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Abstract
Background ‒ The current study investigates the effect
of transcription factor Prox1 on the proliferation, migra-
tion, and invasion ability of lung cancer.
Methods ‒ Lung cancer cell lines (A549 and H446 cells)
were transfected with Prox1NAD and siRNA, respectively.
Thus, the A549 and H446 cells overexpressed Prox1 after
transfection of Prox1NAD plasmids, and A549 and H446
cells have low expression of Prox1 after transfection with
siRNA. Reverse transcriptase quantitative PCR and western
blot analyses were used to detect Prox1 mRNA and protein
expression in cells. Plate clone formation experiments and
MTT experiments were used to detect cell proliferation.
Western blot was used to detect the expression of Rho
family-related proteins in cells.
Results ‒ Compared to untransfected wild-type A549
and H446 that served as blank controls, the expression
level of Prox1mRNA and protein in A549 and H446 cells
overexpressing Prox1 after plasmid transfection was high,
while the expression level of Prox1mRNA and protein in
A549 and H446 cells with low expression of Prox1 after
siRNA transfection was low. With the increase of Prox1
expression, the expression of RhoA and RhoC increased,
while the expression of RhoB decreased.

Conclusion ‒ The finding of this study may provide a
new approach for the treatment of lung cancer using tar-
geted gene therapy.

Keywords: lung cancer, transcription factor Prox1, Rho
family, migration, invasion

1 Introduction

Lung cancer is the most common primary malignancy of
the lung, and it is currently themost common type of highly
heterogeneous malignancy in the world [1,2]. According to
relevant clinical statistics, global lung cancer incidence has
been on the rise since the late twentieth century. The global
average incidence accounts for 7–20% of various malignant
tumor diseases throughout the body. In recent years, the
5-year survival rate of lung cancer in China is only 16.1% [3].
According to the 2009 data released by the National Cancer
Center and the Bureau of Disease Control and Prevention
of the Ministry of Health in 2012, lung cancer ranked first in
the global cancer incidence [4]. Although in the past few
decades, progress has been made in various treatment
methods, such as drug therapy, radiation therapy, and tar-
geted gene therapy, and the overall survival rate of lung
cancer has improved, lung cancer is still the leading cause
of health threats, and so the research on the pathogenesis of
lung cancer is still a hot spot [5,6]. The occurrence of lung
cancer is a multistep, multifactor, multistage development
process, which involves the expression of a series of onco-
genes and related metastatic genes [7–9]. Prox1 is a tran-
scription regulator capable of regulating cell differentiation
and development, which is essential in the development
process of human liver and neurons [10–12]. Current
research has shown that Prox1 is overexpressed in tumor
tissues, such as kidney cancer and gastric cancer, while
downregulated in tumor tissues, such as primary liver
cancer, indicating that it may play different roles in dif-
ferent tumor tissues [11]. Prox1 is implicated in the growth
and progression of cancer and has been linked in different
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cancer types to both tumor-suppressive and oncogenic
properties. Nevertheless, the exact mechanisms by which
Prox1 controls cancer cell proliferation, migration, and
invasion are largely unclear [12]. A previous study showed
that Prox1 expression in small-cell lung cancer cell line is
high and can be reduced with shRNA lentivirus, thereby
reducing the cell proliferation rate [13]. Therefore, to
further explore the molecular mechanism of Proxl in tumor-
igenesis, especially the closely related lymphangiogenesis
mechanism, lymphatic metastasis pathways and related
molecular pathways are investigated. Moreover, to study
the cure of its therapeutic targets for diseases, especially
tumor diseases. The prognosis is of great significance and
has good clinical application prospects. Previous studies
have reported that Prox1 can positively regulate the growth,
migration, and invasion of renal cancer cells. Prox1 expres-
sion levels are correlated with cancer progression and prog-
nosis. For instance, high Prox1 expression in human colon
and esophageal cancer tissues is correlated with poor prog-
nosis [14,15]. Tumors with high Prox1 expression have a
worse prognosis. The specific knockdown of the Prox1
gene by in vitro RNA interference strongly reduces cell
growth, whereas overexpression of Prox1 can significantly
promote tumor proliferation [16].

