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and protein expression levels. Knockdown of HDAC1 
using short hairpin RNA also up-regulates PROX1 
mRNA and protein expression levels. We found that 
HDAC1 interacted with c-JUN at the activator pro-
tein (AP)-1-binding site located at –734 to –710 in the 
PROX1 promoter region to suppress PROX1 expres-
sion. In addition, c-JUN N-terminal kinase-mediated 
c-JUN phosphorylation was found to be crucial for 
silencing PROX1 expression. In conclusion, PROX1 
expression can be silenced by the epigenetic mecha-
nism involved in the complex formation of HDAC1 
and c-JUN at the AP-1 site in the PROX1 promoter 
region in MDA-MB-231 human breast cancer cells. 
Therefore, this study revealed the epigenetic regula-
tory mechanism involved in the suppression of PROX1 
expression in breast cancer cells.

Introduction
Drosophila prospero is a homeobox domain-contain-

ing protein that plays a crucial role in determining the 
cell fate in the central nervous system (Doe et al., 1991). 
Prospero homeobox 1 (PROX1) is a mammalian ho-
mologue of Prospero that has a role in the development 
of the central nervous system, lens, heart, liver, pan-
creas, and lymphatic vasculature (Wigle et al., 1999; 
Sosa-Pineda et al., 2000; Burke and Oliver, 2002; Petro-
va et al., 2002; Lavado and Oliver, 2007; Risebro et al., 
2009).

Alterations in PROX1 expression are involved in 
cancer development (Elsir et al., 2012). PROX1 expres-
sion levels are elevated in neuroblastoma, glioma, small 
cell lung carcinoma, gastrointestinal tract carcinoma, 
and liver carcinomas (Elsir et al., 2012). In contrast, 
PROX1 levels are decreased in sporadic primary breast 
cancer compared to normal breast tissues (Versmold et 
al., 2007). These studies suggest that PROX1 expres-
sion is differentially regulated depending on the cellular 
context and plays an antagonistic role as a tumour pro-
moter or suppressor in different tumour types (Elsir et 
al., 2012).

Abstract. Prospero homeobox 1 (PROX1) is a mem-
ber of the homeobox transcription factor family that 
plays a critical role in the development of multiple 
tissues and specification of cell fate. PROX1 expres-
sion is differentially regulated based on the cellular 
context and plays an antagonistic role as a tumour 
promoter or suppressor in different tumour types. In 
human breast cancer, PROX1 expression is suppress-
ed; however, the molecular mechanism by which it is 
down-regulated remains poorly understood. Here, 
we show that ectopic expression of PROX1 reduces 
the motility and invasiveness of MDA-MB-231 hu-
man breast cancer cells, suggesting that PROX1 func-
tions as a negative regulator of tumour invasion in 
MDA-MB-231 cells. Treatment with histone deacety-
lase (HDAC) inhibitors up-regulates PROX1 mRNA 
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The PROX1 locus is located in the chromosomal re-
gion 1q32.2–q32.3 (Zinovieva et al., 1996), where fre-
quent allelic imbalance has been reported in primary 
breast cancer (Benítez et al., 1997). DNA methylation is 
commonly associated with gene silencing via direct ad-
dition of a methyl group to cytosine in the DNA se-
quence (Bird, 2002). The PROX1 locus is frequently 
hypermethylated on CpG islands, which are unmethyl-
ated GC-rich regions that possess high relative densities 
of CpG, of the first intron in neoplastic breast tissues 
(Versmold et al., 2007), suggesting that epigenetic mo-
difications are involved in the PROX1 expression in 
breast cancer.

Acetylation and deacetylation of lysine residues in 
the N-terminal tails of core histones are critical epigen-
etic modifications that affect the conformation of chro-
matin structure (Gujral et al., 2020). Histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs) add 
or remove acetyl groups from lysine residues in histones, 
respectively, thereby regulating the gene transcription. 
Histone deacetylation and DNA methylation of CpG is-
lands are crucial epigenetic modifications that mediate 
transcriptional repression and gene silencing. Some 
studies suggest that histone modification is a prerequi-
site for the methylation of CpG islands (Fuks, 2005).

