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Abstract: Prospero homeobox 1 (PROX1) is up-regulated in colorectal cancer and plays an oncogenic role. In the
present study, we sought to investigate the impact of PROX1 on oncogenic processes and to assess the prognostic
value of PROX1 expression in colorectal cancer. A small interfering RNA or pcDNAG-myc vector was used to control
PROX1 gene expression in colorectal cancer DLD1 and SW480 cell lines. The expression of PROX1 in colorectal
cancer tissues was investigated by immunohistochemistry. Angiogenesis, lymphangiogenesis, and tumor cell prolif-
eration were assessed by analyzing the expression of respective markers of these phenomena, CD34, D2-40, and
Ki-67 after immunohistochemical staining. PROX1 knockdown decreased both umbilical vein endothelial cell inva-
sion and tube formation, down-regulated the expression of VEGF-A and HIF-1a, and up-regulated the expression of
angiostatin. Lymphatic endothelial cell invasion and tube formation as well as the expression of VEGF-C were also
suppressed by PROX1 knockdown. PROX1 knockdown suppressed tumor cell proliferation, migration, invasion, and
epithelial-mesenchymal transition. In contrast, PROX1 overexpression enhanced tumor cell angiogenesis, lymphan-
giogenesis, proliferation, migration, invasion, and epithelial-mesenchymal transition. Levels of phosphorylated Akt,
GSK3pB, and MAPK were decreased by PROX1 knockdown and increased by PROX1 overexpression. PROX1 expres-
sion positively correlated with tumor size, extent of differentiation, lymphovascular invasion, depth of invasion,
lymph node metastasis, stage, and poor survival. The mean microvessel density and Ki-67 labeling index values
of PROX1-positive tumors were significantly higher than those of PROX1-negative tumors. However, there was no
significant correlation between PROX1 expression and lymphatic vessel density. These results indicate that PROX1
influences tumor progression in colorectal cancer by regulating angiogenesis and tumor cell proliferation.
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Introduction been demonstrated that epithelial-mesenchy-
mal transition (EMT) in various cancers is a
crucial step leading to tumor metastasis [10-
12]. Thus, investigations of these phenomena
and other aspects of molecular and cellular
biology of cancer should provide insights into
the mechanisms of tumor metastasis and facili-

tate the development of therapeutic strategies

Colorectal cancer still remains one of the most
common causes of cancer-related deaths de-
spite notable improvements in patient survival
achieved in recent decades [1-3]. Metastasis is
directly or indirectly responsible for the majority
of cancer-related deaths [4, 5]. Thus, it is very

important to elucidate mechanisms underlying
metastasis in order to develop effective thera-
peutic strategies for colorectal cancer [6].

Metastasis of tumor cells to secondary sites
via blood and lymphatic vessels represents
a common step in tumor invasion. Dysregulat-
ion of angiogenesis and lymphangiogenesis is
functionally important in carcinogenesis and
cancer progression [7-9]. Furthermore, it has

to re-strict metastatic spread.

Prospero homeobox 1 (PROX1) is a homeobox-
containing transcription factor related to the
Drosophila prospero gene, which regulates cell
fate and development of various organs includ-
ing central nervous system, lens, liver, retina,
heart, pancreas and lymphatic system [13]. It
has been established recently that PROX1 has
a variety of roles and its functions may change
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according to the type of cancer [13]. On one
hand, PROX1 acts as a tumor suppressor in
hepatocellular carcinoma, esophageal cancer,
pancreatic cancer, oral cancer, hematologic
malignancy, sporadic breast cancer, and carci-
noma of the biliary system [14-20]. At the same
time, PROX1 promotes aggressive behavior of
colorectal cancer, kaposiform hemangioendo-
thelioma, and glioma. These latter observa-
tions point to a distinct oncogenic role of this
protein [21-24].

Recently, PROX1 has been associated with
neoplastic transformation, tumor differentia-
tion, and poor prognosis in colorectal cancer
[25-28]. In addition, PROX1 knockdown strong-
ly suppressed EMT, whereas PROX1 overex-
pression greatly promoted it [25]. These results
suggest that PROX1 is involved in colorectal
carcinogenesis and thus, may be a candidate
oncogene for colorectal cancer treatment.
Therefore, to optimize treatment of colorectal
cancer, it may be useful to elucidate the mech-
anism by which PROX1 promotes tumor pro-
gression. This is also important because the
role of PROX1 in tumor angiogenesis and
lymphangiogenesis in colorectal cancer still
remains unclear.

The aims of the present study were to investi-
gate the impact of PROX1 on invasive pheno-
types of colorectal cancer cells and to examine
its prognostic significance in patients with
colorectal cancer.