In the current study, we transfected plasmid over-
expressing Prox1 and plasmid siRNA silencing Prox1 to
study the role of Prox1 in the proliferation, invasion,
and migration of A549 and H446 lung cancer cells. The
findings of the current study will provide a new approach
for the treatment of lung cancer using targeted gene
therapy.

2 Methods

2.1 Experimental material

2.1.1 Cell lines

Human lung adenocarcinoma cell line A549 and non-
human lung adenocarcinoma cell line H446 were pur-
chased from the cell bank of the Chinese Academy of
Sciences in Shanghai.

2.1.2 Related reagents and antibodies

Trizol reagent was purchased from Invitrogen. RT-PCR kit
was purchased from Beijing Quanshijin Biotechnology
Co., Ltd. Real-time PCR kit was purchased from Takara

Bio. Transwell cell was purchased from Corning Costar
Corporation, USA. Matrigel matrix gelatin was purchased
from BD. Prox1 antibody fromwas purchased from Abcam,
UK. RhoA, RhoB, and RhoC antibodies were purchased
from Proteintech, USA. β-Actin antibody was purchased
from Cell Signaling Technology, USA.

2.2 Experimental method

2.2.1 Cell culture and transient transfection

A549 and H446 cells were cultured in a DMEM and 1640
medium containing 10% fetal bovine serum in an incu-
bator at 37°C and 5% CO2 saturated humidity for loga-
rithmic growth. Logarithmically growing cells were seeded
onto a 6-well plate for 24 h according to 15,000 cells/well,
and the growth rate of cells was observed for transfection.
Then, Prox1DNA and siRNA were added into the HiPerFect
transfection reagent and Attractene transfection reagent,
respectively, and mixed with double medium-free in two
EP tubes. After 10–15min, Prox1DNA and siRNA were
washedwith PBS twice and addedwithmedium containing
10% serum. The mixed plasmids were evenly dropped into
the 6-well plate and incubated overnight. RNA and protein
were extracted from cells after 24 and 48 h, respectively.

2.2.2 Plate colony formation assay

Cells from different treatment groups were transfected for
24 h and then digested and passaged routinely to make
cell suspensions to disperse the cells fully. Cells were
counted, and the concentration was adjusted. A total of
500 cells per well were mixed into 2 mL medium, then
dropped into the 6-well plate evenly, and dispersed by
gently shaking. They were placed in an incubator for 14
days, and the medium was changed in time according to
the pH change of culture solution. When visible colonies
appeared, cells were grown and cultivated, the medium
was discarded, and then washed carefully with PBS. Air
drying after methanol fixation and hematoxylin staining
for 10min was carried out. When the tap water turned
blue, plates were observed under the microscope.

2.2.3 MTT assay

Cell inoculation: Upon entering the logarithmic growth
phase, the cells were suspendedwith themedium containing
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10% fetal bovine serum after digestion. The cell concen-
tration was adjusted to 4 × 103 cells/mL, 100 µL cell sus-
pension per well was inoculated into a 96-well plate, and
the control group was set up. Color reaction: 20 µL of MTT
solution with a concentration of 5 mg/mL was added to
each well, avoiding the light. After incubation at 37°C for
4 h, the old medium was discarded, and 150 µL of DMSO
was added to each well and shaken on the shaker for
5 min. Colorimetric detection: The absorption value of
each well was measured by 490 nm Thermo Scientific™
enzyme-labeling measuring instrument.

