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Abstract

Lipocalin 2 (LCN2), a secreted glycoprotein, is up- or downregulated in different human cancers. At present, the functional 

role of LCN2 in the progression of oral squamous cell carcinoma (OSCC), which accounts for most head and neck cancers, 

remains poorly understood, particularly with respect to its involvement in invasion and metastasis. In this study, we observed 

that LCN2 expression decreased in patients with OSCC and lymph node metastasis compared with that in patients without 

metastasis. A higher LCN2 expression correlated with the survival of patients with OSCC. Furthermore, LCN2 overexpression 

in OSCC cells reduced in vitro migration and invasion and in vivo metastasis, whereas its silencing induced an increase in cell 

motility. Mechanistically, LCN2 inhibited the cell motility of OSCC cells through hypoxia-inducible factor (HIF)-1α-dependent 

transcriptional inhibition of the carbonic anhydrase IX (CAIX). CAIX overexpression relieved the migration inhibition imposed 

by LCN2 overexpression in OSCC cells. Moreover, a microRNA (miR) analysis revealed that LCN2 can suppress CAIX expression 

and cell migration through miR-4505 induction. Examination of tumour tissues from patients with OSCC and OSCC-

transplanted mice revealed an inverse correlation between LCN2 and CAIX expression. Furthermore, patients with LCN2strong/

CAIXweak revealed the lowest frequency of lymph node metastasis and the longest survival. Our �ndings suggest that LCN2 

suppresses tumour metastasis by targeting the transcriptional and post-transcriptional regulation of CAIX in OSCC cells. LCN2 

overexpression may be a novel OSCC treatment strategy and a useful biomarker for predicting OSCC progression.
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Introduction

The incidence of oral squamous cell carcinoma (OSCC), the 

most common malignant tumour of the head and neck, has 

recently increased (1). The incidence of neck lymph node 

metastasis in oral cancer varies from 25 to 65% (2), and the 

5-year survival rate is 90% for patients without metastasis but 

<40% for those with metastasis, suggesting that lymph node 

metastasis is a key prognostic factor (3,4). However, molecu-

lar mechanisms underlying lymph node metastasis remain 

unclear, and understanding the pathophysiology of lymph 

node metastasis of OSCC is essential for developing diagnosis, 

prognosis and targeted therapy.

Lipocalin 2 (LCN2), also known as neutrophil gelatinase-

associated lipocalin, of the lipocalin superfamily was originally 

puri�ed from human neutrophils, which are associated with 

gelatinase (5). LCN2, initially de�ned as a strong bacteriostatic 

agent, is active against various gram-negative microorganisms 

(6). LCN2 has been identi�ed as a stress protein released in vari-

ous sterile in�ammatory conditions, such as obesity-related 

in�ammation in adipose tissue (7) and cancer (8).

LCN2 expression is high in multiple human cancers, includ-

ing breast, colorectal, pancreatic and ovarian carcinomas 

(8,9). LCN2 has functional roles in promoting tumorigenesis 

through enhancing tumour cell proliferation and metastatic 

potential (10–12). Mechanistic studies have reported that the 

major causes of LCN2 for regulating tumour development are 

a combined expression of LCN2 and MMP-9 for sustaining 

a high gelatinolytic action of MMP-9 and for promoting epi-

thelial to mesenchymal transition (EMT) (12–15). In contrast 

to its pro-oncogenic functions, LCN2 suppresses the invasive 

ability of ovarian and liver cancers by negatively modulating 

the EMT process (16). Microarray data sets revealed that LCN2 

expression in metastatic tissues were signi�cantly lower than 

that observed in primary tumours of several tumour types (8). 

Altogether, the aforementioned data indicate that LCN2 plays 

crucial roles in tumour development and may have pro- or 

antioncogenic functions.

OSCC accounts for approximately 90% of all head and neck 

cancers (17). In contrary to most solid tumours, microarray 

analyses have revealed a lower LCN2 expression in head and 

neck cancers compared to normal tissues (8). However, the 

biological roles of low LCN2 expression in head and neck can-

cers remain unclear. In the present study, we retrospectively 

analysed LCN2 expression in OSCC specimens and revealed its 

correlation with survival. We mechanistically examined how 

LCN2 affects OSCC migration, invasion and metastasis. Our 

data demonstrate LCN2 to be an OSCC suppressor through 

downregulating the carbonic anhydrase IX (CAIX) expression 

via HIF-1α suppression and the miR-4505 induction signalling 

pathway.

Materials and methods

Patients and specimens

We enrolled 266 patients diagnosed with OSCC at Changhua Christian 

Hospital (Changhua, Taiwan) between 2000 and 2006, as described in our 

previous study (18). The study was approved by the Institutional Review 

Board of Changhua Christian Hospital (CCH No: 101222), and informed 

written consent was obtained from all patients.

Immunohistochemistry

OSCC tissue microarray block slides were deparaf�nised, as stated in our 

previous study (19). The slides were incubated with 1:50 diluted anti-LCN2 

or anti-CAIX antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 

60 min at room temperature. After thoroughly washing with PBS, the con-

ventional streptavidin–biotin peroxidase method (LSAB Kit K675; Dako, 

Copenhagen, Denmark) using 3,3′-diaminobenzidine (DAB) was employed 

for assessing signal development. Two pathologists blinded to the clinical 

outcomes semiquantitatively assessed LCN2 or CAIX expression based on 

the staining intensity; they independently scored sections through light 

microscopy. Scores of 0, 1, 2 and 3 indicated negative, weak, moderate and 

strong staining intensities, respectively.