Materials and methods
Cell culture and siRNA transfection

Human colorectal cancer cell lines DLD1 and
SW480 were obtained from the American
Type Culture Collection (Manassa, VA, USA).
Cells were cultured in the Dulbecco’s Modi-
fied Eagle’s medium (DMEM) (Hyclon, Loan, UT,
USA) supplemented with 10% fetal bovine
serum and antibiotics. PROX1 small interfering
RNA (siRNA) and scramble siRNA were pur-
chased from Bioneer (Daejeon, Korea) and
Qiagen (MD, USA), respectively. PROX1 cDNA
was subcloned into pcDNAG-myc vector (Invi-
trogen, Carlsbad, CA, USA). PROX1 construct-
ion was verified by sequencing. The specific
genes were transfected using lipofectamine™
RNAIMAX and lipofectamine™ 2000 (Invitro-
gen) according to the manufacturer’'s recom-
mendations. Stable transfectant with empty-
pcDNA 6-myc vector and pcDNA 6-myc-PROX1
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was isolated by selection with 10 yg/ml blasti-
cidin (Invitrogen) for 4 week and maintained
with DMEM medium (Hyclon) supplemented
with 10 yg/ml blasticidin (Invitrogen). To obtain
the conditioned medium (CM), gene transfect-
ecd cells were incubated in serum free medium
for 1 day. Human umbilical vein endothelial
cells (HUVECs) and human lymphatic endothe-
lial cells (HLECs) were purchased from Lonza
(Walkersville, MD, USA) and ScienCell (San-
Diego, CA, USA), respectively. HUVECs and
HLECs were maintained in the EBM™-2 medi-
um supplemented with EGM™-2 Single
Quotes™ kit (Lonza).

Proliferation assay

The water-soluble tetrazolium salt reagent
(WST-1) (Daeil Lab Inc., Seoul, Korea) was used
to measure proliferation of transfected cells.
Transfected DLD1 and SW480 cells were seed-
ed at a density of 1x10* cells/well in 96-well
plates. After overnight incubation, the cells
were treated with WST-1 reagent for 1 h at
37°C. Optical density was measured at 450 nm
with a microplate reader (Infinite M200; Tecan
Austria GmbH, Austria).

Matrigel invasion assay

To analyze the invasion of endothelial cells,
HUVECs and HLECs were resuspended in 120
uL EGM®-2 MV Single Quotes® media and inoc-
ulated into transwell upper chambers (8-um
pores, Corning Inc., NY, USA) coated with matri-
gel (BD Bioscience, San Jose, CA, USA). Lower
chamber was filled with prepared CM. After
incubation for 3 h, invaded cells on the bottom
surface of the transwell were fixed with 70%
ethanol and stained with Diff-Quik solution
(Sysmex, Kobe, Japan). Cells remaining on the
top of upper chambers were wiped off with a
cotton swab. Stained cells in lower chambers
were counted in 5 selected fields under a light
microscope.

In vitro endothelial tube formation assay

Geltrex™ reduced growth factor basement
membrane matrix (Invitrogen) was used for in
vitro endothelial tube formation assays. Ninety-
six well plates were coated with Geltrex™
matrix, which was allowed to polymerize at
37°C. HUVECs and HLECs were suspended in
CM and added to the top of the Geltrex™ matrix.
Cells were incubated at 37°C in the atmo-
sphere of 5% CO, overnight and photographed
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Figure 1. PROX1 regulates the angiogenesis of human colorectal cancer cells. A. The invasion of HUVECs was sig-
nificantly decreased in CM of PROX1 siRNA-transfected DLD1 and SW480 cells, compared to the invasion observed
in the CM from cells treated with scramble siRNA (P = 0.023 and 0.031, respectively). In contrast, the invasion of
HUVECs was significantly increased in pcDNAG-myc-PROX1 transfected DLD1 and SW480 cells, compared to empty-
pcDNAG-myc transfected cells (P = 0.031 and P = 0.046, respectively). B. CM from PROX1 siRNA-transfected DLD1
and SW480 cells inhibited the tube formation of HUVECs stronger than CM from cells treated with scramble siRNA
(P = 0.008 and 0.048, respectively). In contrast, the tube formation of HUVECs was increased in pcDNAG-myc-
PROX1 transfected cells, compared to empty-pcDNA6G-myc transfected cells (P < 0.001 and = 0.072, respectively).
C. The expression VEGF-A and HIF-1a was down-regulated in all tested cells by PROX1 knockdown. VEGF-A in all
tested cells and HIF-1a in DLD1 cells were up-regulated by PROX1 overexpression. The expression of angiostatin
was up-regulated by PROX1 knockdown, and down-regulated by PROX1 overexpression in all tested cells. HUVEG;
human umbilical vein endothelial cell, SS; scramble siRNA, PS; PROX1 siRNA, WT; wild type, EV; Empty-pcDNAG-myc,
PV; pcDNAB-myc-PROX1, CM; conditioned medium, VEGF; vascular endothelial growth factor, HIF-1a; Hypoxia induc-

ible factor-1a; *P < 0.05 versus control.

under an inverted phase contrast microscope.
Total tube length was analyzed by the WIMtube
image analysis platform (WIMASIS GmbH,
Munich, Germany).