2.2.4 Western blot hybridization

The 6-well plate was taken out from the incubator, and
the precooling cracking buffer was added, sheared, ultra-
sound homogenated, and centrifuged at 4°C, 1,200 rpm
for 30min. The supernatant was collected as the total
protein, the protein concentration was measured, the
protein buffer was added according to the concentration,
and the sample in boiling water was boiled for protein
denaturation and stored at −20°C. 10% SDS-PAGE elec-
trophoresis, 20% methanol transfer for 90min, buffer
washing membrane for 15 min three times, and 5%
skimmed milk powder blocking non-specific antigen for
2 h were carried out, after which the membrane was
washed with a buffer for 15 min three times and incubated
with Prox1 primary antibody (1:800) at 4°C overnight.
The membrane was washed with a buffer for 15 min three
times and incubated with alkaline phosphatase labeled
second antibody (1:2,000) at room temperature for 2 h.
For ECL color reaction, the clear chocolate brown band
on NC film was positive, and a SYSTEM GelDoc go gel
imaging system (Bio-Rad, USA) quantitatively analyzed
the grey value scanned by the color band.

2.2.5 Reverse transcriptase quantitative RNA
polymerase chain reaction

For total RNA extraction, 1 mL of Trizol solution and
200 μL of chloroformwere added to the cells. After shaking
and mixing, centrifugation at 4°C, 12,000 rpm for 15 min
was carried out. The supernatant was transferred to the
new EP tube, an equal amount of isopropanol was added,
mixed well, and left at room temperature for 10min. After
15 min of centrifugation, the supernatant was discarded,
precooled 75% alcohol was added, and the probe was
mixed. Following yet another 10min centrifugation, the
supernatant was discarded, then precooled ethanol was
added, shocked, and mixed. After centrifuging for 10

more minutes, the supernatant was discarded and dried,
following which RNase-free water was added and incu-
bated for 10min. The total RNA absorbance value was
measured using an ultraviolet spectrophotometer to iden-
tify the purity of RNA. The RNAwas stored at 80°C for later
use. Agarose gel electrophoresis: Total RNA from cells
was extracted and reacted according to the method of
Easy-RT-PCR kit. PCR products were detected by agarose
gel electrophoresis, and the SYSTEM GelDoc go gel imaging
analysis system (Bio-Rad) was used to perform a semi-
quantitative analysis. Total RNA was extracted from cells
and reacted according to the method of SYBR PrimeScript
RT-PCR kit. Three wells were set for all reactions.

2.2.6 Transwell migration experiment

Migration experiment: Prox1 plasmid, pcdna3.0 plasmid
or siRNA, NC A549, SPC, and H446 cells were transfected
in 24-well plate for Transwell. The cells were sterilized by
UV irradiation, and the upper surface was hydrated by a
serum-free medium. The hydrated Transwell cells were
put into a 24-well culture plate. Outside the cell, 500 µl of
10% fetal bovine serum culture solution was added, and
inside the cell, 100 µl of transfected cell suspension was
added. The cell number was 2.5 × 105/well, and no fetal
bovine serum was added to the culture solution. After
24 h of routine culture, Transwell cell was taken out,
washed with PBS, and the upper cells of the microporous
membrane were carefully wiped off with cotton swabs,
fixed with methanol, and stained with hematoxylin solu-
tion. The number of cells moved to the lower layer of the
microporous membrane was counted under a fluores-
cence microscope. Invasion experiment: The cells were
sterilized by UV radiation, and the hydrated Transwell
cell was placed in a 24-well culture plate. Matrix gelatin
was mixed with double medium-free at a ratio of 1:3 and
spread evenly in the upper chamber at 20 µL per well.
After gelation in the incubator for 4 h, 500 µL of culture
solution containing 10% fetal bovine serum was added
outside the cell, and 100 µL of transfected cell suspension
was added into the cell; the cell number was 2.5 × 105/
well. After 24 h of routine culture, Transwell cell was
taken out, washed with PBS, and the upper cells of the
microporous membrane were carefully wiped off with
cotton swabs, fixed with methanol, and stained with
hematoxylin solution. The number of cells that moved
to the lower layer of the microporous membrane was
counted under a fluorescence microscope. Each sample
counted 6–10 fields of view, and the experiment was
repeated three times.
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2.3 Statistical analysis

The data were processed by SPSS version 15.0 (SPSS Inc.,
Chicago, IL, USA). Continuous data were presented as
mean ± SD and analyzed using Student’s t-test. Two-
sided P values <0.05 were considered significant (Figure 1).

