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Abstract: Homeobox genes are a family of transcription factors that

play a pivotal role in embryogenesis. Prospero homeobox 1 (PROX1)

has been shown to function as a tumor suppressor gene or oncogene in

various types of cancer, including oral squamous cell carcinoma

(OSCC). We have previously identified PROX1 as a downregulated

gene in OSCC. The aim of this study is to clarify the underlying

mechanism by which PROX1 regulates tumorigenicity of OSCC cells.

PROX1 mRNA and protein expression levels were first investigated in

40 samples of OSCC and in nontumor margins. Methylation and

amplification analysis was also performed to assess the epigenetic

and genetic mechanisms involved in controlling PROX1 expression.

OSCC cell line SCC9 was also transfected to stably express the PROX1

gene. Next, SCC9-PROX1-overexpressing cells and controls were

subjected to proliferation, differentiation, apoptosis, migration, and

invasion assays in vitro. OSCC samples showed reduced PROX1

expression levels compared with nontumor margins. PROX1 amplifica-

tion was associated with better overall survival. PROX1 overexpression

reduces cell proliferation and downregulates cyclin D1. PROX1-over-

expressing cells also exhibited reduced CK18 and CK19 expression and

transcriptionally altered the expression of WISP3, GATA3, NOTCH1,

and E2F1. Our results suggest that PROX1 functions as a tumor
o, MD, PhD, Eloiz D, PhD,
nes, MD, PhD

Abbreviations: FBS = fetal bovine serum, IHC = immuno-

histochemistry, OSCC = oral squamous cell carcinoma, PROX1 =

prospero homeobox 1.

INTRODUCTION

O ral squamous cell carcinoma (OSCC) is the most common
malignancy of the oral cavity and a major cause of cancer

morbidity and mortality worldwide.1 Oral carcinogenesis is a
multifactorial process associated with cumulative genetic
mutations that alter proto-oncogenes and tumor suppressor gene
function, resulting in disturbed cellular proliferation and cell
differentiation.2

Homeobox genes encode transcriptional factors that con-
trol cellular proliferation and differentiation during embryonic
development.3 These genes have been aberrantly expressed in
solid tumors, including OSCC.4–8 The prospero homeobox 1
(PROX1) gene encodes a nuclear transcription factor (prospero
homeobox protein 1/PROX1) that plays a major role during
embryonic lymphangiogenesis,9 differentiation of the central
nervous system,10 lens fiber elongation,11 and hepatocyte
migration.12 PROX1 gene inactivation results in abnormal cell
proliferation, probably because of downregulation of cell cycle
inhibitors.13

In human cancers, PROX1 gene acts in a tissue-dependent
manner, as a transcriptional activator or repressor, leading to
variable effects on cellular proliferation and differentiation.14

PROX1 overexpression promotes aggressive behavior of many
endothelial tumors,15,16 colon cancer,15,16 and gliomas.17 How-
ever, in hepatocellular carcinoma, high PROX1 expression
inhibits transforming activity and cellular proliferation and is
associated with well-differentiated tumors and better prog-
nosis.18 Hagiwara et al19 also found PROX1 overexpression
to suppress cell growth and tumor formation in HeLa cells,
partially mediated by protein kinase C b. Additionally, it
was also demonstrated that PROX1 strongly inhibits the pro-
liferation of neuroblastoma cell lines as well as cyclin D1,
cyclin-A, and cyclin B1, consistent with a role in cell cycle
arrest.20

In contrast, loss of PROX1 function has been detected in
hematologic malignancies, sporadic breast cancer, and carci-
nomas of the biliary system.21–23 Mutations and DNA meth-
ylation appear to be the major causes behind loss of PROX1
function in some tumors.22–24 Recently, an antimetastatic role
of PROX1 was observed in PROX1-silenced hepatocarcinoma
cell lines via TWIST1 gene inhibition.25 In OSCC, Sasahira
at PROX1 and FOXC2 act as oncogenes
iogenesis and angiogenesis. Addition-
ciated with tumor progression (pT and
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clinical stage), nodal metastasis, and lymphovessel density.26

These studies suggest that PROX1 may function as an oncogene
or a tumor suppressor gene in a cancer type-specific manner.

Interestingly, a previous microarray study done by our
group revealed that PROX1 transcripts were downregulated in
OSCC when compared with tumor-free margins.7,27 However,
the underlying mechanism by which PROX1 acts in oral cancer
is still unclear. In this study, we analyzed the expression levels
of PROX1 transcripts and proteins as well as PROX1 amplifica-
tion and methylation status in OSCC tissues and tumor-free
surgical margins. We also investigated how PROX1 affects cell
proliferation, differentiation, survival, migration, and invasion
in a squamous cell carcinoma cell line.