Western blot analysis

Cells were washed with PBS and then lysed in
the RIPA extraction solution (Thermo, Rockford,
IL, USA). Total cell extracts were separated
on SDS-polyacrylamide gels and transferred
to a PVDF membrane (Bio-Rad, Hercules, CA,
USA). Protein bands were developed using an
enhanced chemiluminescence (ECL) detection
system (Amersham, Arlington Heights, IL, USA)
and the luminescent image analyzer LAS-4000
(Fujifilm, Tokyo, Japan). Antibodies against the
following proteins were used: human PROX1,
CD44 (Origene, Rockville, MD, USA); vascular
endothelial growth factor (VEGF)-A, matrix
metalloproteinase (MMP)-2 and MMP-9, VEGF-
C, VEGF-D, B-tubulin (Santa Cruz Biotechnology,
CA, USA); hypoxia-inducible factor-1a (HIF-1a),
angiostatin (Abcam, Cambridge, UK); zona
occludens (Z0O)-1, E-cadherin, Vimentin,
p-GSK3B, p-Akt, Akt, extracellular signal-regu-
lated kinase (ERK)1/2, p-ERK1/2, p38, p-p38,
cJun NH2-terminal kinase (JNK), p-JNK (Cell
Signaling, Danvers, MA, USA); CD133 (eBiosci-
ence, San Diego, CA, USA).

Transwell migration and invasion assays

Invasion and migration assays were performed
using transwell filter chambers (8.0 um pores)
with or without 1% gelatin coating, respective-
ly. Transfected DLD1 and SW480 cells were
placed into the upper chamber. Fibronectin
(10 pg/mL) was added as a chemoattractant
to 0.2% BSA medium in the lower chamber.
After 24 h incubation, cells that migrated and
invaded the bottom surface of the upper cham-
ber were fixed with 70% ethanol and stain-
ed with the Diff-Quik solution (Sysmex) follow-
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ing the manufacturer’s protocol. The stained
cells on the bottom surface were counted in 5
selected fields under a light microscope.

Patients and tissue samples

For the histological analysis, we used histo-
pathological specimens obtained from 528
patients operated for colorectal cancer at the
Chonnam National University Hwasun Hospital
(Jeonnam, Korea) between July 2004 and June
2006. All specimens were embedded in paraf-
fin for the study. None of the patients had
received preoperative radiotherapy or chemo-
therapy. Tissue blocks were selected by viewing
original pathologic slides and choosing blocks
that showed the junction between the normal
colon epithelium and tumor region. Tumor stag-
ing was done in accordance with the Ameri-
can Joint Committee on Cancer (AJCC) staging
system [29]. Overall survival was calculated
from the date of the initial surgery until the
follow-up on December 31, 2012. This study
was approved by the Institutional review board
of the Chonnam National University Hwasun
Hospital. All participants gave written consent
for their information to be stored in the hospital
database and used for research.

Immunohistochemistry

Paraffin tissue sections were dewaxed in xylene
and gradually rehydrated. Activity of the endog-
enous peroxidase was blocked by peroxydase-
blocking solution (Dako, Carpinteria, CA, USA)
and retrieved with citrate buffer (pH 6.0, Dako).
Immunohistochemical reactions were perform-
ed using antibodies against the following pro-
teins:human PROX1 (Santa Cruz Biotechnology),
Ki-67 (Dakopatts, Glostrup, Denmark), and
CD34 (Abcam). We also used the D2-40 anti-
body (Dakopatts) in primary diluent solution
(Invitrogen). Antibody binding was visualized by
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Figure 2. PROX1 regulates the lymphangiogenesis of human colorectal cancer cells. A. The invasion of HLECs was
significantly decreased in CM of PROX1 siRNA-transfected DLD1 and SW480 cells, compared to the effect of CM
from cells treated with scramble siRNA (P = 0.044 and 0.025, respectively). In contrast, the invasion of HLECs was
significantly increased in pcDNAG-myc-PROX1 transfected DLD1 and SW480 cells, compared to empty-pcDNAG-myc
transfected cells (P = 0.006 and 0.019, respectively). B. CM from PROX1 siRNA-transfected DLD1 cells, but not
SWA480 cells, inhibited the tube formation of HLECs stronger than CM from scramble siRNA-transfected cells (P =
0.039 and 0.161, respectively). In contrast, the tube formation of HLECs was significantly increased in pcDNAG-
myc-PROX1 transfected DLD1 and SW480 cells, compared to empty-pcDNA6-myc transfected cells (P = 0.041 and
0.001, respectively). C. The expression of VEGF-C was down-regulated by PROX1 knockdown, and up-regulated by
PROX1 overexpression in all tested cells, but not of VEGF-D. HLEC; human lymphatic endothelial cell, SS; scramble
siRNA, PS; PROX1 siRNA, WT; wild type, EV; Empty-pcDNAG-myc, PV; pcDNAG-myc-PROX1, CM; conditioned medium,
VEGF; vascular endothelial growth factor, *P < 0.05 versus control.
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Figure 3. PROX1 enhances the proliferation of human colorectal cancer cells. The number of proliferating cells at
days 3 and 4, as determined by changes in absorbance, was significantly decreased in PROX1 siRNA-transfected
cultures than in scramble siRNA treated cultures of DLD1 (P = 0.019 and 0.005, respectively) and SW480 cells
(P = 0.018 and 0.022, respectively). In contrast, the number of proliferating cells was significantly increased in
pcDNAG-myc-PROX1 transfected DLD1 (P = 0.038 and 0.039, respectively) and SW480 cells (P = 0.143 and 0.044,
respectively), compared to empty-pcDNAG-myc transfected cells. SS; scramble siRNA, PS; PROX1 siRNA, WT; wild
type, EV; Empty-pcDNAG-myc, PV; pcDNAB-myc-PROX1. *P < 0.05 versus control.

using Dako Real™ Envision HRP/DAB detection
system (Dako). The slides were counterstained
with hematoxylin, dehydrated, and mounted.