HDAC inhibitors exhibit therapeutic benefits in mul-
tiple cancers (West and Johnstone, 2014), including 
breast cancer (Munster et al., 2001; Marks, 2007). 
MDA-MB-231 is a triple-negative (oestrogen receptor-
negative, progesterone receptor-negative, and EGF re-
ceptor-negative) breast cancer (TNBC) cell line that is 
highly invasive and aggressive among all breast cancer 
cell lines (Foulkes et al., 2010; Liu et al., 2015). In this 
study, we used the MDA-MB-231 cell line as a model 
cell line to study the epigenetic mechanism underlying 
the suppression of PROX1 expression. We identified 
HDAC1 binding to c-JUN at the activator protein (AP)-
1-binding site at –734 to –710 in the PROX1 promoter.

Material and Methods

Cells and cell culture

TNBC MDA-MB-231 cells were obtained from the 
American Type Culture Collection (Manassas, VA). The 
cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10 % foetal bovine 
serum (Hyclone, Logan, UT).

Reagents
The selective c-JUN N-terminal kinase (JNK) inhibi-

tor, SP600125, was purchased from Tocris Bioscience 
(Ellisville, MO). The HDAC inhibitor, vorinostat, known 
as suberoylanilide hydroxamic acid (SAHA), AP-1 in-
hibitor, tanshinone II A (Tan II), HDAC class I inhibitor, 
sodium butyrate (NaBT), and HDAC class I and II in-
hibitor, valproic acid (VPA), were obtained from Sigma-
Aldrich (St. Louis, MO). The luciferase assay kit was 
purchased from Promega (Madison, WI). Streptavidin-

agarose was obtained from Invitrogen (Carlsbad, CA). 
All other chemical reagents were purchased from Sigma-
Aldrich.

Antibodies
Anti-PROX1 antibody was purchased from R&D 

Systems (Minneapolis, MN). Anti-c-JUN, anti-HDAC1, 
and anti-V5 antibodies were obtained from Cell Sig-
naling Technology (Danvers, MA). Anti-GAPDH anti-
body was purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA).

Generation of MDA-MB-231 cells over-expressing 
PROX1

MDA-MB-231 cells were transfected with pBabe-
puro/PROX1, encoding PROX1, using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA). Transfected cells were 
selected using 3 µg/ml puromycin for 3–4 weeks, and 
puromycin-resistant clones were isolated. PROX1 over-
expression was confirmed via immunoblotting. The re-
sulting cells over-expressing PROX1 were named 
MB231/Prox1. Cells transfected with an empty vector 
(pBabe-puro) were also generated as a control and named 
MB231/Vec.

Immunoblotting analysis
The cells were lysed in a buffer consisting of 20 mM 

HEPES (pH 7.2), 1 % Triton X-100, 10 % glycerol, 
150 mM NaCl, 10 μg/ml  leupeptin and 1 mM phenyl-
methylsulphonyl fluoride. Protein extracts (20 μg each) 
were separated using 8 % sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and transferred to 
nitrocellulose membranes. The blots were blocked with 
5 % (w/v) non-fat dry milk in 0.05 % Tween 20 Tris-
buffered saline (TTBS) for 30 min at 25 °C and incu-
bated with primary antibodies overnight at 4 °C. After 
washing thrice with 0.1 % TTBS, the membranes were 
incubated with horseradish peroxidase-conjugated anti-
mouse or anti-rabbit antibodies for 1 h at room tempera-
ture. The membranes were washed five times with 0.1 % 
TTBS and the bound antibodies were detected via che-
miluminescence using an enhanced chemiluminescence 
detection system (Amersham Pharmacia Biotech, Pisca-
taway, NJ).