METHODS

Tumor Samples
Specimens were obtained by surgical resection from

OSCC patients (men, �40 years old) admitted for diagnosis
and treatment at the Arnaldo Vieira de Carvalho Cancer Insti-
tute, Heliópolis Hospital, and Hospital das Clı́nicas (School of
Medicine, University of São Paulo, Brazil). Histopathological
diagnosis was performed according to World Health Organiz-
ation classification for tumors. Clinicopathological staging was
determined by the TNM classification of the International
Union Against Cancer.28 All patients have provided written
informed consent to participate in this study that was approved
by the Brazilian National Ethics Committee (Process #16491)
and meets the Declaration of Helsinki.

Forty fresh surgical samples of primary OSCC and their
corresponding nonneoplastic margin tissues were immediately
snap-frozen in liquid nitrogen. After histological confirmation,
all tissue samples were checked prior to RNA extraction so each
OSCC sample contained at least 70% tumor cells. The corre-
sponding surgical margins were reported as ‘tumor-free.’ The
GENCAPO (Head and Neck Genome Project) consortium was
responsible for collecting samples and initial processing, col-
lecting clinical data, performing histopathological analysis, and
obtaining informed consent from each patient.

Cell Culture
The human OSCC cell lines SCC4, SCC9, and SCC25

were obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and cultured as recommended in 1:1
mixture of Dulbecco Modified Eagle medium (DMEM) and
Ham F12 medium (DMEM/F12; Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS), 400 ng/
mL hydrocortisone (Sigma-Aldrich, St. Louis, MO), 100 mg/
mL penicillin, and 100 mg/mL streptomycin. Cell lines were
authenticated using the AmpFLSTR Identifiler PCR Amplifica-
tion kit (Life Technologies) at the Special Techniques Labora-
tory of the Israelita Albert Einstein Hospital (LATE-HIAE), São
Paulo, Brazil. Cell line matched (100% identity) the STR profile
described by the ATCC database.

Plasmid DNA Transfection for PROX1 Expression
SCC9 cells were transfected with pCMV6 empty vector

(mock) or pCMV6-PROX1 expression vector (OriGene, Rock-
ville, MD), containing full-length human PROX1 cDNA, using

Rodrigues et al
Lipofectamine 2000 (Invitrogen), following the manufacturer’s
instructions. Transfected cells were selected in medium with
300 mg/mL G418 (Invitrogen).
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Real-Time RT-PCR
Total RNA was extracted from cells using TRIzol (Invitro-

gen, Carlsbad, CA) according to the manufacturer’s instructions.
First-strand cDNAs were synthesized with a High Capacity
cDNA Archive kit (Applied Biosystems, Grand Island, NY,
USA). Quantitative RT-PCR (RT-qPCR) reactions were per-
formed using an Applied Biosystems 7500 Real-Time PCR
System with SYBR Green I Dye (Applied Biosystems) according
to the manufacturer’s instructions. The following primers were
used to detect PROX1 and endogenous ‘‘housekeeping’’ gene
HPRT: PROX1 (forward 5’-CTCCGTGGAACTCAGCGC-3’
and reverse 5’-GCCGG CTTAAGAGGGCTG-3’) and HPRT
(forward 5’-CCACC ACCCTGTTGCTGTA-3’ and reverse 5’-
TCCCCTGTTGA CTGGTCAT-3’).

The following primers were used to investigate genes
identified as deregulated in oral cancer (data not shown):
GATA3 (forward 5’-CGTCCTGTGCGAACTGTCA-3’ and
reverse 5’-GTCCCCATTGGCATTCCTCC-3’), NOTCH1 (for-
ward 5’-GGTGAACTGCTCTGAGGAGATC-3’ and reverse
5’-GGATTGCAGTCGTCCACGTTGA-3’), E2F1 (forward
5’-CATCCCAGGTCACTTCTG-3’ and reverse 5’-GACAACA
GCGGTTCTTGCTC-3’), and WISP3 (forward 5’-ACTGTAGC
CTGGAACCATTACT-3’ and reverse 5’-TGGTCACCCTGTT
AGATATTCCC-3’).

All RT-qPCR reactions were performed in total volume of
25 mL, containing 1 mL of cDNA sample, 400 nM of each
primer, 12.5 mL of SYBR Green Master Mix (Applied Biosys-
tems). The PCR amplifications were performed under the
following conditions: initial denaturation for 10 minutes at
958C, followed by 40 cycles of 10 seconds at 958C and 1
minute at 608C. Melting curve analysis was performed at the
end of each cycling to confirm amplification specificity and lack
of primer dimer. Quantitative analysis was performed according
to the Pfaffl mathematical model.29

The differential expression of PROX1 in OSCC samples
was divided into high and low according to the value obtained
from RT-qPCR normalized with the respective tumor-free
margins. The cut-off value was set up at the median expression
level of OSCC samples.