3 Results

3.1 Validation of Prox1 overexpressing A549
and H446 cell models

Prior to investigate the effect of Prox1 on the migration
and invasion of lung cancer cells, we firstly confirmed the
expression of Prox1 in A549 and H446 cells overexpres-
sing Prox1 after plasmid transfection. According to the
data from agarose gel experiment and western blot experi-
ment, taking wild-type untransfected A549 and H446 cells
as a control group, the expression of Prox1 in A549 and
H446 cell groups overexpressing Prox1 after the introduc-
tion of transfected plasmid was significantly higher than
that of wild-type untransfected A549 and H446 cells,
while the A549 and H446 cell groups with low expression
of Prox1 after transfection of siRNA were significantly

lower than those of wild-type untransfected A549 and
H446 cells. The experimental data showed that the model
was successful. The experimental results are shown in
Figures 2 and 3.

3.2 Growth of Prox1 overexpressing A549
and H446 cells

3.2.1 Colony formation rate of Prox1 overexpressing
A549 and H446 cells

Colony-forming efficiency reflects two important charac-
teristics of cell population dependence and proliferation
ability, that is to say, the cells that form clones must be

Figure 1: Global cancer statistics 2012. (a) The cancer types’ percentages associated with POTSFs. (b) The cancer types’ percentages
documented in statistics of 2012’s global cancer. The same cancer type is marked with the same color in (a) and (b); e.g., lung is
represented with pink color in both (a) and (b).

Figure 2: Agarose gel experiment to verify the expression of Prox1 in
lung cancer.
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adherent and have proliferation activity [17,18]. There-
fore, this study used the method of plate cloning to detect
the clone formation of A549 and H446 cells overexpressing
Prox1 after plasmid transfection and wild-type untrans-
fected A549 and H446 cells. The experimental results are
shown in Figure 4. Taking wild-type untransfected A549
and H446 cells as a control group, the colony formation
ability of A549 and H446 cells overexpressing Prox1 after
plasmid transfection was significantly more potent than
that of wild-type untransfected A549 and H446 cells. The
results suggested that the expression of Prox1 could pro-
mote the growth of lung cancer cells.

3.2.2 Cell growth curves of Prox1 overexpressing A549
and H446 cells

Relevant studies show that Prox1 expression is related to
tumor stage and grade, suggesting that Prox1 participates
in the proliferation process of lung cancer cells [19,20].
Therefore, the MTT method was used to detect A549 and
H446 cells’ growth overexpressing Prox1 after plasmid
transfection. As shown in Figure 5, the proliferation
ability of A549 and H446 cells overexpressing Prox1 after
plasmid transfection was significantly stronger than that
of the control group with wild-type untransfected A549
and H446 cells. With the prolongation of culture time, the
difference in cell proliferation ability was more obvious.
The experimental results suggested that the increased
expression of Prox1 could promote the growth of lung
cancer cells.

3.3 Relationship between Prox1 and
metastasis and invasion of lung cancer

3.3.1 Effect of Prox1 expression on migration ability of
lung cancer cells

To study the effect of Prox1 on the migration of lung
cancer cells, Transwell experiment was used to detect
the changes in migration ability of A549 and H446 cells
overexpressing Prox1 after plasmid transfection and A549
and H446 cells with low expression of Prox1 after trans-
fection of siRNA. The experimental results are shown in
Figure 6. Taking wild-type untransfected A549 and H446
cells as the control group, the migration ability of A549
and H446 cells overexpressing Prox1 after plasmid trans-
fection was stronger than that of wild-type untransfected
A549 and H446 cells, while the migration ability of A549
and H446 cells with low expression of Prox1 after trans-
fection of siRNA plasmid was lower than that of wild-type
untransfected A549 and H446 cells. The results showed
that the cell migration ability increased with the increased
expression of Prox1 and decreased with the decreased
expression of Prox1 (P < 0.01).