Materials

Cell culture materials and fetal bovine serum (FBS) were obtained from 

Gibco-BRL (Gaithersburg, MD). An enhanced chemiluminescence kit 

was purchased from Amersham (Arlington Heights, IL); anti-β-actin was 

obtained from BD Biosciences (San Jose, CA). Anti-CAIX and anti-HIF-1α 

antibodies were purchased from Cell Signaling Technology (Beverly, MA). 

Anti-LCN2 antibody was purchased from R&D Systems, Inc. (Minneapolis, 

MN). Unless otherwise speci�ed, all other chemicals used in this study 

were purchased from Sigma Chemical Co. (St. Louis, MO).

Cell culture

The tumorigenic TW2.6 cells were obtained from Dr Kuo’s group where the 

cell line is originally established and authenticated (20). SAS and HSC-3 

cells were purchased from and validated by the Japanese Collection of 

Research Bioresources Cell Bank (JCRB, Shinjuku, Japan). These cells were 

all maintained in Dulbecco’s Modi�ed Eagle Medium/Nutrient Mixture 

F-12 (DMEM/F12; Life Technologies, Grand Island, NY) supplemented 

with 10% FBS (Gibco, Grand Island, NY). SCC9 cells were purchased from 

and validated by the American Type Culture Collection (ATCC, Manassas, 

VA) and maintained in DMEM/F12 supplemented with 10% FBS, 400 ng/

ml hydrocortisone and 0.1 mM non-essential amino acids (NEAA; Life 

Technologies). CA9-22 (purchased from and validated by ATCC) and CAL-

27 (purchased from and validated by JCRB) cells were maintained in DMEM 

(Gibco) supplemented with 10% FBS. OECM-1 cells were obtained from Dr 

Meng’s group where the cell line is originally established and authenti-

cated (21) and maintained in RPMI (Gibco) supplemented with 10% FBS. 

SCC-25 cells (purchased from and validated by ATCC) were maintained in 

F-12 Medium supplemented with 10% FBS, 400 ng/ml hydrocortisone and 

0.5 mM sodium pyruvate. All the cells were cultured and maintained at 

37 °C in a 5% CO
2
 and 95% air atmosphere.

DNA construction, transient transfection and stable 
cell clone establishment

Human full-length LCN2 cDNA was cloned into the pcDNA3.1 expression 

vector. After con�rmation through DNA sequencing, the pcDNA3.1–LCN2 

expression and pcDNA3.1 control vectors were transiently transfected into 

SCC9 or TW2.6 cells by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). 

Furthermore, SCC9 and TW2.6 cells were stably transfected with pcDNA3.1 

or pcDNA3.1–LCN2 expression vectors and selected using G418 (250 µg/ml).

In vitro wound closure assay

SCC9 (8 × 105 cells/dish) and TW2.6 (2 × 106 cells/dish) cells were plated in 

6 cm dish for 24 h, wounded by scratching with a pipette tip, and incubated 

with a DMEM/F12 medium containing 0.5% FBS for 0, 12, 24 and 48 h. Cells 

were imaged through phase-contrast microscopy (100×), as previously 

described (22).

Abbreviations 

CAIX  carbonic anhydrase IX

HIF  hypoxia-inducible factor

HRE hypoxia-response element 

IHC  immunohistochemical 

LCN2  lipocalin 2 

miR  microRNA 

OSCC oral squamous cell carcinoma 

RT-PCRs  real-time polymerase chain reactions 

SCID  severe combined immunode�cient 

3′UTR  3′ untranslated region
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Cell invasion and migration assays

Cell invasion and migration assays were performed according to the 

methods described by Yang et al. (23). The cells were harvested and seeded 

in a Boyden chamber (Neuro Probe, Cabin John, MD; 104 cells/well) in a 

serum-free medium and incubated for 24 h. For invasion assay, 10  µl 

Matrigel (25 mg/50 ml; BD Biosciences, MA) was applied to polycarbonate 

membranes (pore size, 8 µm), and the bottom chamber contained a stand-

ard medium. The invaded cells were stained using 5% Giemsa and enu-

merated through light microscopy. The migration assay was performed as 

was the invasion assay but without Matrigel coating.

Western blot analysis

Protein lysates were prepared as previously described (24), and Western 

blot analysis was performed using speci�c primary antibodies.

RNA isolation, reverse transcription polymerase 
chain reaction and microarray

mRNA was isolated and ampli�ed as previously described (24), and primer 

sequences are shown as supplementary data (Supplementary Table  1, 

available at Carcinogenesis Online). For cDNA or miRNA microarray, RNA 

isolated from SCC9/Neo or SCC9/LCN2 was submitted to the Phalynx 

Biotech Group (Hsinchu, Taiwan) for expression pro�ling and analysis.

TaqMan miRNA real-time reverse transcription 
polymerase chain reaction

To determine miR-4505 expression in OSCC cells, we used the TaqMan 

MicroRNA Assay kit (Applied Biosystems, Carlsbad, CA) according to manu-

facturer instructions. Real-time polymerase chain reactions (RT-PCRs) were 

conducted in 20 μl of a reaction mixture containing 2 μl of the reverse tran-

scription product, 10 μl of 2× Taqman Universal PCR Master Mix, 7 μl of water 

and 1  μl of the TaqMan assay probe. The relative miRNA expression was 

analysed through the Ct method and was normalised to RNU6B expression.

