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Abstract

Metastasis is a major obstacle to better prognosis in patients with hepatocellular car-
cinoma (HCC). Mesenchymal-epithelial transition (MET) is the driving force for meta-
static colonization in which E-cadherin re-expression is a critical procedure. It has been
reported that the loss of paired-related homeobox transcription factor 1 (PRRX1) is
required for cancer cell metastasis. However, the role of PRRX1 in MET and how its
downregulation triggers E-cadherin re-expression are unknown. In this study, we per-
formed a systematic, mechanistic study regarding the role of PRRX1 in MET of HCC.
We observed PRRX1 downregulation in HCC tissues, which correlated with early
metastasis and short overall survival. Overexpression of PRRX1 induced epithelial-
mesenchymal transition (EMT), but did not promote metastasis formation, while
knockdown of PRRX1 promoted metastasis and colonization of circulating HCC cells
as shown in animal model. PRRX1 protein levels reversely correlated with E-cadherin
levels in HCC cell lines. PRRX1 knockdown promoted E-cadherin re-expression and cell
proliferation and inhibited cell invasion and migration. The microarray results showed
that PRRX1 deficiency regulated extracellular matrix (ECM) interaction, focal adhe-
sion, TGF-p signaling and cancer pathways. PRRX1 knockdown upregulated paired-
like homeodomain 2 (PITX2) and inhibited catenin beta 1 (CTNNB1) and SNAIL family
zinc finger 2 (SLUG). Silencing of PITX2 reversed CTNNB1 and SLUG inhibition and
E-cadherin re-expression. PITX2 upregulation increased miR-200a and miR-200b/429,
which further inhibited the transcription of CTNNB1 and SLUG, respectively, thus

Abbreviations: AFP, a-fetoprotein; CDH1, E-cadherin 1; CDK2, cyclin-dependent kinase 2; COL3A1, collagen type Il alpha 1 chain; CTNNB1, catenin beta 1; DFS, disease-free survival;
EMT, epithelial-mesenchymal transition; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H&E, hematoxylin & eosin; HCC, hepatocellular carcinoma; IHC, immunohistochemistry;
LAMBZ1, laminin subunit beta 1; MET, mesenchymal-epithelial transition; OS, overall survival; PITX2, paired-like homeodomain transcription factor 2; PRRX1, paired-related homeobox

transcription factor 1; SLUG, SNAIL family zinc finger 2; SMAD6, SMAD family member 6; TF, transcription factor; TGFBR2, transforming growth factor beta receptor 2; UTR,

untranslated region; WB, Western blotting.
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1 | INTRODUCTION

Metastasis is the major obstacle to better prognosis in patients with
cancer. The formation of metastasis can be organized into two major
processes: the dissemination of cancer cells from the original sites
and metastatic colonization to distant organs.! For distant metas-
tasis to occur, cancer cells undergo EMT to gain invasion and migra-
tion capacities. During EMT, epithelial cancer cells lose their cell-cell
adhesion structures. E-cadherin downregulation of epithelial cells is
considered a hallmark of EMT. In addition, their basal-apical polar-
ity is modulated, and their cytoskeleton is rearranged, resulting in
the formation of migratory mesenchymal cells with invasive proper-
ties.>® The mesenchymal cancer cells then invade adjacent tissues,
enter the microvasculature of the lymph and blood systems, and
colonize lymph nodes and distant organs. However, clinical obser-
vations have shown that most metastases exhibit a differentiated
epithelial morphology.*®

According to the theory by Brabletsz et al, in the MET-
dependent pathway of metastatic progression, mesenchymal cells
must go through MET to restore the epithelial phenotype to form
a typical well-differentiated metastasis.®® MET is the driving force
for metastatic colonization in some cancers.”? In metastasis, re-
expression of E-cadherin is observed in many cancer types.'° The
research by Hugo et al in human breast cancer cells demonstrated
that E-cadherin expression promoted the formation of metastases
of breast cancer, supporting the theory that MET is involved in
metastasis.!?