Cell proliferation assay
Exponentially growing MB231/Vec and MB231/Prox1 

cells were seeded in a 96-well culture plate (1 × 103 
cells/well). The proliferation rate was determined using 
a Cell Counting Kit-8 (CCK-8; Dojindo Molecular Tech-
nologies, Rockville, MD) based on the water-soluble 
tetrazolium salt WST-8 (2-[2-methoxy-4-nitrophenyl]-
3-[4-nitrophenyl]-5-[2,4-disulfophenyl]-2H-tetrazolium, 
monosodium salt) as a substrate. At days 0, 1, 2, 3, and 4 
after seeding, the CCK-8 solution was added, and the ab-
sorbance was measured at 450 nm using an Emax End-
point ELISA Microplate Reader (Molecular Devices, San 
Jose, CA), according to the manufacturer’s instructions.

M. Jeong et al.



Vol. 69 83HDAC1/c-JUN Induces Suppression of PROX1 Transcription

Cell scratch assay

Cell migration was determined using a cell scratch 
assay, as previously described (Sethi et al., 2008). 
Briefly, MB231/Vec and MB231/Prox1 cells were cul-
tured in a six-well plate and allowed to reach conflu-
ence. A scratch was made on the confluent cell layer 
with a pipette tip, followed by washing with serum-free 
DMEM to remove the cell debris. Cells were cultured in 
DMEM supplemented with 0.5 % foetal bovine serum, 
followed by gap closure for up to 36 h. Gap closure im-
ages were taken every 12 h using an EVOS FL Auto Cell 
Imaging System (Life Technologies, Carlsbad, CA). 
The closed-gap area was quantified using the ImageJ 
version 1.52a software (http://imagej.nih.gov/ij/; Center 
for Information Technology, National Institute of Health, 
Bethesda, MA).

Actin reorganization analysis
MB231/Vec and MB231/Prox1 cells were placed on 

glass coverslips and fixed with 4 % paraformaldehyde. 
After permeabilization with 0.3 % Triton X-100, polym-
erized microfilaments (filamentous actin, F-actin) were 
stained with rhodamine-conjugated phalloidin using a 
Visualization Biochem Kit (Cytoskeleton, Inc., Denver, 
CO), according to the manufacturer’s instructions. 
Fluorescence images were captured using an EVOS FL 
fluorescence microscope (Advanced Microscopy Group; 
Bothell, WA).

Invasion assay using a three-dimensional (3D) 
spheroid culture model

Invasion assay was performed using a Cultrex 3D 
Spheroid Cell Invasion Assay kit (Trevigen, Inc., 
Gaithers burg, MD), as previously described (Shin et al., 
2016). Briefly, after forming spheroids of MB231/Vec 
and MB231/Prox1 cells, they were embedded in Mat-
rigel-based extracellular matrix components for seven 

days. Invasive protrusions of spheroids into the sur-
rounding extracellular matrix were visualized using an 
EVOS FL fluorescence microscope (Advanced Micro-
scopy Group).

Reverse transcription-polymerase chain 
reaction (RT-PCR)

Cells were harvested and total RNA was isolated us-
ing NucleoZOL (Invitrogen). cDNA was synthesized 
from 1 µg of total RNA via RT using an iScript cDNA 
synthesis kit (Bio-Rad, Hercules, CA), according to the 
manufacturer’s instructions. The gene-specific PCR 
primers are listed in Table 1. The PCR conditions used 
were as follows: hold for 4 min at 95 °C, followed by 
30 s at 95 °C, 30 s at 60 °C, and 30 s at 72 °C for 30 cy-
cles. The amplified products were separated using elec-
trophoresis in 2 % agarose gel and visualized using 
ethidium bromide.

Generation of the human PROX1 
promoter-reporter

The 5’-regulatory region of human PROX1 
(ENST00000498508.6) spanning nucleotides (nt) −1077 
to +33 was synthesized from human genomic DNA 
(Promega) using PCR with the following primers: 
5’-AGATCTTTAAGAGCCACATTATCT-3’ (forward) 
and 5’-CTCCGCTCCACAACAAGATT-3’ (reverse). 
Hot-start PCR conditions used were as follows: hold for 
10 min at 95 °C, followed by 30 s at 95 °C, 30 s at 60 °C, 
and 1 min at 72 °C for 35 cycles, according to the man-
ufacturer’s instructions (Enzynomics, Daejeon, Re-
public of Korea). PCR products were subcloned into a 
T&A vector (RBC Bioscience, New Taipei City, Taiwan), 
digested with restriction enzyme BglII (Enzynomics) 
and ligated into the pGL4.17 luciferase reporter vector 
(Promega), yielding pProx1-Luc(–1077/+33). The se-
quences of the promoter-reporter constructs were veri-