Small interfering RNA transfection

LCN2 gene silencing was performed using siRNAs targeting LCN2 and a 

negative control (Applied Biosystems). Each siRNA (150 pmol) was trans-

fected into OSCC cells for 48 h by using the Lipofectamine RNAiMAX 

Transfection reagent (Invitrogen) according to manufacturer instructions.

Construction of the HIF-1α-binding site mutant CA9 
promoter/reporter plasmids

All promoter fragments were cloned in the pGL3 basic vector (Promega). 

The CAIX-Luc promoter sequence contains −173 to 37 fragments, which 

were isolated through PCR ampli�cation by using Kpn I  forward primer 

(5′-GGTACCACCTGCCCCTCACTCCAC-3′) and Sac I  reverse primer 

(5′-GAGCTCCTGACTGTGGGGTGTCC-3′). HREm-CAIX-Luc was constucted 

using a QuikChange site-directed mutagenesis kit system (Stratagene) 

according to manufacturer instructions. The mutated oligonucleotides were 

constructed using the primer 5′-GTTTCCAATGCTTTTACAGCCCGTAC-3′. 

Both constructs in promoter fragments were sequence-veri�ed.

In vivo spontaneous metastasis model

All animal studies were performed according to protocols approved 

by the Institutional Animal Care and Use Committee of Taipei Medical 

University. Age-matched male severe combined immunode�cient (SCID) 

mice (6–8 weeks old) were used in assays for tumour growth and metasta-

sis in an orthotopic graft model. LCN2-expressing luciferase-tagged TW2.6 

cells (5 × 105) or the control vector were suspended in phosphate-buffered 

saline:Matrigel (1:1) and directly injected into the lips of SCID mice (n = 6 

per group). After detecting tumour growth, lymph node metastasis was 

monitored once per week by using a non-invasive bioluminescent imag-

ing system (Xenogen IVIS-200 system). Metastatic neck lymph nodes were 

enumerated, and the volume was quanti�ed 35 days after cell injection.

Statistical analysis

All experiments were conducted in triplicate. Values are presented as 

the mean ± standard error (SE). Statistical analysis was performed using 

Statistical Package for Social Science, Version 16 (SPSS, Chicago, IL). Data 

were analysed using the Student’s t-test for comparing two groups. One-

way analysis of variance (ANOVA) followed by Tukey’s post hoc test were 

used for analysing three or more groups. Clinicopathological data were 

statistically analysed using chi-squared and Fisher’s exact tests. p values 

of < 0.05 were considered statistically signi�cant.

Results

LCN2 expression inversely correlated with the 
stage and lymph node metastasis and positively 
correlated with the survival of patients with 
oral cancer

To examine LCN2 expression in patients with OSCC, 516 head 

and neck cases were analysed from The Cancer Genome Atlas 

(TCGA). Signi�cant low LCN2 transcript was observed in tumour 

as compared with normal tissue (Figure  1A, left panel). An 

analysis of 45 matched tumour tissues and the corresponding 

normal tissues revealed lower LCN2 expression in the tumours 

(Figure  1A, right panel). Immunohistochemical (IHC) staining 

was performed on a tissue microarray for examining the clinical 

relevance of LCN2 expression in another OSCC cohort (n = 266). 

All positive cases revealed a diffuse cytoplasmic LCN2 distribu-

tion in cancer cells (Figure  1B). Supplementary Table  2, avail-

able at Carcinogenesis Online, illustrates the association between 

selected clinicopathological factors and LCN2 expression. When 

LCN2 expression was classi�ed into a two-tier grading system 

of weak (−/1+) and strong (2+/3+) LCN2 staining, LCN2 expres-

sion inversely correlated with lymph node metastasis and the 

clinical stage (Supplementary Table 2, available at Carcinogenesis 

Online; Figure 1C). Moreover, we collected 18 sets of individu-

ally matched samples from primary tumours and lymph node 

metastasis; in 11 out of 18 patients, LCN2 expression was signi�-

cantly lower in lymph node metastatic tumours than in primary 

OSCC cells (Figure 1D and E, P  = 0.017). These results indicate 

the inverse correlation of LCN2 with OSCC, particularly in 

lymph node metastasis. The Kaplan–Meier plot reveals a favour-

able overall survival of patients with a strong LCN2 expression 

(P = 0.001; Figure 1F), and the univariate Cox regression analysis 

revealed that a strong LCN2 expression was a signi�cant predic-

tor of an optimal outcome (Supplementary Table 3, available at 

Carcinogenesis Online).

LCN2 expression suppresses the migratory and 
invasive abilities of OSCC cells

Our clinical �ndings suggest that LCN2 plays a role in the inva-

sive and metastatic abilities of OSCC cells. We next evaluated 

the function of LCN2 in cell migration and invasion, the fun-

damental steps of tumour metastasis. Relative LCN2 expres-

sion in eight human OSCC cell lines was evaluated (Figure 2A). 