3.3.2 Effect of Prox1 expression on invasive ability of
lung cancer cells

Similarly, to study the effect of Prox1 on the invasive
ability of A549 and H446 lung cancer cells, this study
used Transwell experiment to detect the change of the

Figure 3: Expression of Prox1 protein in different lung cancer cell
lines, including A549 and H446.

Figure 4: Plate colony formation assay to detect the effect of Prox1
plasmid transfection on the proliferation of A549 and H446 cells.
Plate cloning was used to detect the clone formation of A549 and
H446 cells overexpressing Prox1 after plasmid transfection and wild-
type untransfected A549 and H446 cells (b and d). Wild-type untrans-
fected A549 and H446 cells served as a control group (a and c).

606  Xinxin Hao et al.



invasive ability of A549 and H446 cells overexpressing
Prox1 after plasmid transfection and A549 and H446 cells
with low expression of Prox1 after transfection of siRNA.
The experimental results are shown in Figure 7. Taking
wild-type untransfected A549 and H446 cells as the con-
trol group, the invasive ability of A549 and H446 cells
overexpressing Prox1 after plasmid transfection was
stronger than that of wild-type untransfected A549 and
H446 cells, while the invasive ability of A549 and H446
cells with low expression of Prox1 after transfection of
siRNA plasmid was lower than that of wild-type untrans-
fected A549 and H446 cells. The results showed that the
invasive cell ability increased with the increased expres-
sion of Prox1 and decreased with the decreased expres-
sion of Prox1 (P < 0.01).

3.4 Effect of Prox1 on the expression of
family

Since Rho family proteins can regulate cytoskeleton and
play a certain role in the adhesion, invasion, and migra-
tion of tumor cells [21–24], this study speculated whether
Prox1 acted through Rho family proteins. Therefore, wes-
tern blot and real-time PCR analyses were used to detect
the expression of RhoA, RhoB, and RhoC in A549, H446
lung cancer cells transfected with plasmid Prox1 and
interfering siRNA. The experimental results are shown
in Figure 8. Real-time PCR data showed that when Prox1
increased, RhoA and RhoC increased, while RhoB decreased

Figure 5:MTT assay to detect the growth curve of (a) A549 and (b) H446 cells after transfection with Prox1 plasmid. Data were presented as
mean ± SD and analyzed using Student’s t-test (n = 3). P value; ns, no significance.

Figure 6: Transwell to detect the change of migration ability of A549
and H446 cells after changes in Prox1 expression. Wild-type
untransfected A549 and H446 cells served the control group (n = 3).
Data were presented asmean± SD and analyzed using Student’s t-test
(n = 3). ns, no significance; **P < 0.01; *P < 0.05.

Figure 7: Transwell to detect the change of invasive ability of A549
and H446 cells after changes in Prox1 expression. Wild-type
untransfected A549 and H446 cells served as the control group.
Cell invasive ability increased with the increased expression of
Prox1 and decreased with the decreased expression of Prox1 (P <
0.01). Data were presented as mean ± SD and analyzed using
Student’s t-test (n = 3). ns, no significance; **P < 0.01; *P < 0.05.
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(P < 0.05); when Prox1 decreased, RhoA and RhoC decreased,
while RhoB increased (P > 0.05), followed by western blot
experimental results shown in Figure 9. As the expression
of Prox1 increased, the expression of RhoA and RhoC
increased accordingly. In summary, after transfecting
Prox1 plasmid in A549 and H446 cells with overexpres-
sion of Prox1 and interference of siRNA with Prox1, the
change in Prox1 expression content was negatively corre-
lated with the change in RhoB expression, while posi-
tively correlated with the changes in RhoA and RhoC
expression. That is, when the content of Prox1 expression
increased, RhoB expression decreased correspondingly,
while RhoA and RhoC expression increased correspond-
ingly. When Prox1 expression decreased, RhoB expres-
sion increased correspondingly, while RhoA and RhoC
expression decreased correspondingly.