Gene Amplification Assay
Gene amplification analysis of the OSCC tissue and tumor-

free margins was performed by qPCR using an Applied Bio-
systems 7500 Real-Time PCR System with SYBR Green I Dye.
The following primers were used to detect PROX1 (F: 5’-
AGCCTCCGTGGAACTCAGC-3’ and R: 5’-CCACCAGCAG
GAAAGAGAAA-3’) and ZNF80 (F: 5’-CTGTGACCTGC
AGCTCATCCT-3’ and R: 5’-TAAGTTCTCTGACGTTGA
CTGATGTG-3’). ZNF80 was used as a reference gene to
normalize the qPCR data.30 Next, both primer sets generated
were validated in silico. Quantitative analysis was per-
formed according to Terribas et al.29,31 Briefly, we calculated
the DCq value for the difference between the unknown and
calibrator samples. The relative quantity was calculated as
RQ¼E-DCq and the normalized relative quantity (NRQ) as
NRQ¼ RQPROX1/RQZNF80. Further, we calculated relative
copy number (RCN) as RCN¼NRQ/RF, where RF is rescal-
ing factor, which is the geometric mean of the NRQ values of
a set of 17 normal oral mucosa bearing 2 PROX1 copies.

Medicine � Volume 93, Number 28, December 2014
RCN values close to 1 indicate the presence of 2 PROX1
copies and RCN values >1 indicate PROX1 positive amplifica-
tion.
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Methylation Assay
Methylation status of PROX1 in OSCC tissue and tumor-

free margins was evaluated by the EpiTect Methyl Custom
qPCR Array technology according to the manufacturer’s
instructions (Qiagen, Valencia, CA). Thirty fresh OSCC
samples and 17 corresponding nonneoplastic margins were
treated with a simple DNA methylation-sensitive and
methylation-dependent restriction enzyme digestion without
bisulfite conversion. After digestion, the remaining DNA was
quantified using DNA methylation real-time PCR arrays in
an ABI 7500 Real-time system. Methylation status was
expressed as percentage of inputted DNA that was methy-
lated as determined using EpiTect Methyl DNA methylation
PCR data analysis (Qiagen, http://www.sabiosciences.com/
dna_methylation_data_ analysis.php), following the manu-
facturer’s instructions. The methylated DNA status in the
samples was divided into 2 groups based on the following
cut-off values: >50% (hypermethylated) or <50% (hypo-
methylated).

Immunohistochemistry
Immunohistochemical analysis of PROX1 protein expres-

sion was performed using the polymer-linked method in 30
OSCC samples and 8 nonneoplastic tissues. Four-mm-thick tissue
sections were cut, deparaffinized, and subjected to antigen
recovery treatment with 1 mM EDTA buffer target retrieval
solution, pH 8.0 at 958C, in a water bath for 20 minutes.
Endogenous peroxidase activity was blocked by incubating with
phosphate-buffered saline (PBS) and 3% hydrogen peroxidase for
30 minutes. After washing with PBS, the sections were treated
with protein block (Dako, X0909, Carpinteria, CA) and then
incubated with monoclonal rabbit anti-PROX1 (Abcam, clone
5G10, Cambridge, UK) diluted 1:50, followed by the Envision
Dual Link System horseradish peroxidase (HRP) method (Dako,
K4061). Reactions were initiated by incubating the sections with
3,3’-diaminobenzidine tetrahydrochloride (Dako, K3468). The
negative controls were obtained by substituting the primary
antibody with nonimmune serum. To quantify PROX1 protein
expression in OSCC samples and nonneoplastic margins, immu-
nohistochemistry (IHC) scores were used as described by Yama-
toji et al,32 with minor modifications. Next, the percentage of
PROX-1 positive epithelial cells was evaluated at x100 magni-
fication throughout each entire section and scored as follows: 1,
0% to 25%; 2, 25% to 50%; 3, 25% to 75%; and 4, 75% to 100%.
PROX1 immunoreaction intensity was also scored as 1, weak; 2,
moderate; and 3, intense. The percentage of PROX1 positive
tumor cells and staining intensity were then multiplied to obtain
each PROX1 IHC score. We considered these samples positive
when PROX1 IHC score was >7.37 (average score for nonneo-
plastic margins).

Western Blotting
Cells were lysed in RIPA buffer (50 mM Tris–HCl pH 7.4,

150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% deoxycholic acid,
0.5% sodium dodecyl sulfate, 1 mM phenylmethylsulfonyl
fluoride, 1 mM N-ethylmaleimide, 1 mM dithiothreitol, 10 mg/
mL soybean trypsin inhibitor, 1 mg/mL leupeptin, and 1 mg/mL
aprotinin). We revealed 30 mg of total protein per sample using
8% sodium dodecyl sulfate (SDS) polyacrylamide gel electro-
phoresis. The primary antibody to detect PROX-1 (Abcam, clone
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5G10), p21 (Abcam, ab7960), cyclin D1 (Santa Cruz, sc-20044,
Dallas, Texas, USA) and actin (Sigma, clone CA-74) were
incubated overnight at 48-C at the dilution 1:300. The

# 2014 Lippincott Williams & Wilkins
nitrocellulose membranes were developed using a chemilumi-
nescent Western blot system (Enhanced Chemiluminescent Wes-
tern blot kit; GE Healthcare, Vienna, Austria).