Table 1. Primer sequences for PT-PCR

Gene symbol Forward primer Reverse primer
GAPDH ACCCACTCCTCCACCTTTG CTCTTGTGCTCTTGCTGGG
PROX1 CAGATGGAGAAGTACGCAC CAAGAGCTGCTTCATGAGTAG
HDAC1 CCAAGTACCACAGCGATGAC GCCAAGACGATATCATTGACG
aSMA GATCACCATCGGGAATGAACGC CTTAGAAGCATTTGCGGTGGAC
VIM TGGCACGTCTTGACCTTGAA GGTCATCGTGATGCTGAGAA
SNAI1 CTGCAGGACTCTAATCCAG CGAGAGACTCCGGTTCCTA
MMP1 CAAAATCCTGTCCAGCCCATCG TTCGTAAGCAGCTTCAAGCCC
MMP2 CAATACCTGAACACCTT CTGTATGTGATCTGGTT
MMP9 AGATTCCAAACCTTTGAG CGCCTTGGAAGATGAATG
TIMP1 TTCGTGGGGACACCAGAAGTCAAC TGGACACTGTGCAGGCTTCAGTTC
TIMP3 GCCTTCTGCAACTCCGAC GCCCATCCTCGGTACCAG
TIMP4 CCCTGCTGACACTGAAAA CTGTAGCAAGTCGGGATC
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fied by DNA sequencing at Macrogen (Seoul, Republic 
of Korea). The AP-1-binding motif was analysed using 
the TOMTOM software (http://meme.nbcr.net/meme/
cgi-bin/tomtom.cgi).

Luciferase promoter-reporter assay
MDA-MB-231 cells were transfected with 0.1 µg 

pProx1-Luc(−1077/+33)  plasmid  using  Lipofectamine 
2000 (Invitrogen). After 48 h of transfection, the cells 
were either left untreated or treated with HDAC inhibi-
tors for 8 h, and luciferase activity was measured using 
a luminometer (Centro LB960; Berthold Tech, Bad 
Wildbad, Germany). The relative luciferase activity of 
the untreated sample was designated as 1.

Silencing of HDAC1 and c-JUN using RNA 
interference

MDA-MB-231 cells were incubated with a lentivi-
ral short hairpin RNA (shRNA) targeting HDAC1 
(GCTGCTCAACTATGGTCTCTAC; MISSION shR-
NA TRCN0000004818; Sigma-Aldrich, St. Louis, MO) 
or c-JUN (TAGTACTCCTTAAGAACACAA; MISSION 
shRNA TRCN0000010366; Sigma-Aldrich), according 
to the manufacturer’s instructions. After two weeks, the 
cells were collected, and silencing of HDAC1 or c-JUN 
expression was verified via immunoblotting.

Electrophoretic mobility shift assay (EMSA)
EMSA was performed using a LightShift chemilumi-

nescence EMSA kit (Thermo Fisher Scientific, Waltham, 
MA). A biotin-labelled deoxyoligonucleotide probe 
corresponding to the AP-1-binding sequence (5’-AGATA 
AACTGGGACTCAGCCAATGT-biotin-3’) at position 
−734 to −710 of the PROX1 promoter region was syn-
thesized by Macrogen. MDA-MB-231 cells were trans-
fected with 5 µg of the expression plasmid for c-JUN 
(pcDNA3.1/V5-His-c-JUN) or green fluorescent pro-
tein (pMAX/GFP) as a control. Nuclear extracts (3 μg 
samples) were prepared and mixed with 50 fmol biotin-
labelled  oligonucleotide  pro bes  and  1  μg  poly(dI-dC) 
(Amersham Biosciences, Pis cataway, NJ). For the com-
petition assay, 2.5 and 5 pmol of the unlabelled AP-1-
binding probe (competitor) were added. DNA-protein 
complexes were separated in non-denaturing 6 % poly-
acrylamide gel, and biotin-labelled DNA was detected 
using streptavidin-conjugated horseradish peroxidase 
and chemiluminescence reagents, according to the man-
ufacturer’s instructions (Thermo Fisher Scientific, Walt-
ham, MA).