Evaluation of PROX1 expression

Assessment of PROX1 expression was deter-
mined independently by two pathologists who

3291

were blind to the knowledge of clinical outcome
data. The score discrepancies were discussed
to obtain consensus. The staining intensity
was graded as follows: O (no staining), 1 (weak
staining), 2 (moderate staining), 3 (strong stain-
ing). The percentage of the stained area was
classified as O for the absence of positive stain-
ing of tumor cells, 1 for positive staining in <

Am J Cancer Res 2015;5(11):3286-3300
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Figure 4. PROX1 promotes EMT in human colorectal cancer cells. A. The number of migratory cells was significantly
lower in PROX1 siRNA-transfected than in scramble siRNA-treated DLD1 and SW480 cells (P = 0.001 and 0.017,
respectively). In contrast, the number of migratory cells was significantly higher in pcDNAB-myc-PROX1 transfected
DLD1 and SW480 cells (P =0.023 and < 0.001, respectively), compared to empty-pcDNA6-myc transfected cells. B.
The number of invaded DLD1 and SW480 cells was significantly lower in PROX1 siRNA-transfected cultures than in
scramble siRNA-transfected cultures (P = 0.006 and 0.038, respectively). In contrast, the number of invaded cells
was significantly higher in pcDNAG6-myc-PROX1 transfected DLD1 and SW480 cells (P = 0.025 and < 0.001, respec-
tively), compared to empty-pcDNAB-myc transfected cells. C. The expression levels of Vimentin, MMP-2, MMP-9, and
Z0-1 were down-regulated and the expression level of E-cadherin was up-regulated by PROX1 knockdown. In con-
trast, the expression levels of MMP-2 and MMP-9 in SW480 cells, and ZO-1 in all tested cells were up-regulated by
PROX1 overexpression. However, the expression levels of E-cadherin and Vimentin were not altered in response to
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PROX1 overexpression. Expression levels of CD44 and CD133 were decreased by PROX1 knockdown, and increased
by PROX1 overexpression. Each bar represents the mean + SE of 3 experiments. *P < 0.05 versus control. MMP;
matrix metalloproteinase, ZO; zona occludens, SS; scramble siRNA, PS; PROX1 siRNA, WT; wild type, EV; Empty-

pcDNAG-myc, PV; pcDNAG-myc-PROX1.
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Figure 5. Effect of PROX1 on oncogenic signaling pathways in human
colorectal cancer cells. Phosphorylation levels of Akt, GSK3[3, and ERK1/2
were decreased in DLD1 and SW480 cells by PROX1 knockdown, while p38
and JNK phosphorylation levels were not altered. In contrast, the phos-
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Quantitative analysis of mi-
crovessel (MVD) and Ilym-
phovessel density (LVD) was
performed in sections after
immunostaining for CD34 and
D2-40, respectively. Immu-
— nostained sections were sc-
reened at a low-power 40x
magnification to identify 3
- areas with the highest density
of vessels (hot spots) in peritu-
moral and intratumoral re-
gions. Then, selected hot
spots for each case were
counted at a higher magnifica-
tion (400x%). The average num-
ber of vessels in these 3 areas
was defined as section MVD
and LVD.

phorylation levels of Akt, GSK3B, ERK1/2, p38 and JNK were increased

by PROX1 overexpression. SS; scramble siRNA, PS; PROX1 siRNA, WT; wild
type, EV; Empty-pcDNAG-myc, PV; pcDNAG-myc-PROX1.

10% of the tumor cells, 2 for positive staining in
10% to 50% of the tumor cells, 3 for positive
staining in > 50% of the tumor cells. Multipli-
cation of the intensity and percentage scores
was used as the final score index. Samples with
a total score of > 6 were designated as positive
for PROX1 expression, while those with a total
score of < 6 were designated as negative for
PROX1 expression.

Assessment of tumor cell proliferation

Tumor cell proliferation was determined by
immunostaining using an antibody against
human Ki-67 protein. A distinct nuclear immu-
noreactivity for Ki-67 was considered as posi-
tive labeling. The Ki-67 labeling index (KI) was
defined as the number of Ki-67 positive nuclei
per 1000 tumor cell nuclei. Counting was per-
formed on five randomly chosen microscopic
fields (40x original magnification) per sample
by two independent blinded observers.
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Statistical analysis

Clinicopathological factors

and survival curves of colorec-
tal cancer patients were analyzed using
Statistical Package for the Social Sciences
(Version 15.0; SPSS, Chicago). Correlations
between clinicopathological factors and PROX1
expression were assessed using chi-square
tests and Fisher’s exact test. Patient survival
analysis was performed using the Kaplan-
Meier method and a log-rank test. Multivariate
analysis of prognostic factors was performed
using the Cox proportional hazards model.
Experimental differences between the PROX1
knockdown or overexpression group and con-
trol group were tested with the Student’s t-test.
Differences were considered to be statistically
significant if P < 0.05.