Bromodeoxyuridine Labeling Index
Cells were plated in chamber slides (30,000 cells/well) and

serum starved for 48 hours. Next, cell culture medium supple-
mented with 10% FBS was added for 24 hours followed by
bromodeoxyuridine reagent incubation for 2 hours at 378C.
Bromodeoxyuridine (BrdU) incorporation in proliferating cells
was estimated using an immunohistochemical analysis kit
(Invitrogen, BrdU Staining Kit). The BrdU-labeling index,
expressed as the percentage of cells labeled with BrdU, was
determined by counting 1000 cells in 3 independent reactions
using the Kontron 400 image analysis system (Zeiss Axio
Imager A1, Dublin, California, USA).

Ki-67 Index
Cells were cultured as described above and fixed after

incubation with culture medium supplemented with 10% FBS
for 24 hours. Cells were incubated with monoclonal antibodies
against Ki-67 (Clone MIB-5, Dako), followed by the Envision
Dual Link System HRP (Dako). The Ki-67 index was calculated
using an image analysis system by counting labeled nuclei of
1000 cells in 3 independent reactions, expressed as percentage
of Ki-67-positive cells.

Proliferation Curves
Cells were seeded in 24-well plates in DMEM/F12 con-

taining 10% FBS and incubated in serum-free medium for 48
hours. After this period, DMEM/F12 10% FBS was added back
and cells from triplicate wells were trypsinized after 24, 48, 72,
96, 120, and 144 hours and counted in the Neubauer chamber.

Flow Cytometry
For cell cycle analysis, SCC9 cells were seeded in 100-mm

dishes and serum starved for 48 hours. Next, the cell culture
medium supplemented with 10% FBS was added and the cells
were collected after 24 hours. Cells were fixed in cold 70%
ethanol, stored at �208C, washed in cold PBS, and treated with
10 mg/mL of RNase for 1 hour at 378C. After staining with 50 mg/
mL of propidium iodide for 2 hours at 48C, cell distribution in the
cell cycle was analyzed by flow cytometry.

Cells were analyzed on a FACSCalibur flow cytometer
equipped with an argon laser (Becton-Dickinson, San Jose,
CA). At least 10,000 events were analyzed in each sample.
Quantitative flow cytometric analysis was performed using
CellQuest software (Becton-Dickinson).

Immunocytochemistry
Immunostaining was performed on cytokeratins (CK) 1, 10,

13, 14, 16, 18, and 19 using the Envision Dual Link System HRP
(Dako, K4061). Cells were incubated with mouse anti-CK10
(1:100, DEK-10, BioGenex, Fremont, California, USA), anti-
CK16 (1:300, ab8741, Abcam), anti-CK18 (1:1500, DC10,
Dako), anti-CK19 (1:2000, RCK108, Dako), rabbit anti-CK1
(1:200, ab24643, Abcam), anti-CK13 (1:100, ab92551, Abcam),
and anti-CK14 (1:2000, ab7800, Abcam) followed by the poly-
mer-link method. The slides were scanned into high-resolution
images using an Aperio ScanScope XT (Aperio Technology, Inc),

PROX1 Gene in Oral Cancer
Vista, CA). The images were then viewed in an Image Scope
(Aperio Technology, Inc) and immunostaining was quantified
using the Positive Pixel Count algorithm, v9 (Aperio).
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Apoptosis Analysis
Apoptosis index was determined by annexin V-FITC label-

ing. The cells were collected, washed with PBS, and resuspended
in the binding buffer (10 mM HEPES pH 7.4, 150 mM NaCl,
5 mM KCl, 1 mM MgCl2, and 1.8 mM CaCl2) containing annexin
V-FITC at 1:500. After 20 minutes incubation in the dark at room
temperature, the cells were also stained with propidium iodide
(PI, Sigma-Aldrich). Apoptosis was analyzed on a FACSCalibur
flow cytometer equipped with an argon laser (Becton Dickinson)
and quantified as the number of annexin V-FITC positive and PI
negative cells divided by the total number of cells. At least 10,000
events were analyzed in each sample.