Immunoprecipitation assay
For immunoprecipitation assay, MDA-MB-231 cells 

were transfected with an expression plasmid encoding 
c-JUN (pcDNA3.1/V5-His-c-JUN) or GFP as a control 
(pMAX/GFP). After 48 h, the cells were collected, and 
total proteins were lysed in a lysis buffer (50 mM Tris-
HCl, pH 7.9, 10 mM KCl, 400 mM NaCl, 1 mM EDTA, 
0.2 % NP-40, 10 % glycerol, 1 mM phenylmethylsul-

phonyl fluoride and a cocktail of protease inhibitors). 
The cell lysates were incubated with the anti-V5 anti-
body (Cell Signaling Technology) overnight at 4 °C. 
Antibody-bound protein complexes were precipitated 
using Pierce Protein A Plus agarose (Thermo Fisher 
Scientific). Agarose beads were washed thrice with the 
lysis buffer and heated in a sodium dodecyl sulphate 
(SDS) sample loading buffer at 95 °C for 5 min. The 
eluted samples were separated by SDS-poly acrylamide 
gel electrophoresis, and immunoblotting analysis was 
performed using anti-V5 and anti-HDAC1 antibodies. 
Blots were visualized using an enhanced chemilumines-
cence detection system (Amersham Phar macia Biotech).

Statistical analysis
Statistical significance was analysed using GraphPad 

Prism version 9.3.1 (GraphPad Software Inc., La Jolla, 
CA). Statistical significance was set at P < 0.05.

Results

Over-expression of PROX1 suppresses the 
invasiveness of MDA-MB-231 cells

Silencing PROX1 expression increases the vascular-
ization  in  thyroid  cancer  cells  (Rudzińska  and  Czar-
nocka, 2020) and enhances matrix metalloproteinase 
(MMP)-14 expression, which is involved in angiogene-
sis and tumour invasion in breast cancer cells (Gramolelli 
et al., 2018), suggesting that PROX1 plays a tumour-
suppressive role in breast cancer. To confirm the role of 
PROX1 as a tumour suppressor in breast cancer, we 
used MDA-MB-231 breast cancer cells over-expressing 
PROX1 (Fig. 1A). We observed that the proliferation 
rate of MDA-MB-231 cells over-expressing PROX1 
(MB231/Prox1) was similar to that of the parental and 
empty vector-transfected cells (MB231/Vec) (Fig. 1B). 
Notably, MB231/Prox1 cells showed reduced gap clo-
sure compared to that in MB231/Vec cells (Fig. 1C), 
suggesting that PROX1 inhibited the motility of MDA-
MB-231 cells.

Cell motility is a critical characteristic of cancer cell 
invasion and metastasis. Cell migration largely depends 
on actin cytoskeleton dynamics in response to changes 
in cell contractility. Monomeric globular actin (G-actin) 
polymerizes to F-actin during the cell movement to 
build higher-order structures, such as stress fibres, lamel-
lipodia, and filopodia (Merino et al., 2020). To determine 
whether PROX1 affects actin cytoskeletal rearrange-
ment, we visualized F-actin fibres using rhodamine-
conjugated phalloidin, an F-actin binding heptapeptide, 
in MDA-MB-231 cells over-expressing PROX1. Pola-
rized F-actin-rich protrusions (arrows) were reduced in 
PROX1-over-expressing cells compared to those in 
vector-transfected control cells (Fig. 1D). Enhanced cell 
motility is closely related to the invasion and metastasis 
of cancer cells. To investigate the role of PROX1 in tu-
mour invasion, we used a Matrigel-based 3D spheroid 
culture system that closely resembled the environment 
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inside the tumour mass in vivo. MDA-MB-231 cells 
formed aggregates at day 1 in the 3D Matrigel and ap-
peared to be non-invasive (Fig. 1E, top panels). After 
seven days of culture, control cells came out of the 
spheroid and invaded into the surrounding matrix, but 
PROX1-expressing cells almost lost their invasive capa-
bility (Fig. 1E, bottom panels).