We overexpressed LCN2 and established LCN2-stably trans-

fected SCC9 and TW2.6 cells (Figure  2B and Supplementary 

Figure  1A, available at Carcinogenesis Online). Figure  2C and 

Supplementary Figure  1B, available at Carcinogenesis Online, 

illustrate the dramatically suppressed wound closure ability of 

both LCN2-transfected SCC9 and TW2.6 cells. A Boyden cham-

ber assay was further performed for investigating the effects 

of LCN2 on the migratory and invasive abilities of OSCC cells, 

which revealed signi�cantly suppressed abilities of both LCN2-

transfected SCC9 and TW2.6 cells (Figure  2D; Supplementary 

Figure  1C, available at Carcinogenesis Online). The transfection 

and expression of LCN2-speci�c siRNA signi�cantly reduced 

LCN2 mRNA and protein expression (Figure  2E, upper panel), 

with concomitantly increasing the migratory and invasive 
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abilities of LCN2-transfected SCC9 cells compared to control 

siRNA-transfected cells (Figure  2E, lower panel); this observa-

tion con�rms that LCN2 modulates the cell motility phenotype. 

In addition, the rescued phenotypes were observed in TW2.6 

cells (Supplementary Figure  1D, available at Carcinogenesis 

Online). Moreover, manipulating LCN2 expression did not signif-

icantly affect cell proliferation during the experimental period 

(Supplementary Figure 2, available at Carcinogenesis Online). The 

cell migratory and invasive abilities of SCC9 cells was attenu-

ated using 500 nM rh LCN2 (Figure 2F). Compared with SCC9 and 

TW2.6 cells, the higher endogenous LCN2 expression cell lines, 

CAL-27 and CA9-22 (Figure 2A), were knockdowned of LCN2 by 

a siRNA and the migratory (Figure  2G, lower panel) and inva-

sive (Figure 2H) abilities signi�cantly increased. The knockdown 

ef�ciency of LCN2 siRNA was detected through Western blotting 

(Figure 2G, upper panel). These results indicate that LCN2 is cru-

cial in OSCC cell motility.

LCN2-induced suppression of tumour growth and 
lymph node metastasis in an orthotopic graft model

We examined the in vivo effects of LCN2 expression on tumour 

growth and metastasis. Luciferase-expressing TW2.6-Luc 

cells were established, and tumour growth and metastasis 

were monitored through bioluminescence imaging. Control 

TW2.6 cells (Tw2.6/Neo-Luc) orthotopically injected into SCID 

mice revealed larger tumours than did Tw2.6/LCN2-Luc cells 

injected in the mice after 32  days, as revealed by photon 

emission detection (Figure  3A). Body weights of the TW2.6/

Neo- and TW2.6/LCN2-injected mice did not differ signi�-

cantly (Figure 3C). Mice were killed at the end of the experi-

ment, and ex vivo images of their neck lymph nodes revealed 

a lower intensity in TW2.6/LCN2-Luc-injected mice than in 

TW2.6/Neo-Luc-injected mice (Figure  3B). Most mice devel-

oped neck lymph node metastasis within 32 days after cancer 

cell injection; we further determined the frequency of neck 

Figure 1. LCN2, expressed by cancer cells, is inversely correlated with the clinical stage and lymph node metastasis and positively correlated with the survival of 

patients with OSCC. (A) LCN2 expression in head and neck cancer specimens (n = 516) or paired cancer samples (n = 45) and normal tissue samples (n = 45) were meas-

ured through RNA sequencing obtained from the TCGA. ***P < 0.001. (B) Tissue microarrays of primary OSCCs cells (n = 266) were immunohistochemically analysed for 

LCN2. Representative images of IHC staining revealing weak (− or 1+) and strong (2+ or 3+) LCN2 expression. Histopathological images are shown at 200× magni�cation. 

(C) Negative correlation between LCN2 expression and lymph node metastasis. Weak LCN2 expression (−/1+) is shown as deep blue columns, whereas strong LCN2 

expression (2+/3+) is shown as light blue columns. Results were analysed using the χ2 test. (D) Representative images of IHC staining of LCN2 in matched specimens 

of primary OSCCs and lymph node metastases. T, tumour cells in lymph node. (E) Plot representation of scores according to cytoplasmic IHC expression of LCN2 in 

primary OSCCs related to the lymph node metastases. The scores are calculated by intensity × percentage of stained cells. (F) The Kaplan–Meier plot of overall survival 

of 266 patients with OSCC strati�ed by LCN2 expression. A log rank test was used for examining between-group differences. 
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Figure 2. LCN2 regulates the migratory and invasive abilities of OSCCs. (A) Endogenous LCN2 protein levels were detected using Western blot analysis in human OSCC 

cells. (B) SCC9 cells expressing low LCN2 were transiently transfected with a vector control (pcDNA 3.1) or LCN2-expressed vector (pcDNA-LCN2) for generating stably 

transfected clones (SCC9/Neo and SCC9/LCN2) after G418 (250 µg/ml) selection. LCN2 protein and mRNA levels in LCN2-stably transfected SCC9 cells were detected 

through Western blotting (upper panel) and RT-PCR (lower panel), respectively. (C) Migratory abilities of SCC9/Neo and SCC9/LCN2 cells were evaluated using the wound 

healing assay. Furthermore, cells were wounded, observed for 24 and 48 h thereafter, and analysed through phase-contrast microscopy. (D) The migratory and invasive 

abilities of SCC9/Neo and SCC9/LCN2 cells were evaluated using Boyden chamber migration (upper panel) and Matrigel invasion (lower panel) assays. Differences are 

presented as the mean of triplicate experiments compared with control cells. *P < 0.05 compared with control cells. (E) Upper panel, SCC9/LCN2 cells were transiently 

transfected with control or LCN2 siRNA. The knockdown ef�ciency was evaluated through Western blotting and RT-PCR. Lower panel, migratory and invasive abilities 

of SCC9/Neo and SCC9/LCN2 cells expressing control or LCN2 siRNA were evaluated through wound healing, Boyden chamber migration and Matrigel invasion assays. 