Migration and Invasion Assays
The in vitro cell migration and invasion assays were per-

formed in 24-well plates (Corning, Inc, New York, NY) using
modified Boyden chamber inserts with a polycarbonate filter
membrane containing 8-mm pores. For the invasion assay, the BD
BioCoat Matrigel Invasion Chamber was used in 24-well plates
(BD Biosciences). The cells (1� 105) were suspended in 200 mL
of serum-free DMEM/F12 and seeded onto the upper compart-
ment of the transwell chamber and DMEM/F12 containing 10%
FBS was used in the lower chamber for stimulation. After 24
hours of incubation for the migration and invasion analysis, the
medium in the upper chamber was removed, and the filters were
fixed in 4% paraformaldehyde following 20 minutes in methanol
100%. The cells on the lower surface were stained with toluidine
blue solution in 1% borax for 15 minutes. A cotton swab
mechanically removed cells that did not migrate through the
pores. The die was eluted using 1% SDS and the absorbance was
measured at 560 nm. Two independent experiments were per-
formed with triplicates.

Statistical Analysis
To analyze PROX1 mRNA expression levels in tissue

samples and OSCC cell lines, we used Wilcoxon nonparametric
test and one-way analysis of variance (ANOVA) with Tukey post-
test, respectively. The different PROX1 expression levels in tissue
samples were divided into 2 groups (high vs low) and the median
expression level was used as the cut-off value. We used one-way
ANOVAwith Tukey post-test to analyze proliferation of PROX1-
overexpressing SCC9 and control cells, CK immunoexpression,
and apoptosis index. We used Fisher exact test to estimate the
statistical difference between PROX1 gene expression levels and
clinicopathological parameters such as mean age, tumor location,
tumor size-pT, nodal metastasis-pN, pathological grade, lym-
phatic and/or perineural invasion, and recurrence. When clinical
information was not described in the files, it was considered as
missing data. Kaplan–Meier product-limit estimation with log-
rank (P< 0.05) was used for survival analysis from lifetime data
according to gene expression levels. The GraphPad Prism 5
statistical package (GraphPad Software, Inc, La Jolla, CA,
USA) was used for statistical analysis.

RESULTS

PROX1 Gene and Protein Expression is
Downregulated in OSCC Compared With Normal
Oral Mucosa

Rodrigues et al
We performed RT-qPCR amplifications on 40 fresh sur-
gical samples of primary OSCC and their corresponding non-
neoplastic margin tissues and OSCC cell lines to assess the
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PROX1 mRNA expression level. Significantly higher PROX1
expression levels were found in nonneoplastic margins (Min–
Max, 10.59–1010) compared with OSCC samples (Min–Max,
1.19–226; 5.17-fold, P< .001; Wilcoxon test) (Figure 1A).
OSCC cell line SCC-9 exhibited low PROX1 mRNA expression
levels when compared with SCC-4 and SCC-25 cell lines
(Man–Whitney, P< .001) (Figure 1B). When PROX1 expres-
sion levels (higher vs lower) were correlated with clinicopatho-
logical features and disease outcome (Table 1), there was no
significant association with age group, tumor location, pTNM
classification, pathological grade, lymphatic and/or perineural
invasion, and local recurrence.

IHC was also performed to confirm lower PROX-1 expres-
sion in OSCC samples compared with nonneoplastic margins.
Immunoreactivity for PROX1 was observed as a nuclear and
cytoplasmatic expression, predominantly in suprabasal layers of
nonneoplastic margins (Figure 1C). Only 3 OSCC samples were
considered positive for PROX-1 expression after IHC score
analysis. Similar to mRNA expression, OSCCs showed signifi-
cantly lower PROX-1 immunoexpression than nonneoplastic
margins (P< .001; Man–Whitney test) (Figure 1D and E).
Although no statistical difference was found, well-differen-
tiated OSCC showed high PROX1 expression in well-differ-
entiated areas mostly represented by keratin pearls.

PROX1 Amplification, but not Methylation
Status, Is Associated With Better Survival Rate

To investigate a possible mechanism for PROX1 down-
regulation, methylation analysis was performed on 30 fresh
OSCC samples. No difference between OSCC samples and
normal oral tissues (data not shown) was found because only 4
tumors and 2 margins presented 50% mean frequency of
promoter methylation. PROX1 amplification was seen in 16/
23 OSCC samples. There was a significant difference in PROX1
amplification between OSCC and tumor-free margin samples
(P< .001, Figure 1F).

PROX1 amplification and methylation showed no signifi-
cant association with clinicopathological features such as tumor
location, pTNM classification, pathological grade, and lym-
phatic and/or perineural invasion (Table 1). However, the P
value for the survival curve, determined by the log-rank test,
was significantly different in the survival rates between positive
and negative PROX1 amplification groups (P¼ 0.08, log-rank).
Patients with positive PROX1 amplification had much more
favorable prognosis than those with negative amplification
(Figure 1G). PROX1 methylation status was unrelated to overall
survival (P¼ 0.34, log-rank). We also performed a correlation
analysis between PROX1 expression and amplification and
found no significant difference. However, there was a positive
correlation (r¼ 0.02, P¼ 0.90; Spearman correlation),
suggesting that PROX1 expression tends to be higher in tumors
with PROX1 amplification (data not shown).