Epithelial-to-mesenchymal transition (EMT) has 
been implicated in promoting the migration and inva-

sion of epithelial tumour cells (Zhang and Weinberg, 
2018). Alpha-smooth muscle actin, vimentin, and snail 
are typical EMT markers (Pinkas and Leder, 2002; 
Kudo-Saito et al., 2009; Suarez-Carmona et al., 2017). 
MMPs are a family of proteinases involved in the degra-
dation of the extracellular matrix (Cockett et al., 1998) 
and in the promotion of tumour growth, invasion, and 
metastasis (Chambers, 1997; Westermarck, 1999). Tis-
sue inhibitors of metalloproteinases (TIMPs) include 

Fig. 1. Effect of ectopic expression of prospero homeobox 1 (PROX1) on the inhibition of invasiveness of MDA-MB-231 
cells. (A) Immunoblotting analysis. MDA-MB-231 cells were transfected with empty vector pBabe-puro (MB231/Vec) 
or pBabe-puro/Prox1 encoding PROX1 (MB231/Prox1). PROX1 protein levels were determined via immunoblotting. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. (B) Cell proliferation assay. 
MB231/Vec and MB231/Prox1 cells were seeded into a 96-well plate, and the relative cell proliferation rate was determined 
using a Cell Count Kit-8. The data represent the mean ± standard deviation (SD) (N = 3). (C) Motility of MB231/Vec and 
MB231/Prox1 cells was analysed using a cell scratch assay. Dotted lines indicate the scraped boundaries at the beginning 
of the experiment. (D) MB231/Vec and MB231/Prox1 cells were stained with rhodamine-phalloidin (1 : 100) and their 
actin rearrangement was analysed. Arrows indicate polarized filamentous actin (F-actin). Scale bar, 200 µm. (E) MB231/
Vec and MB231/Prox1 cells were cultured in three-dimensional spheroids in Matrigel-based extracellular matrix contents. 
Protrusions of invasive cells were captured using an EVOS FL Auto Cell Imaging System.

HDAC1/c-JUN Induces Suppression of PROX1 Transcription
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endogenous MMP inhibitors (Kähäri and Saarialho-
Kere, 1999). RT-PCR analysis showed that over-expres-
sion of PROX1 did not alter the expression levels of 
EMT markers, but down-regulated MMP-1 and MMP-2 
levels while up-regulating TIMP-3 and TIMP-4 levels 
(Fig. 1F). These data suggest that PROX1 may function 
as a tumour suppressor in MDA-MB-231 cells via a 
mechanism involving negative regulation of the inva-
sive capability of tumour cells.

HDAC inhibitors increase PROX1 expression
The mechanism by which PROX1 expression is si-

lenced in cancer cells remains unclear. DNA hypermeth-
ylation of CpG islands is commonly associated with 
gene silencing (Bird, 2002). The promoter region of 
PROX1 contains CpG islands within 1 kb of the tran-
scription start site (Versmold et al., 2007). HDAC inter-
acts with methylated DNA and deacetylates the histone 
tail, thereby linking DNA methylation to epigenetic 
gene silencing (Nan et al., 1998). In humans, there are 
18 HDACs divided into four classes: class I (HDAC1–3, 
and 8), class II (HDAC4–7, 9, and 10), class III (Sirtuin 
1–7), and class IV (HDAC11) (Seto and Yoshida, 2014). 
Therefore, we speculated that HDACs may play a role 