Differences are presented as the mean of triplicate experiments compared with control cells. *P < 0.05 compared with SCC9/Neo cells. #P < 0.05 compared with control 

siRNA-transfected SCC9/LCN2 cells. (F) SCC9 cells were treated with vehicle or 500 nM LCN2 for 24 h. Cell mobility was evaluated using the Boyden chamber assay, 

and representative images of individual groups are shown; the migration and invasion of SCC9 cells were quanti�ed, and data are presented from three independent 

experiments. *P < 0.05 compared with vehicle groups. (G) Upper panel, CAL-27 and CA9-22 cells highly expressing LCN2 were transiently transfected with control or 

LCN2 siRNA. The knockdown ef�ciency was evaluated through Western blotting. Lower panel, migratory abilities of CAL-27 (left) and CA9-22 (right) cells expressing 

control or LCN2 siRNA. (H) Invasive abilities of CAL-27 (left) and CA9-22 (right) cells expressing control or LCN2 siRNA. Differences are presented as the mean ± SE from 

three independent experiments. *P < 0.05 compared with control cells.
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lymph node metastasis and volume of lymph node excised 

from the TW2.6/Neo and TW2.6/LCN2 groups. The mean num-

bers and volume of neck metastatic lymph nodes in TW2.6/

LCN2 mice signi�cantly decreased compared with those in 

TW2.6/Neo mice (Figure  3D). To rule out the possibility that 

the antimetastastic effect of LCN2 in the orthotopic metastatic 

mouse model was because of the LCN2-mediated growth inhi-

bition of primary tumour, we investigated the antimetastatic 

effect of LCN2 in the experimental metastasis model by using 

the bioluminescence system. TW2.6 cells (Neo or LCN2 over-

expression) were injected into the lateral tail vein of NOD/

SCID/IL2rγnull (NSG) mice. Five weeks postinjection, TW2.6 cells 

overexpressing LCN2 exhibited lower lung colony formation, 

suggesting that LCN2 overexpression effectively inhibited the 

metastasis of OSCC tumours in vivo (Supplementary Figure 3, 

available at Carcinogenesis Online).

cDNA microarray analysis of gene expression 
pro�les reveal an association between LCN2 and 
HIF-1α-mediated CAIX signalling

To explore the downstream route of LCN2, we compared cDNA 

microarray analysis results of gene expression pro�les of SCC9/

LCN2 and SCC9/Neo cells (Figure 4A) and observed that CA9 and 

HIF-1A are the most signi�cantly downregulated genes in LCN2-

overexpressed cells (Figure  4A). Western blotting and RT-PCR 

revealed that HIF-1α and CAIX protein and mRNA expression 

were signi�cantly attenuated in the LCN2-overexpressed SCC9 

and TW2.6 OSCC cells compared with those in their parental 

cells (Figure  4B). CAIX protein expression was also inhibited 

in SCC9 and TW2.6 cells transiently transfected with LCN2 

(Supplementary Figure  4, available at Carcinogenesis Online). 

The promoter activity of CA9 was signi�cantly lower in SCC9/

LCN2 cells than in parental SCC9 cells (Figure 4C), indicating 

that LCN2 regulates CAIX expression, at least partially, at the 

transcriptional level. HIF-1α has been reported to regulate CA9 

gene expression by binding on hypoxia-response element (HRE) 

within the basal promoter of CA9 (25). To determine if HIF-1α 

participates in LCN2-modulated CA9 transcription, we gener-

ated a promoter with a mutated HRE, with which HIF-1α can-

not bind. Results revealed that the inhibitory potential of LCN2 

against the CA9 promoter activity was signi�cantly reversed 

by the mutated HRE (Figure 4D). These results further indicate 

that the HIF-1α transcription factor and HRE in the CA9 pro-

moter region contribute, at least in part, to the LCN2-induced 

inhibition of CA9 transcription. CAIX has been reported to cor-

relate with lymph node metastasis of OSCC patients (26). CAIX 

overexpression signi�cantly increased the CAIX protein levels 

(Figure  4E, left panel) and reversed the LCN2-mediated inhi-

bition of the migratory ability of SCC9 cells (Figure  4E, right 

panel), suggesting that HIF-1α-mediated CAIX expression is 

involved in LCN2-mediated cell motility.