Results

PROX1 regulates the angiogenesis of human
colorectal cancer cells

In all experiments, we used siRNA or pcDNAG-
myc vector to control the expression of the

Am J Cancer Res 2015;5(11):3286-3300
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Figure 6. Expression of PROX1 is stronger in human colorectal cancer tissues than in normal colorectal mucosal tis-
sues. In colorectal cancer tissues, immunostaining of PROX1 protein was predominantly observed in the cytoplasm
of cancer cells and was not detectable in the tumor stroma. The PROX1 protein showed weak or no immunostaining
in normal colorectal mucosa (x200). T; colorectal cancer tissue, N; normal colorectal mucosa.

PROX1 gene. To evaluate PROX1 effects on
angiogenesis of HUVECs, we performed Matri-
gel invasion and tube formation assays using
CM from DLD1 and SW480 cells transfected
with either siRNA or pcDNAG-myc vector. The
invasion of HUVECs was significantly decreased
in CM of PROX1 siRNA-transfected DLD1 and
SW480 cells, compared to the invasion obs-
erved in the CM from cells treated with scram-
ble siRNA (P = 0.023 and 0.031, respectively).
In contrast, the invasion of HUVECs was signifi-
cantly increased in pcDNAG-myc-PROX1 trans-
fected DLD1 and SW480 cells, compared to
empty-pcDNA6-myc transfected cells (P =
0.031 and 0.046, respectively) (Figure 1A). CM
from PROX1 siRNA-transfected DLD1 and SW-
480 cells exerted a stronger inhibitory effect
on the formation of endothelial tubes, than CM
from cells transfected with scramble siRNA (P =
0.008 and 0.048, respectively). In contrast, the
tube formation of HUVECs was increased in
pcDNAG-myc-PROX1 transfected cells, com-
pared to empty-pcDNAG-myc transfected cells
(P < 0.001 and = 0.072, respectively) (Figure
1B). The angiogenic inducers VEGF-A and HIF-
1a were down-regulated in all tested cells by
PROX1 knockdown. VEGF-A in all tested cells
and HIF-1a in DLD1 cells were up-regulated by
PROX1 overexpression. Moreover, the expres-
sion of the angiogenic inhibitor angiostatin was
up-regulated by PROX1 knockdown, and down-
regulated by PROX1 overexpression in all test-
ed cells (Figure 1C).
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PROX1 regulates the lymphangiogenesis of
human colorectal cancer cells

To assess the effects of PROX1 on lymphangio-
genesis of HLECs, we performed a similar set of
Matrigel invasion and tube formation assays,
as described above, utilizing CM from siRNA
or pcDNAG-myc vector-transfected DLD1 and
SWA480 cells. As in the case with HUVECs, the
invasion and tube formation of HLECs were sig-
nificantly decreased in CM from PROX1 siRNA-
transfected DLD1 cells (P = 0.044 and 0.039,
respectively). However, in SW480 cells, only the
invasion of HLECs was negatively affected by
CM from PROX1 siRNA-treated cells (P = 0.025
and 0.161 for data on invasion and tube forma-
tion, respectively). In contrast, the invasion and
tube formation of HLECs was significantly
increased in pcDNA6-myc-PROX1 transfected
DLD1 (P = 0.006 and 0.041, respectively) and
SW480 cells (P =0.019 and 0.001, respective-
ly), compared to empty-pcDNAG-myc transfect-
ed cells (Figure 2A, 2B). The expression of the
lymphangiogenic inducer VEGF-C was down-
regulated by PROX1 knockdown, and up-regu-
lated by PROX1 overexpression in all tested
cells, but not of VEGF-D (Figure 2C).

PROX1 enhances the proliferation of human
colorectal cancer cells

To determine possible effects of PROX1 on cell
proliferation, cell proliferation assays were per-
formed 1, 2, 3, and 4 days after the transfec-
tion of cells with siRNA or pcDNAG-myc vector.

Am J Cancer Res 2015;5(11):3286-3300



Impact of PROX-1 in colorectal cancer

Table 1. Correlation between PROX1 expression and clinico-

pathological parameters of human colorectal cancer

PROX1 promotes EMT in human
colorectal cancer cells

'PROX1 — To investigate the relationship
Parameters (n-|;0t562|8) (l;l)e;gzt(ljv;) (sojggg) P-value between PROX1 and EMT in
human colorectal cancer cells,
Age (years) 0.348 the migration and invasion assays
<69.5 233 139 94 were performed. The number of
>69.5 295 164 131 migratory cells was significantly
Sex 0.711 lower among PROX1 siRNA-trans-
Male 319 181 138 fected DLD1 and SW480 cells
Female 209 122 87 than in cells treated with scram-
Tumor size (cm) 0.020 ble siRNA (P = Q.OOl and 0.017,
<48 275 171 104 respectlvel){) (Figure 4A). The
Sas 053 130 101 ngmber of mvadeq cells was sig-
nificantly lower in DLD1 and
Histologic type 0.011 SWA480 cells treated with PROX1
Differentiated 458 253 205 siRNA than in cells transfected
Undifferentiated 70 50 20 with scramble siRNA (P = 0.006
Lymphovascular invasion 0.001 and 0.038, respectively). In con-
Negative 383 237 146 trast, the number of migratory
Positive 145 66 79 f‘”ﬁgﬁﬂva‘,’e,d Ce'I'DSN‘X%S S'g”ggg;tl'