PROX1 Overexpression Promotes an
Antiproliferative Phenotype in OSCC Cells

To determine whether PROX1 overexpression contributes
to proliferation, differentiation, apoptosis, migration, and inva-
sion of OSCC cells, PROX1 was stably expressed in SCC9 cell
line because it showed the lowest PROX1 mRNA endogenous

Medicine � Volume 93, Number 28, December 2014
levels. PROX1 overexpression was confirmed by increased
expression of both PROX1 mRNA and protein in SCC9-PROX1
clones but not in the control (SCC9-control, Figure 2A and B).
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Three stable PROX1-overexpressing clones and 1 control clone
were chosen for further analysis.

SCC9-PROX1 cells proliferation significantly decreased

for nontumoral margins and OSCC range from 1.00 to 12.00 (m
Kaplan–Maier estimation of overall survival of OSCC patients accor
IHC¼ immunohistochemistry, OSCC¼oral squamous cell carcino
when compared with SCC9 and SCC9-control, as assessed by
proliferation curves (P¼ .04), BrdU incorporation (P< .001),
and Ki-67 expression (P< .001) (Figure 2C, E, and F). SCC9-

# 2014 Lippincott Williams & Wilkins
PROX1 cell clones also showed increased G0-G1 population in
cell cycle analysis (Figure 2D). Also, a decrease in cyclin D1
protein expression was observed when compared with SCC9-

an, 6.0) and from 1.00 to 9.00 (median, 1.50), respectively (E).
g to PROX1 amplification (P value according to log-rank test) (F).
PROX1¼prospero homeobox 1.
control cells (Figure 2G). There was no significant difference in
p21 expression in SCC9-PROX1 and control cells (data not
shown).
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TABLE 1. PROX1 gene expression levels and amplification associated with OSCC clinicopathological features (P value Fisher exact
test)

PROX1 Expression PROX1 Amplification

Clinicopathological Features High Low P Value Positive Negative P Value

Age
�

40–60 y old 11 14 0.29 8 3 1.00
>60 y old 6 3 10 4

Tumor location
�

Tongue 7 6 1.00 10 5 0.41
Floor of the mouth 10 11 6 4

pT classification
�

T1/T2 7 7 1.00 11 4 0.39
T3/T4 10 10 5 5

pN classification
�

Nþ 7 7 1.00 4 5 0.43
N0 9 11 10 6

Pathological grade
�

Well-differentiated 9 6 0.74 9 6 0.22
Moderately differentiated 8 11 3 7

Lymphatic invasion
�

LIþ 5 7 0.72 6 4 1.00
LI- 11 11 10 5

Perineural invasion
�

PIþ 10 9 0.73 6 8 0.42
PI- 7 8 7 4

Local recurrence
�

Present 2 4 0.68 5 5 0.44
Absent 14 14 10 5

I¼
r PR

Rodrigues et al Medicine � Volume 93, Number 28, December 2014
Genes related to cell proliferation were selected arbitrarily
from a previous microarray analysis (unpublished data). qRT-
PCR was used to investigate selected genes related to cell
proliferation: GATA3 and WISP3 were upregulated (2.79 and
3.77 fold-change mean, respectively), whereas E2F1
andNOTCH1 were downregulated (-11.90 and -1.82 fold-
change mean, respectively) in SCC9-PROX1 cell clones com-
pared with SCC9-control (Figure 3).

To further characterize the effects of PROX1 overexpres-
sion, in vitro assays to measure apoptosis, migration, and
invasion were carried out. PROX1 overexpression did not
significantly modulate those events when compared with con-
trol cell (Supplemental file 1, 2, and 3, http://links.lww.com/
MD/A82).

PROX1 Overexpression Reduces CK Expression
Associated With Poorly Differentiated OSCC

To assess the effects of PROX1 overexpression on OSCC
differentiation, immunocytochemical analysis on CKs 1, 10, 13,
14, 16, 18, and 19 were performed. Immunocytochemical
evaluation showed that all CK reactivity was homogeneously
restricted to the cytoplasm of positive cells. There was discrete
reduced expression for CK1 and 13 in SCC9-PROX1 cells
compared with the control cells (data not shown). CK18 and

LI¼ lymphatic invasion, OSCC¼ oral squamous cell carcinoma, PN�
Missing data of 6 patients for PROX1 expression and 5 patients fo
19 expression were significantly reduced in SCC9-PROX1 cell
clones when compared with SCC9 and SCC9 control cells
(P< .001, one-way ANOVA, Figure 4). Expression of CK10,

6 | www.md-journal.com
14, and 16 were expressed in almost all cells with no observed
difference between SCC9-PROX1 cell clones and control cells
(data not shown).