Figure 3. LCN2 suppresses tumour growth and lymph node metastasis in a TW2.6 orthotopic graft model. (A) Luciferase-tagged TW2.6/Neo or TW2.6/LCN2 cells were 

orthotopically injected into mice. Upper panel represents the luciferase activity image. After 32 days of tumour cell injection, tumours from six mice injected with 

TW2.6/Neo or TW2.6/LCN2 were quanti�ed by measuring the photon in�ux (lower panel). A signi�cant difference was observed between the groups (*P < 0.05) (B) Lymph 

node metastasis was bioluminescently imaged at the end of the study (upper panel) with the mean signal for each group indicated (n = 6; lower panel). *P < 0.05 com-

pared with the vehicle groups. Red circles in the upper panel indicate primary tumour, and blue arrows indicate lymph node metastasis. (C) Changes in body weight 

(g) during the experiment. (D) Macroscopic analysis of neck lymph nodes. The appearance, number and volume of neck lymph nodes were photographed, enumerated 

and measured after removal. The metastatic lymph node number and volume were signi�cantly lower in TW2.6/LCN2 mice than in TW2.6/Neo mice, as indicated by 

asterisks (*P < 0.05). Scale bar = 0.5 cm.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rc

in
/a

rtic
le

/3
7
/7

/7
1
2
/1

7
4
4
7
1
8
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgw050/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgw050/-/DC1


718 | Carcinogenesis, 2016, Vol. 37, No. 7

Upregulated miR-4505 is involved in the LCN2-
mediated suppression of CAIX expression and cell 
motility

miRNA is a major regulator of cancer progression and metasta-

sis, including that of OSCC (27). In addition to determining the 

LCN2-induced transcriptional regulation of CAIX, we investigated 

whether miRNA participates in the LCN2-mediated suppres-

sion of CAIX and cell motility. To identify LCN2-regulated miR-

NAs, a high throughput and speci�c miRNA microarray (human 

miRNA OneArray® miRNA pro�ling chip) by using SCC9/Neo and 

SCC9/LCN2 cells was conducted by the Phalanx Biotech Group 

(Hsinchu, Taiwan). miRNA expression upregulated or down-

regulated by LCN2 overexpression were depicted as a heat map, 

and the upregulated miRNAs were further analysed using the 

miRNA target database, TargetScan, for identifying miR-4505 that 

might target CAIX (Figure 5A). To further con�rm expressions of 

this miRNA, we performed a TaqMan quantitative RT-PCR and 

observed that miR-4505 expression was signi�cantly upregulated 

in SCC9 and TW2.6 cells stably transfected with LCN2 compared 

with that in parental cells (Figure 5B; Supplementary Figure 5A, 

available at Carcinogenesis Online). Moreover, the endogenous 

CAIX expression in SCC9 or TW2.6 cells was downregulated after 

transfection with a miR-4505 mimic (Figure 5C; Supplementary 

Figure  5B, available at Carcinogenesis Online). Next, to examine 

whether miR-4505 regulates the 3′ untranslated region (3′UTR) of 

CA9, we used a luciferase reporter vector harbouring the 3′UTR 

of CA9 and transfected this vector combined with the miR-4505 

mimic or a mimic control into SCC9 cells. The results revealed 

that the miR-4505 mimic reduced the luciferase activity com-

pared with that in negative control-transfected cells (Figure 5D). 

These data demonstrated that miR-4505 can be regulated by 

LCN2 in SCC9 cells and directly represses CAIX protein expression 

through binding to the 3′UTR of the CA9 gene. To verify the direct 

effect of miR-4505 on cell motility, we transiently overexpressed 

Figure 4. HIF-1α-CAIX signalling is involved in LCN-2-mediated mobility of OSCCs. (A) Summary of cDNA microarray analyses. Forty-one genes expressed at least 

two-fold lower expression of LCN2 in SCC9 cells than in control cells, as assessed using Affymetrix microarray analyses. CA9 and HIF1A are the top two downregulated 

genes in LCN2-overexpressing cells. (B) Western blotting and RT-PCR for recon�rming the expression pro�le of the HIF-1α and CAIX in LCN2-overexpressing SCC9 

(left panel) and TW2.6 (right panel) cells. β-Actin and GAPDH were used as the internal controls. (C) A CA9 promoter reporter assay was conducted for analysing the 

promoter activity of CA9 in LCN2-overexpressing or control cells. (D) Upper panel, schema of the promoter region of human CA9 and the used wild-type and mutant 

constructs. Lower panel, SCC9/LCN2 or SCC9/Neo cells were co-transfected with CA9 promoter constructs (wild-type or HRE-mut) and the pSV-β-galactosidase control 

vector. Luciferase activity from (C) and (D), determined in triplicates, was normalised to the β-galactosidase activity. Differences are presented as the mean of triplicate 

experiments compared with control cells. *P < 0.05 compared with control cells. (E) Right panel, migration of SCC9/LCN2 or SCC9/Neo cells transfected with either 

control vector or pcDNA3.0-CAIX was determined through the Boyden chamber migration assay. SCC9 cell migration was assessed, and data are presented as the mean 

± SE of three independent experiments. Data were analysed using a one-way ANOVA with Tukey’s post hoc tests at 95% con�dence intervals; different letters represent 

different signi�cance levels. Left panel, Western blotting of LCN2 and CAIX protein expressions in SCC9 cells transfected with control vector, LCN2 and LCN2 + CAIX.
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miR-4505 into SCC9/Neo or TW2.6/Neo cells, in which the migra-

tory ability was signi�cantly downregulated compared with that 

in control cells (Figure 5E; Supplementary Figure 5C, available at 

Carcinogenesis Online). Moreover, the overexpression of the miR-

4505 inhibitor or antagomiR-4505 into SCC9/LCN2 cells reversed 

the LCN2-mediated inhibition of the migratory ability (Figure 5F; 

Supplementary Figure 5D, available at Carcinogenesis Online). Our 

results indicate that LCN2 suppresses OSCC motility through 

miR-4505-mediated CAIX suppression.