4 Discussion

Human Prox1 gene is located on chromosome 1q32.2–
1q32.3, with a length of about 58 kb, contains at least
five exons, and encodes 83 kD protein [25,26]. Prox1 plays
a key role in the development of normal embryonic lens,
liver, and neurons, especially in the nervous system and
lens [25,26]. Related studies have shown that the expres-
sion of Prox1 in hepatocellular carcinoma is related to the
degree of tumor differentiation [27]. Liver tumors with high
Prox1 expression have a poor prognosis [28], and cancer
cells’ proliferation is significantly accelerated [29]. It’s
been suggested, that Prox1 is a downstream target gene
of β-catenin/TCF in colon cancer, and Prox1 can lead to
enhanced cell adhesion [30]. Others have confirmed that
deletion, mutation, and hyper-methylation of the Prox1
gene can lead to the occurrence of biliary tumors, eso-
phagus cancer, and breast cancer [20,31]. Previous experi-
ments have proved that Rho protein can not only directly
affect the construction of cytoskeleton but also participate
in gene transcription regulation [32], thus indirectly affect-
ing cytoskeleton and movement. The most important in
RhoA-mediated malignant transformation is to regulate
Stat3 activity. RhoB inhibits TGFβ receptor by reducing
the binding of transcription factor AP1 to its promoter.
RhoA and Rac1 can also regulate the degradation and
reconstruction of the extracellular matrix by regulating
the levels of matrix metalloproteinase and tissue inhibitor
of metalloproteinase [33–36].

In this study, lung cancer A549 and H446 cells were
transfected with Prox1NAD and siRNA plasmids, respec-
tively, so that cells transfected with Prox1NAD plasmids
overexpressed Prox1 and cells transfected with siRNA
had low expression of Prox1. A series of studies and ana-
lyses were carried out on A549 and H446 cells after trans-
fection. The results showed that taking untransfected
wild-type A549 and H446 as blank controls, the expres-
sion level of Prox1mRNA and protein in A549 and H446
cells overexpressing Prox1 after plasmid transfection was
high, while the expression level of Prox1mRNA and pro-
tein in A549 and H446 cells with low expression of Prox1
after siRNA transfection was low. The proliferation ability
of A549 and H446 cells overexpressing Prox1 after plasmid
transfection increased, and the number of cell invasion
and migration also increased. The expression of RhoA
and RhoC increased with the increase of Prox1 expression,
while the expression of RhoB decreased relatively. So, the
expression of Prox1 was related to the proliferation, migra-
tion, and invasion of lung cancer cells.

Figure 8: RT-PCR to detect RhoA, RhoB, and RhoC expression after
changes in Prox1 expression. The expression of RhoA, RhoB, and
RhoC in A549, H446 lung cancer cells was detected by transfection
with plasmid Prox1 and interfering siRNA. When the Prox1 increased,
the RhoA and RhoC increased, while RhoB decreased (P < 0.05);
when Prox1 decreased, the RhoA and RhoC decreased, while RhoB
increased (P > 0.05). ns, no significance; *P < 0.05, (n = 3).

Figure 9: Western blot to detect RhoA, RhoB, and RhoC expression
after changes in Prox1 expression. The expression of RhoA, RhoB,
and RhoC in A549, H446 lung cancer cells was detected by transfec-
tion with plasmid Prox1 and interfering siRNA.
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5 Conclusion

To sum up, the overexpression of Prox1 can promote the
proliferation, migration, and invasion ability of lung
cancer cells. It has also been found that the expression
level of Prox1 is related to the expression level of Rho
protein. Some studies have shown that Rho protein is
not only involved in tumor invasion and metastasis but
also in cycle regulation. Rho protein expression was posi-
tively correlated with Cyclin D1 expression. Therefore,
Prox1 can regulate the proliferation of lung cancer cells
by binding to Cyclin D1. Despite the strong proof of con-
cept, the study needs to further investigate the role of
Prox1 in the proliferation, migration, and invasion of
lung cancer cells, and the role between Rho protein and
Cyclin D1 need to be further demonstrated. Moreover, the
role of Prox1 also need to be examined in an appropriate
lung cancer animal model to get a more in-depth insight.
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