) ) ) y higherinin pc -myc-
Perineural invasion 019 {ransfected DLD1 (P = 0.023 and
Negative 361 214 147 0.025, respectively) and SW480
Positive 167 89 78 cells (P < 0.001 and < 0.001,
Stage 0.001 respectively), compared to empty-
Wl 276 177 99 pcDNA6-myc transfected cells
/v 2592 126 126 (Figure 4A, 4B). To ipvesti gate
T1/12 111 9 32 associated genes (MMP-2, MMP-
13/14 417 224 193 9, Z0-1, E-cadherin, and Vimentin)
Lymph node metastasis (N) 0.022 were also assessed. The expres-
NO 284 176 108 sion levels of Vimentin, MMP-2,
N1-3 244 127 117 MMP-9, and ZO-1 were down-reg-
Distant metastasis (M) 0.187 ulated and the expression level of
MO 460 269 191 E-cadherin was up-regulated by
M1 68 34 34 PROX1 knockdown. In contrast,

PROX1, Prospero homeobox 1.

As determined by absorbance changes, the
number of proliferating cells on days 3 and 4
was significantly decreased in PROX1 siRNA-
transfected cultures of DLD1 (P = 0.019 and
0.005, respectively) and SW480 cells (P =
0.018 and 0.022, respectively) than in cultures
treated with scramble siRNA. In contrast, the
number of proliferating cells was significantly
increased in pcDNA6-myc-PROX1 transfected
DLD1 (P = 0.038 and 0.039, respectively) and
SW480 cells (P =0.143 and 0.044, respective-
ly), compared to empty-pcDNAG-myc transfect-
ed cells (Figure 3).
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the expression levels of MMP-2

and MMP-9 in SW480 cells, and

Z0-1 in all tested cells were up-
regulated by PROX1 overexpression. However,
the expression levels of E-cadherin and
Vimentin were not altered in response to PROX1
overexpression. Next, we investigated a possi-
ble role of PROX1 on the expression of cancer
stemness markers CD44 and CD133. We found
that their expression levels were down-regulat-
ed by PROX1 knockdown. Also, the expression
levels of CD44 and CD133 were up-regulated
by PROX1 overexpression (Figure 4C). Our
results indicate that PROX1 expression is asso-
ciated with the induction of molecular and cel-
lular alterations consistent with EMT.
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analyzed survival rates and
examined a relationship
between PROX1 immunos-
taining and clinicopathologi-
cal parameters. PROX1 im-
munostaining positively cor-
related with tumor size, dif-
ferentiation, lymphovascular
invasion, stage, depth of
invasion, and lymph node
metastasis (P = 0.020, =
0.011, = 0.001, = 0.001, =
0.001, and = 0.002, respec-
tively) (Table 1). Moreover,
the overall survival rate of
patients with positive PROX1
immunostaining was signifi-
cantly lower than that of
patients without it (P <

Prox1

~INegative
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Figure 7. Kaplan-Meier survival curve correlating overall survival with positive
(dotted line) and negative (solid line) expression of PROX1. The overall survival
of patients with positive PROX1 immunostaining was significantly lower than
survival of patients without PROX1-positive tumors (P < 0.001).

Effect of PROX1 on oncogenic signaling path-
ways in human colorectal cancer cells

To examine whether PROX1 activates intracel-
lular signaling pathways in human colorectal
cancer cells, we determined phosphorylation
levels of Akt, GSK3p and MAPK signaling pro-
teins using western blotting. We found that pho-
sphorylation levels of Akt, GSK3[3, and ERK1/2
were decreased, whereas phosphorylation of
p38 and JNK was not altered by PROX1 knock-
down in DLD1 and SW480 cells. In contrast,
the phosphorylation levels of Akt, GSK3p, ER-
K1/2, p38 and JNK were increased by PROX1
overexpression in all tested cells (Figure 5).

PROX1 protein expression in relation to clinico-
pathological parameters of human colorectal
cancer

To test whether PROX1 protein is associated
with human colorectal cancer progression, we
evaluated the expression of the PROX1 protein
in 528 colorectal cancer tissues by immuno-
histochemistry. PROX1 expression was higher
in colorectal cancer tissues than in normal
colorectal mucosa tissues (Figure 6). Next, we
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120 0.001) (Figure 7). The asso-
ciation between clinicopath-
ological parameters and
prognosis of colorectal can-
cer is shown in Table 2.
Patients with positive PROX1
expression had an elevated
risk of death after adjust-
ments for age, sex, and tumor size with a haz-
ard ratio (95% C.l.) of 2.283 (1.6503.157).