DISCUSSION
PROX1 was previously reported by us as downregulated in

OSCC after microarray analysis.7 This prompted us to further
investigate PROX1 role in this neoplasm. PROX1 mRNA
expression levels was found lower in OSCC samples when
compared with their nontumoral margins. Its protein expression
levels were also decreased in OSCC samples when compared
with nontumoral margins, suggesting that loss of PROX1
expression in OSCC is associated with a malignant phenotype.
Additionally, only well-differentiated tumors showed on IHC a
weak positivity for PROX-1protein. In agreement with these
findings, in vitro overexpression of PROX1 was associated with
reduced cell proliferation of OSCC cells. Also, a more favorable
prognosis was seen in patients with positive PROX1 amplifica-
tion. All these findings favor the hypotheses that PROX1 may
act as a tumor suppressor gene in OSCC.

PROX1 is a homeobox gene that plays an essential role in
early development, controlling critical pathways for prolifer-
ation and differentiation.14 This gene has been identified as a
master gene of lymphangiogenesis and is also involved in cell

perineural invasion.
OX1 amplification.
fate decisions in the central nervous system,33 liver, and pan-
creas.12,34 PROX1 may act as a tumor suppressor gene or
oncogene based on the fact that Prox1 affects differentially
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the expression of genes that promote or inhibit proliferation and
cell cycle progression.35 In some cancer types as breast and

cells have statistically decreased proliferation compared with contr
(G). PROX1-overexpressing cells showed a decrease in cyclin D1
Bromodeoxyuridine, PROX1¼prospero homeobox 1.
hepatocarcinoma, PROX1 is inactivated because of neoplastic
transformation and progression of cancer cells,18,19,36 indicating
a tumor suppressor function.36 Moreover, PROX1 plays a

# 2014 Lippincott Williams & Wilkins
tumor-promoting role in colon cancer, malignant astrocytic-
glioma, and kaposiform hemangioendothelioma.15,16,37

ells (P<0.001). Western blot for expression of p21 and cyclin D1
ression compared with SCC9 and SCC9-control. BrdU¼Bromo-
As mentioned above, our findings suggest that decreased
or loss of PROX1 expression is evident after epithelial malig-
nant transformation. Consistent with this finding, PROX1
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amplification is seen in patients with a better prognosis,
although PROX1 expression was not related with clinical
features presented by our patients, probably because of the
low number of cases. Interestingly, Sasahira et al26 found
PROX1 overexpression in OSCC samples, which was associated
with local progression, clinical stage lymphovessel density,
nodal metastasis, and worse prognosis. These opposite findings
in the same histologic tumor may be because of different patient
profiles, and also regional differences between populations. It is
well known that OSSC tumors may have different behavior
when considering patient gender, age, localization, and etiolo-
gical factors.27 Therefore, future studies confirming the clinical
and prognostic value of PROX1 in OSCC should consider
evaluating a large cohort of patients with the same clinical
profile.

Decreased expression of PROX1 was also found in other
types of tumors as lymphomas, sporadic breast cancer, hem-
atological malignancies, and carcinomas of the liver, biliary
duct, and pancreatic biliary system.22–24,38,39 In hepatocellular
carcinomas, reduced PROX1 expression is associated with
poorly differentiated tumors and worst prognosis.18 This study
did not find association of PROX1 expression levels with
prognosis and survival in OSCC.

Epigenetic silencing is one of the mechanisms responsible
for PROX1 inactivation in tumors.22,23 Hypermethylation of
CpG islands was identified as a mechanism for PROX1 inac-
tivation in breast carcinomas and carcinomas of the biliary
system.22,23 This encouraged us to investigate if PROX1-
decreased expression in OSCC was related to promoter DNA
methylation. We performed methylation assays in 30 OSCC and

FIGURE 3. PROX1 transcriptionally regulates the expression of NO
downregulated in SCC9-PROX1 cell clones compared with contro
PROX1¼prospero homeobox 1.
17 nontumoral margins, and there were no significant differ-
ences in promoter methylation between the samples. However,
it is a common knowledge that gene expression is a complex

8 | www.md-journal.com
process with multiple levels of control, and besides methylation,
homeobox genes are also under microRNA and translational
regulation control; for example, genetic alterations could also
be an alternative mechanism leading to PROX1 downregulation
in OSCC. These genetic alterations have been previously found
in carcinomas of the biliary system, cell lines derived from
hematological malignancies, and hepatocellular carci-
nomas.18,21,22

We investigated PROX1 amplification in OSCC and non-
tumoral margins because gene amplification can lead to
increased gene expression levels. It was observed that OSCC
samples showed higher gene copy number when compared with
nontumoral margins. To investigate if tumors with higher
PROX1 expression levels also exhibited PROX1 amplification,
we performed correlation analysis between amplification and
expression in the same tumor samples. Although we found no
significant differences, the positive correlation suggests that
PROX1 expression tends to be higher in tumors with PROX1
amplification. Neither methylation nor amplification analysis
was associated with clinicopathological features such as tumor
location, pTNM classification, pathological grade, and lym-
phatic and/or perineural invasion. We hypothesized that other
genetic and epigenetic mechanisms may be involved in PROX1
expression regulation, leading to its downregulation. Interest-
ingly, patients with positive PROX1 amplification had much
more favorable prognosis than those with negative amplifica-
tion, suggesting that PROX1 amplification may be associated
with high PROX1 expression levels, contributing to better
prognosis of OSCC.