in modulating PROX1 transcription. To test this possi-
bility, we isolated the 5’-regulatory region of human 
PROX1, located 1077 bp upstream of the transcriptional 
start site, and subcloned it into the pGL4.17-Luc report-
er vector, yielding pProx1-Luc(–1077/+33). We trans-
fected this construct into MDA-MB-231 cells and exam-
ined the effects of various HDAC inhibitors, including 
SAHA (Class I, II, and IV inhibitors), VPA (Class I and 
II HDAC inhibitors), and NaBT (Class I HDAC inhibi-
tor), on PROX1 promoter-reporter activity. We found 
that all tested HDAC inhibitors significantly (all P < 
0.001) increased the PROX1 promoter-reporter activity 
(Fig. 2A). Furthermore, RT-PCR and immunoblotting 
analyses confirmed the ability of HDAC inhibitors to 
enhance PROX1 mRNA (Fig. 2B) and protein (Fig. 2C) 
expression levels, suggesting that HDACs are involved 
in regulating PROX1 gene transcription.

To further determine the role of HDACs in inhibiting 
PROX1 expression, we silenced HDAC1 expression us-
ing a shRNA in MDA-MB-231 cells. We found that 
PROX1 mRNA (Fig. 2D) and protein (Fig. 2E) expres-
sion levels were enhanced in cells transfected with 
HDAC1-specific shRNA (shHDAC1) compared to those 
transfected with scrambled shRNA (shCT), suggesting 

Fig. 2. Effect of histone deacetylase (HDAC) inhibitors on the increase in PROX1 expression. (A) PROX1 promoter-re-
porter assay. MDA-MB-21 cells were transiently transfected with 0.1 µg human PROX1 promoter-reporter plasmid, 
pProx1-Luc(−1077/+33). After 48 h, the cells were treated with 5 μM suberoylanilide hydroxamic acid (SAHA), 4 mM 
valproic acid (VPA), and 4 mM sodium butyrate (NaBT). After 48 h, the cells were harvested and luciferase reporter ac-
tivities were measured. The data represent the mean ± SD. ***P < 0.001, **P < 0.01. (B–C) MDA-MB-21 cells were 
treated with 5 μM SAHA, 4 mM VPA, and 4 mM NaBT. After 12 h (B) and 24 h (C), the cells were harvested, and PROX1 
mRNA and protein levels were determined using reverse transcription-polymerase chain reaction (RT-PCR) (B) and im-
munoblotting analysis (C), respectively. GAPDH was used as an internal control. (D–E) MDA-MB-21 cells expressing 
the control scramble short hairpin RNA (shRNA) (shCT) or shRNA targeting HDAC1 (shHDAC1) were harvested, and 
HDAC1 and PROX1 mRNA and protein levels were determined using RT-PCR (D) and immunoblotting analysis (E), 
respectively. GAPDH was used as an internal control.
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the negative role of HDACs in PROX1 expression. These 
data indicate that aberrant HDAC activity contributes to 
the silencing of PROX1 expression.

HDAC1 interacts with c-JUN at the AP-1-binding 
site in the PROX1 promoter

HDAC1 has been shown to interact with c-JUN 
(Sanna and Galeotti, 2018). c-JUN is an AP-1 subunit 
that binds to the AP-1 site along with other AP-1 family 
members. We identified a putative AP-1-binding site at 
position –734 to –710 in the 5’-regulatory region of 
PROX1 (Fig. 3A). To determine whether c-JUN binds to 
the AP-1 site at –734 to –710, we performed an EMSA 
using nuclear extracts of MDA-MB-231 cells transfected 
with the c-JUN expression plasmid. Transient expression 
of c-JUN complexed with a biotinylated AP-1-binding 
probe corresponding to the AP-1 motif sequence at −734 
to  −710  and  competed  for  the  unlabelled  probe  (Fig. 
3B), suggesting that the AP-1 motif at −734 to −710 is a 
functional cis-acting element that binds to c-JUN.