Correlation between PROX1 protein expression
and tumor cell angiogenesis, lymphangiogen-
esis, and proliferation in human colorectal
cancers

All tumor samples underwent immunostaining
for CD34, D2-40, and Ki-67 as markers of
tumor cell angiogenesis, lymphangiogenesis,
and proliferation, correspondingly (Figure 8).
MVD values for the 528 tumors studied ranged
from 23.0 to 429.0 with the mean MVD of
112.3 £ 71.0. The mean MVD value of PROX1
positive tumors was 137.1 + 83.4, which was
significantly higher than the mean MVD of
PROX1 negative tumors (P = 0.010). Values of
Kl for the 528 tumors ranged from 21.9 to 81.8
with the mean Kl of 51.5 + 13.3. The mean Ki
value of PROX1 positive tumors was 57.2 *
11.1 and, as in the case of MVD, it was signifi-
cantly higher than Kl of PROX1 negative tumors
(P = 0.007). LVD for the set of tumor samples
studied ranged from 4.0 to 31.3 with the mean
LVD value of 13.4 £ 5.7. There was no statisti-
cally significant correlation between PROX1
expression and LVD (P = 0.077) (Table 3).
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Table 2. Cox multivariate regression of the associa-
tion between PROX1 immunoreactivity and survival
in colorectal cancer adjusted for clinicopathological
parameters

Covariate HR 95% ClI P-value
PROX1 expression

Low 1.000 Ref.

High 2.283 1.650-3.157 < 0.001
Age

<69.5 1.000 Ref.

>69.5 1.352 0.983-1.860 0.063
Tumor size

<4.8 1.000 Ref.

>4.8 1.508 1.096-2.076 0.012
Histologic type

Differentiated 1.000 Ref.

Undifferentiated 2.101 1.415-3.120 <0.001
Lymphovascular invasion

Negative 1.000 Ref.

Positive 1.538 1.113-2.126 0.009
Depth of invasion (T)

T1/T72 1.000 Ref.

T3/T4 1.765 0.989-3.152 0.055
Lymph node metastasis (N)

NO 1.000 Ref.

N1-3 1.884 1.348-2.635 < 0.001

PROX1, Prospero homeobox 1; HR, Hazard ratio; Cl, Confidence
interval; Ref, Reference in Cox proportional hazard model.

Discussion

The homeobox gene PROX1 is important for
embryonic development of a number of organs
such as the liver, lens, pancreas, central ner-
vous system, and lymphatic system [13].
Recently, it has been shown that PROX1 may
exhibit both tumor suppressive and oncogenic
activity, depending on the type of cancer. These
findings reflect the complexity of PROX1 role in
carcinogenesis [13]. PROX1 overexpression
inhibits tumor cell proliferation and is associat-
ed with well-differentiated tumors and favor-
able prognosis in hepatocellular carcinoma
and pancreatic cancer [14, 16]. In contrast,
PROX1 overexpression promotes tumor pro-
gression in glioma, vascular endothelial tu-
mors, and colorectal cancer [21-24]. In the lat-
ter case, PROX1 overexpression stimulates dys-
plasia, tumor growth, and malignant progres-
sion. PROX1 overexpression is also associated
with poor patient outcomes [21, 25-28]. How-
ever, the exact mechanisms through which
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PROX1 regulates tumor progression are
still unknown.

Tumor metastases from primary tumors to
distant organs develop via the blood and
lymphatic vasculature. Experimental and
clinical data indicate that dysregulation of
angiogenesis and lymphangiogenesis play
a crucial role in the development and
growth of cancer metastases [7-9]. The
relationships between the expression of
PROX1 and such phenomena as angiogen-
esis or lymphangiogenesis in colorectal
cancer have not been previously elucidat-
ed. In our study, the invasion and tube for-
mation of HUVECs were significantly
decreased by PROX1 knockdown, and
increased by PROX1 overexpression.
Moreover, PROX1 knockdown decreased
the expression of the angiogenic factors
VEGF-AandHIF-1a,whileitincreasedtheexp-
ression of the angiostatic factor angio-
statin in human colorectal cancer cells. In
contrast, PROX1 overexpression showed
the increased expression of angiogenic fac-
tors and decreased expression of angio-
static factor. These results show that
PROX1 may stimulate tumor angiogenesis
by controlling the balance between angijo-
genic and angiostatic factors in human
colorectal cancer.

Moreover, we found that the invasion and tube
formation of HLECs as well as the expression of
VEGF-C were significantly decreased by PROX1
knockdown. In contrast, PROX1 overexpression
enhanced the invasion and tube formation of
HLECs with increased expression of VEGF-C.
This observation suggests that PROX1 is capa-
ble of inducing lympahgniogenesis of human
colorectal cancer cells. Previous studies report-
ed an association between the expression of
lymphangiogenic inducers, such as VEGF-C,
VEGF-D, and VEGFR-3, and cancer progression
including lymph node metastasis [8, 9].

