres-
sion on the surface of monoctyes promotes their migratory
and lung-infiltrating ability.” More studies are warranted to
address if the same mechanism is also responsible for the
invasiveness of ENO1l-expressing cancer cells. Together, our
in vitro and in vivo studies suggest a positive role of ENO1 in
tumour cell invasion.

In addition to being responsible for neoplastic transforma-
tion, more and more evidence show that oncogenes also build
up an inflammatory microenvironment for tumour progres-
sion.® For instance, several cytokines were up-regulated in
RAS oncogene-driven tumourigenesis.*? Consistent with this
notion, the expression of chemokines and their cognate
receptors in cancer cells play important roles in tumour
growth and metastatic spread.®* CCL20, alternatively named

liver and activation-regulated chemokine (LARC), macro-
phage inflammatory protein-3a (MIP-30) or Exodus-1, was
the most expressed chemokine induced by ectopic ENO1
(Table S3). CCR6 is the only cognate receptor for CCL20.3*
We found the highest mRNA expression of CCR6 amongst
ten CCR genes in the parental CAL27 cells. Ectopic ENO1, how-
ever, had no effect on CCR6 expression in our array data (data
not shown). CCL20-CCR6 participates both in the chemoat-
traction of inflammatory cells and in the carcinogenesis of li-
ver and pancreas.”>** This ligand-receptor pair also promotes
the invasion of pancreatic and nasopharyngeal carcinoma
cells.?®? Reducing CCL20 expression by specific shRNA signif-
icantly attenuated the transforming and invasive ability of
ENO1-expressing oral cancer cells. Together, CCL20 chemo-
kine is one downstream effecter participating in the trans-
forming and invasive actions of ENO1 gene product. More
studies are, however, needed to address if the expression of
CCL20 is directly or indirectly mediated by ENO1 gene and if
this chemokine exerts its autocrine or paracrine actions in
head and neck cancer.

In summary, tumour cells increase nutrient uptake by gly-
colysis to support the enhanced metabolism for their unre-
stricted growth during tumourigenesis. Interfering with the
glycolytic phentoype frequently amplified in cancer cells is
now attracting great interest as a possible therapeutic means
to limit energy production in a tumour cell-specific fashion.
ENO1 overexpression promoted cell proliferation, migration,
invasion and tumourigenesis. Knocking down the expression
of ENO1 or CCL20 significantly reduced the transforming and
invasive ability of ENOI-overexpressing tumour cells. The
ENO1 gene, a prognostic factor, and CCL20 may thus be used
as therapeutic targets for treating ENO1-overexpressing head
and neck cancer.
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