To assess the biological effects of PROX1 in OSCC, we

H1, E2F1, GATA3, and WISP3. NOTCH1 (A) and E2F1 (B) were
lls as well as GATA3 (C) and WISP3 (D) that were upregulated.
stably expressed the PROX1 gene in the SCC9 cell line, which
had reduced expression levels of PROX1 mRNAs and proteins.
The results presented here reveal that PROX1 overexpression

# 2014 Lippincott Williams & Wilkins
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inhibits in vitro cell proliferation of OSCC, which corroborates
with previous results in other tumor cells from esophageal
squamous cell carcinoma and hepatocellular carcinoma.18,40

Under normal development, this gene has been associated with
the regulation of cell proliferation by downregulating cell cycle
inhibitors CDKN1B (p27) and CDKN1A (p21).13 In this study,
PROX1 overexpression reduced cyclin D1 expression, without
interfering with p53 and p21 expression. Overexpression of
cyclin D1 produces shorter G1 phase and less dependency on
growth factors, resulting in abnormal proliferation.41 Foskolou
et al20 recently demonstrated that PROX1 was sufficient to
decrease Cdc25A and induce p27-Kip1 but not p21-Cip1 or p53,
negatively regulating neuroblastoma carcinogenesis. Addition-
ally, PROX1 also suppresses proliferation of hepatocarcinoma
cells via inhibiting Twist to trigger p53-dependent senes-
cence.36 Possibly PROX1 regulates different cell cycle proteins,
which could account for the context dependent function of this

SCC9 control (A and C) and in SCC9-PROX1 cell clones (B and
expression of CK18 (A) and CK19 (C) around the nucleus. SCC9-PR
protein expression compared with SCC9 and SCC9-control (P<0
gene in cancer pathogenesis. We believed that PROX1 could
contribute to reduce the proliferation of OSCC-altering cyclin
D1 expression.

# 2014 Lippincott Williams & Wilkins
We also found that PROX1 transcriptionally regulates the
expression of genes related to cell proliferation, as demonstrated
by upregulated genes WISP3 and GATA3 and downregulated
genes NOTCH1 and E2F1 in SCC9-PROX1 cells. WISP3 is
downregulated in aggressive cancers and lost in most invasive
carcinomas, including breast carcinoma,42 where it is tumor-
inhibitory and seems to suppress breast tumor growth and inva-
siveness of tumor cells.43,44 Loss of GATA3 expression was found
to be a reliable indicator of poor prognosis in breast cancer,45 and
lack of GATA3 function is associated with lower survival, more
malignant histological attributes, metastasis, and increased tumor
mass.46 E2F1 plays a pivotal role in regulating the expression of
genes involved in G1-S transition and DNA synthesis, and it is the
most well-known transcription factor regulated by the cyclin/
Cdk/Rb pathway.47 E2F1 regulatory binding sites are also present
in the PROX1 gene promoter. Additionally, E2F1 is overex-
pressed in OSCC and silencing of E2F-1 inhibits proliferation and

), respectively. SCC9 and SCC9-control cells showed an intense
1 cell clones revealed significantly reduced CK18 (B) and CK19 (D)
1)(E and F). PROX1¼prospero homeobox 1.
induces apoptosis.48,49 Thus, PROX1 may act in altering E2F1
expression and downregulating cyclin D1, resulting in reduced
cell proliferation in PROX1 overexpressing cells.

www.md-journal.com | 9



CKs are structural components of the epithelial cytoske-
leton and constitute major proteins for cellular differentiation.
Alterations in the expression pattern of some specific CKs have
been reported to contribute to progression of OSCC.50,51

PROX1 overexpressing cells showed significantly reduced
expression of CK18 and CK19. These CKs were previously
associated with worse prognosis, poorer pathologic differen-
tiation grade, tumor recurrence, and metastasis to lymph nodes
in OSCC.50–52 Thus, the PROX1 gene may contribute in the
differentiation of OSCC by downregulating these CKs because
differentiated cells did not express CK18 and CK19. Interest-
ingly, PROX1 also contributes to tumor differentiation in hepa-
tocellular carcinomas and pancreatic carcinoma.38

In summary, our results provide evidence that PROX1 is
differentially expressed between nontumoral margins and
OSCC, its overexpression reduces proliferative activity and
contributes to the differentiation of OSCC cells, and its ampli-
fication is related to better prognosis of OSCC samples,
suggesting that the downregulation of this gene in oral cancer
contributes to the malignant phenotype.
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