To determine the role of c-JUN in PROX1 expression, 
we  transiently  co-transfected  the  pProx1-Luc  (−1077/ 
+33) reporter and an expression plasmid encoding c-JUN 
(pcDNA3.1 V5-His/c-JUN) or GFP as a control (pMAX/
GFP) into MDA-MB-231 cells. The promoter-reporter 
assay showed that the transient expression of c-JUN sig-
nificantly reduced (P < 0.001) the PROX1 promoter-re-
porter activity compared to that of GFP (Fig. 3C). In 
contrast, knockdown of c-JUN expression using shRNA 
(shJun) increased the PROX1 mRNA (Fig. 3D) and pro-
tein (Fig. 3E) levels compared to the control shRNA 
(shCT) expression levels.

We then tested whether c-JUN was associated with 
HDAC1 using HEK293 cells, as they exhibit higher 
transfection efficiency than MDA-MB-231 cells. We 
performed an immunoprecipitation assay using nuclear 
extracts of HEK293 cells transfected with GFP expres-
sion plasmid or V5-tagged c-JUN (V5-JUN). After 
whole cell lysates were immunoprecipitated with an 
anti-JUN antibody, the immunoprecipitates were anal-
ysed via immunoblotting with an anti-V5 or anti-
HDAC1 antibody. We found that endogenous HDAC1 
co-immunoprecipitated with c-JUN (Fig. 3F). These re-
sults suggest that c-JUN interacts with HDAC1 at the 
AP-1  site  located  at  position −734  to −710  to  repress 
PROX1 expression in MDA-MB-231 cells.

Inhibition of JNK increases PROX1 mRNA and 
protein levels

JNK phosphorylates c-JUN and forms homo- or het-
erodimers with other AP-1 family members to form an 
active AP-1 complex. To investigate whether JNK is in-
volved in the suppression of PROX1 expression via 
c-JUN phosphorylation, we tested the effect of the JNK 
inhibitor, SP600125, on PROX1 expression. Following 
SP600125 treatment, PROX1 mRNA levels peaked 
with in 6 h and decreased slowly, but remained elevated 

for 24 h (Fig. 4A), whereas the protein levels of PROX1 
were readily detected after 24 h of stimulation (Fig. 4B). 
However, other mitogen-activated protein kinase inhibi-
tors, such as the MEK inhibitor, U0126, and p38 kinase 
inhibitor, SB600125, had little effect on PROX1 mRNA 
expression (Fig. 4C). These data suggest that JNK-me-
diated c-JUN phosphorylation is involved in the silenc-
ing of PROX1 expression.

Discussion
The present study demonstrated that PROX1 expres-

sion can be silenced by the epigenetic mechanism in-
volved in HDAC1 and c-JUN complex formation at the 
AP-1 site in the PROX1 promoter region in MDA-
MB-231 human breast cancer cells. These findings may 
aid in understanding the molecular mechanism underly-
ing the aberrant silencing of PROX1 expression in breast 
cancer. HDAC inhibitors may be used as promising che-
motherapeutic agents to prevent the invasion and metas-
tasis of breast cancer cells by restoring PROX1 expres-
sion. However, further investigations are necessary to 
determine the mechanism regulating the interaction be-
tween HDAC1 and c-JUN at the AP-1 site of the PROX1 
promoter and whether HDAC1 and c-JUN complexes 
are formed in vivo.

In breast cancer, PROX1 functions as a tumour sup-
pressor and is frequently silenced due to hypermethyl-
ation of CpG islands within the PROX1 gene in neoplas-
tic breast tissues (Versmold et al., 2007). This suggests 
that the loss of PROX1 function may contribute to the 
development and progression of breast cancer. In con-
trast, in hepatocellular carcinoma (HCC), PROX1 ex-
hibits strong up-regulation in hepatic cancer cells. 
PROX1 up-regulation triggers an EMT response, pro-
moting HCC invasion and metastasis (Liu et al., 2013), 
indicating that PROX1 plays a role in promoting cancer 
progression in the context of HCC. Therefore, PROX1 
appears to have a complex role in cancer, acting as both 
a tumour suppressor and a promoter depending on the 
specific cancer types and cellular context. Further re-
search is needed to better understand the precise mecha-
nisms and factors that govern PROX1 functions in vari-
ous types of cancer.
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