Lymph node metastasis ratio is low in patients with 
OSCC patients having LCN2strong/CAIXweak

To examine the association between LCN2 and CAIX expression in 

OSCC, we performed IHC analysis of LCN2 and CAIX on primary 

tumour tissues from 266 patients with OSCC. Patients with a 

high LCN2 expression and low CAIX (LCN2strong/CAIXweak) expres-

sion were more non-predisposed to advanced disease and lymph 

node metastasis than those having tumours expressing LCN2weak/

CAIXstrong, LCN2weak/CAIXweak and LCN2strong/CAIXstrong (Figure  6A). 

The association between LCN2 and CAIX expression and the 

clinicopathological characteristics of OSCC are summarised in 

Supplementary Table  4, available at Carcinogenesis Online. Most 

importantly, patients having tumours with LCN2strong/CAIXweak had 

the longest survival time compared to LCN2weak/CAIXstrong, LCN2weak/

CAIXweak or LCN2strong/CAIXstrong groups (Figure 6B). The representa-

tive IHC staining patterns of LCN2strong/CAIXweak and LCN2weak/

CAIXstrong from consecutive serial sections of OSCC are shown 

in Figure  6C. Moreover, we detected CAIX protein expression of 

xenografts harvested from TW2.6/Neo- or TW2.6/LCN2-injected 

Figure 5. Upregulated miR-4505 is involved in the LCN2-mediated suppression of CAIX expression and cell motility. (A) A schema of miRNA selection procedure. Dif-

ferential expressions of miRNAs in LCN2-overexpressing cells versus control cells were analysed using a OneArray® miRNA pro�ling chip. (B) Quantitative PCR was 

used for detecting miR-4505 expression in SCC9/Neo and SCC9/LCN2 cells. Values are presented as the mean ± SE of three independent experiments. *P < 0.05 compared 

with the control groups. (C) SCC9 cells were transfected with an miR-4505 mimic or mimic control for 72 h, and CAIX expression was determined using a Western blot 

analysis. The CAIX protein level was adjusted to the β-actin protein level. (D) Relative luciferase activities of SCC9 cells co-transfected with a CA9 luciferase 3′UTR 

reporter vector and miR-4505 mimic or mimic control for 24 h. Values are presented as the mean ± SE of three independent experiments. *P < 0.05 compared with the 

control groups. (E, F) SCC9/Neo and SCC9/LCN2 cells were respectively transfected with miR-4505 mimic (E) and miR-4505 inhibitor (F) or their respective controls for 

72 h. The cell migratory ability was determined using a Boyden chamber migration assay. Values are presented as the mean ± SE of three independent experiments. 

*P < 0.05 compared with the control groups. #P < 0.05 compared with negative control-transfected SCC9/LCN2 cells.
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mice and observed that CAIX expression signi�cantly decreased 

in tumours isolated from TW2.6/LCN2-injected mice (Figure  6D 

and E). Furthermore, we analysed the correlation between LCN2 

and CA9 expression using gene expression data obtained from the 

publicly available Gene Expression Omnibus database (GSE6631 

and GSE31056) and the TCGA revealed that LCN2 expression in 

head and neck cancers tended to inversely correlate with CA9 

(Figure 6F).

Discussion

Despite signi�cant advances in the diagnosis and treatment of 

patients with cancer, tumour metastasis remains the leading 

cause of morbidity and mortality. Lymph node metastasis is 

the major factor for poor prognosis in OSCC (28). However, the 

factors for OSCC metastasis remain elusive. Our �ndings reveal 

that LCN2 expression is inversely correlated with lymph node 

metastasis and the survival rate and that LCN2 overexpression 

inhibits cell migratory and invasive but not OSCC proliferation.

LCN2 expression is either higher or lower in tumour tissues 

than in relatively normal tissues and reveal pro- or antionco-

genic functions because of distinct functions of LCN2 in differ-

ent cancer cell types (8). Regarding the pro-oncogenic function, 

LCN2 is required for Bcr-Abl-induced tumorigenesis in leu-

kaemia cells (29), promoting breast tumour growth (10,14,30) 

and increasing colon and prostate cancer invasion (12,31). 

Figure 6. Lymph node metastasis ratio is low in OSCC patients with LCN2strong/CAIXweak. (A) Association of combined expression of LCN2 and CAIX with the clinical 

stage (I–IV) or lymph node metastasis (N0–N3) in patients with OSCC. Results were analysed using the χ2 test. (B) Kaplan–Meier curves for overall OSCC patient survival, 

grouped by LCN2 and CAIX expression. P value refers to the comparison among LCN2strong/CAIXweak, LCN2weak/CAIXstrong and others groups, as indicated. (C) IHC analysis of 

serial sections of OSCC specimens from representative patients with OSCC reveals the inverse expression of LCN2 and CAIX on identical localization (black circle indi-

cated). Original magni�cation, ×100. (D) Representative images of IHC staining showing a negative correlation between LCN2 and CAIX in TW2.6 xenografts harvested 

from TW2.6/Neo- or TW2.6/LCN2-injected mice. Original magni�cation, ×100. (E) Plot representation of scores according to the IHC expression of CAIX in TW2.6/Neo 

xenografts (n = 6) associated with TW2.6/LCN2 xenografts (n = 6). The scores are calculated as intensity × percentage of stained cells. (F) The association between LCN2 