The dysregulation of cell survival, migration,
and invasion is a principal hallmark of cancer
cells [4-6]. EMT is a fundamental process in
embryogenesis, in which cells lose epithelial
features and acquire mesenchymal properties.
However, it is also a common early step in the
processofmetastasisinavarietyofcancers.Accu-
mulating evidence suggests that cancer-asso-
ciated EMT strongly correlates with the stage of
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Figure 8. Representative photomicrograph showing positive immunohistochemical staining of CD34, D2-40, and
Ki-67 in human colorectal cancer. A. Immunostaining of CD34. B. Immunostaining of D2-40. C. Immunostaining of
Ki-67.

these factors with tumor progression
and treatment resistance [33-35]. In

Table 3. Correlation between PROX1 expression and angio-
genesis, lymphangiogenesis, and tumor cell proliferation

in human colorectal cancer our study, PROX1 knockdown
- decreased the expression level of can-
PROX1 expression

Parameters Negative Positive P- cer stemness markers CD44 and
= value -
(Mean + SD) Total (n = 528) (n = 303) (n = 225) CD133. Iq contrast, PROX1 over.ex
pression increased the expression

MVD 112.3+71.0 91.0+50.1 137.1+83.4 0.010 level of CD44 and CD133.

LvVD 13.4+5.7 11.9+4.7 154 +6.4 0.077

K 515+ 133 46.2+133 57.2+111 0.007 Akt, GSK3B and MAPKs signaling cas-

PROX1, Prospero homeobox 1; SD, Standard deviation; Kl, Ki-67 labeling
index; MVD, Microvessel density; LVD, Lymphatic vessel density.

the tumor development, metastasis, and unfa-
vorable clinical outcome [10-12]. Previously, it
has been suggested that PROX1 promotes EMT
and tumor progression in human colorectal
cancer [25]. In our study, PROX1 knockdown
suppressed tumor cell proliferation, migration,
and invasion. Also, PROX1 overexpression
enhanced tumor cell proliferation, migration
and invasion. In addition, we showed that
PROX1 knockdown increased the expression
level of the epithelial marker E-cadherin and
decreased expression levels of mesenchymal
markers including Vimentin, MMP-2, MMP-9,
and Z0-1, leading to tumor cell migration and
invasion. PROX1 overexpression increased the
expression levels of MMP-2, MMP-9 and Z0-1,
but the expression levels of E-cadherin and
Vimentin were not altered in response to PROX1
overexpression.

Cancer stem cells are a small set of tumor-initi-
ating cells that exhibit stem cell properties such
as extensive proliferative capacity, pluripoten-
¢y, high metastatic potential, and resistance to
therapy [30-32]. Recently, several reports dem-
onstrated a convincing link between EMT and
cancer stem cells as well as the association of
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cades are known to be involved in
motility, survival, EMT, angiogenesis,
and lymphangiogenesis of various
human cancer cells [36-38]. We eval-
uated the impact of PROX1 expression on onco-
genic signaling pathways. In our study, phos-
phorylation levels of Akt, GSK3[3, and ERK1/2
were decreased by PROX1 knockdown. In con-
trast, the phosphorylation levels of Akt, GSK30,
ERK1/2, p38 and JNK were increased by
PROX1 overexpression.

Next, we examined relationships between
PROX1 expression and clinicopathological
parameters of human colorectal cancer. We
found that PROX1 expression was higher in
human colorectal cancer tissues than in nor-
mal colorectal mucosa tissues. PROX1 expres-
sion positively and significantly correlated with
tumor size, extent of differentiation, lympho-
vascular invasion, depth of invasion, lymph
node metastasis, cancer stage, and poor sur-
vival. Furthermore, patients with PROX1-
positive tumors had an elevated risk of death
after adjustments for age, sex, and tumor size.
PROX1 expression has been previously associ-
ated with poor differentiation and unfavorable
patient outcome in human colorectal cancer
[21]. Therefore, those results and our present
data suggest that PROX1 plays an important
role in carcinogenesis and progression of
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colorectal cancer. Therefore, PROX1 may serve
as a potential prognostic marker and a molecu-
lar target for treatment in human colorectal
cancer.

Finally, we analyzed the relationship between
PROX1 expression and angiogenesis, lymphan-
giogenesis, and tumor cell proliferation in
human colorectal cancer tissues to confirm the
results of studies that utilized human colorec-
tal cancer cell lines. We found that mean MVD
and KI values of PROX-1 positive tumors were
significantly higher than those of PROX-1 nega-
tive tumors. However, there was no significant
correlation between PROX1 expression and
LVD. Thus, these observations corroborated
results of in vitro studies and confirmed that
PROX1 can promote cell proliferation and
angiogenesis in vivo.

In summary, our experiments in vitro showed
that PROX1 enhanced angiogenesis, lymphan-
giogenesis, proliferation, migration, invasion,
and EMT of human colorectal cancer cells. In
vivo studies demonstrated that positive immu-
nohistochemical staining of archival surgical
resection specimens of colon cancer for PROX1
positively and significantly correlated with
tumor size, extent of differentiation, lympho-
vascular invasion, depth of invasion, lymph
node metastasis, cancer stage, MVD, Kl, and
poor survival. Collectively, these observations
indicate that PROX1 affects tumor progression
by regulating angiogenesis and tumor cell pro-
liferation in colorectal cancer.
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