and CAIX in head and neck cancer specimens from GEO (GSE6631 and GSE31066) and TCGA: Spearman’s non-parametric correlation test showing a negative correlation 

between LCN2 and CAIX in head and neck cancers. ρ = −0.34, P = 0.024; ρ = −0.26, P = 0.012; ρ = −0.1, P = 0.0005.
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Pro-oncogenic functions of LCN2 are majorly regulated the pro-

motion of the MMP-9 activity and downregulation of E-cadherin 

(12–14,31). In contrast to prooncogenic effects, a recent study 

reported signi�cantly lower LCN2 expression in metastas-

tic tissues than in primary tumours of several tumour types 

(8), which is similar to our �ndings in OSCC. LCN2 has been 

reported to suppress the in vitro proliferation or invasion and 

in vivo tumour growth or metastasis of several tumours, such as 

those of the liver (32), breast (33), colon (34) and pancreatic (35) 

cancers. The present study is consistent with previous reports 

that state that LCN2 overexpression in OSCC cells suppress in 

vitro cell migration, invasion and in vivo tumour growth and 

lymph node metastasis. Presently, the mechanisms underlying 

the LCN2-induced suppression of tumour metastasis are not 

well de�ned. This study �rst revealed that LCN2 inhibited OSCC 

cell invasion and metastasis, possibly by suppressing HIF-1α-

mediated CAIX expression. CAIX, a transmembrane zinc met-

alloenzyme, is overexpressed in different human cancers and 

is crucial in tumour metastasis, including that of OSCC (26,36). 

CAIX regulates the migration of OSCC cells and correlates with 

the poor prognosis of patients with OSCC (26). Furthermore, 

CAIX can be upregulated in OSCC cells after hypoxic exposure 

and further promoted the invasive ability of cancer cells (37). 

Thus, HIF-1α-CAIX signalling pathways may be vital in mediat-

ing the effects of LCN2 on OSCC invasion. In addition to the 

transcriptional regulation of CAIX by LCN2 via the HIF-1α path-

way, other CA isoenzyme, CAII, is also reported to be post-tran-

scriptionally regulated by microRNAs (miRs), such as miR-23b 

(38). By combining data from our miRNA screening pro�les and 

miRNA target databases, we �rst found that LCN2 overexpres-

sion in OSCC cells upregulate miR-4505, revealing the suppres-

sive effects on CAIX and cell motility. Several miRNAs, such as 

miR-210, −155, −10b, −20b and −200b, are upregulated or down-

regulated in response to hypoxia (39). However, whether the 

miR-4505 exhibits a hypoxic signature in OSCC should be fur-

ther investigated in the future.

In addition to the LCN2-regulated CAIX downregulation in 

OSCC, there exists several possible mechanisms underlying the 

LCN2-induced suppression of tumour metastasis. In pancreatic 

cancer, LCN2 partly reduces invasion by suppressing FAK activa-

tion (35). The FAK-Src signalling has been reported to regulate 

cell motility by controlling actin cytoskeletal rearrangement 

(40,41). In this study, we observed that LCN2 overexpression 

in OSCC cells suppressed FAK activation and the subsequent 

Src phosphorylation (Supplementary Figure  6B, available at 

Carcinogenesis Online). Moreover, LCN2-overexpressing cells 

revealed few F-actin-containing micro�lament bundles com-

pared with control cells (Supplementary Figure 6A, available at 

Carcinogenesis Online). Future studies will address the mecha-

nism by which LCN2 regulates FAK activation in OSCC.

The inhibition of EMT is another mechanism underlying 

LCN2-induced suppression of tumour metastasis. In our study, 

we observed that LCN2 overexpression in SCC9 cells increased 

the expression of E-cadherin (Supplementary Figure 6C, avail-

able at Carcinogenesis Online). Wang et al. (32) reported that LCN2 

can inhibit EMT by suppressing the transcriptional repressor 

of E-cadherin, Twist1, in liver cancer. Actually, Twist has been 

reported to be a direct downstream target of HIF-1α to promote 

metastasis of head and neck cancer (42). We suggested that 

LCN2 inhibited OSCC cell metastasis, also possibly by suppress-

ing HIF-1α-mediated Twist expression. In addition to HIF-1α 

Twist signalling pathway, LCN2 can restore E-cadherin expres-

sion by affecting the Ras-MAPK pathway in Ras-transformed 

mammary tumour cells (33). Moreover, FAK-Src signalling has 

been reported to involve in TGF-β-induced EMT (43). Thus, an 

additional study is required for delineating the interactions 

between Ras-MAPK signalling or FAK-Src signalling and LCN2-

mediated E-cadherin upregulation in OSCC cells.

To our knowledge, this study is the �rst to report the clini-

cal and prognostic signi�cance of LCN2 in OSCC among the 

Taiwanese population. Moreover, we observed that LCN2 sup-

presses cell motility by downregulating CAIX protein level via 

HIF-1α-mediated transcriptional regulation and miR-4505-me-

diated post-transcriptional regulation. These �ndings provide 

new insight into the role of LCN2 and its molecular mechanism 

in OSCC progression, suggesting LCN2 as a potential diagnostic 

and therapeutic target in oral cancer.

Supplementary material

Supplementary Tables 1–4 and Figures 1–6 can be found at 

http://carcin.oxfordjournals.org/
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