The EMT inducer PRRX1 was reported to induce EMT and confer
cancer cells with migratory and invasive properties.® PRRX1 was first
discovered to be expressed in a mesodermally restricted pattern in
embryos and was involved in modulating developmental morphoge-
netic processes.12 During embryogenesis, PRRX1 played a vital role
in the development of the cardiovascular system and the formation
of preskeletal condensations.*®* In tumor progression, PRRX1 was
a novel EMT inducer essential for the acquisition of invasive proper-
ties.® PRRX1 enhanced the mesenchymal phenotype of many cancer
cells.>1? PRRX1 inhibition was taken as critical in converting mes-
enchymal cells to epithelial phenotypes.®?° Loss of PRRX1 initiates
MET and endows cancer cells with stem cell properties that are re-
quired for metastatic formation.® However, the mechanism under-
lying PRRX1-deficiency-induced MET in cancer cells has not been
reported. The regulatory network between PRRX1 deficiency and

E-cadherin re-expression is missing to date.
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abrogating the inhibitory effect on E-cadherin. In conclusion, our data showed that
the downregulation of PRRX1 induced E-cadherin re-expression through PITX2/miR-
200a/CTNNB1 and PITX2/miR-200b/429/SLUG pathway.

E-cadherin re-expression, hepatocellular carcinoma, mesenchymal-epithelial transition, PITX2,

In the current study, we investigated the role of PRRX1 down-
regulation in triggering MET in HCC cells and focused on clarifying
the mechanisms of how PRRX1 deficiency regulated E-cadherin

re-expression.

2 | MATERIALS AND METHODS
2.1 | Cell culture and reagents

Huh7 and HepG2 were obtained from the cell bank of the Shanghai
Institute of Biological Sciences. SMMC-7721 cells were purchased
from the cell bank of Xiangya Central Laboratory. MHCC-97L,
MHCC-97H, and HCCLM3 cells were gifts from the Liver Cancer
Institute, Zhongshan Hospital. Cell lines were maintained in DMEM
(Gibco) supplemented with 10% FBS (Gibco) and cultured at 37°C
with 5% CO,. PRRX1 (HPA051084) and PITX2 (HPA050074) anti-
bodies were purchased from Sigma Aldrich. E-cadherin (3195), cyclin
D1 (2922), CDK2 (2546), CDK4 (12790), CDKé (13331), P-Smad2
(3104), P-Smad3 (9520), slug (9585), and p-catenin (8480) antibodies
were purchased from Cell Signaling Technology. GAPDH antibody
(AB22131) was obtained from Bioworld.

2.2 | Human HCC samples

HCC tissues and peritumoral tissues were collected from HCC
patients undergoing curative resection from 2005 to 2014 at our
hospital. Our study was approved by the Ethics Committee of the
Affiliated Drum Tower Hospital of Nanjing University Medical
School and conformed to the provisions of the Declaration of

Helsinki. Written informed consent was obtained.

2.3 | Animal model

Four-week-old male BALB/C-nu/nu mice were purchased from the
Model Animal Research Center of Nanjing University. In the primary
liver tumor model, 1 x 10% HCC cells in 60 pL PBS were injected into
the livers. The livers and lungs were harvested 8 weeks post injec-
tion. In the colonization model, 5 x 10° HCC cells in 80 pL PBS were
injected through the tail veins, and the lungs were harvested. This

study was approved by the Ethics Committee of our hospital.
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2.4 | PRRX1 knockdown

HCC cells with PRRX1 knockdown were generated by transfection
with lentivirus carrying shRNA targeting PRRX1 synthesized by
GeneChem. HCC cells transfected with lentivirus carrying nontar-

geting shRNA were used as control.

2.5 | Ectopic PRRX1 overexpression

The pEGFP-PRRX1a cDNA and pEGFP-PRRX1p cDNA GV18 lenti-
viral vectors with Ubi-MCS-EGFP-IRES-puromycin elements were
purchased from GeneChem. HCC cells transfected with lentivirus
carrying a control vector were used as a control.

2.6 | Microarray

The mRNA from three pairs of control and PRRX1 knockdown cells was
harvested and hybridized to GeneChip microarray (Affymetrix, Thermo
Fisher Scientific). The microarray data have been deposited in the Gene

Expression Omnibus database with the accession no. GSE148851.

27 | WB

WB was conducted as previous reported.?! The signals were devel-
oped by an ECL system (Merck Millipore) and captured by a Tanon

5200 Chemiluminescent Imaging System.

2.8 | RT-qPCR

Total RNA was extracted and determined by RT-qPCR as previ-
ously reported.?! GAPDH was set as the internal control. Primer se-

quences are presented in Table S1.

2.9 | MicroRNA extraction and qPCR

The miRNAs were extracted with the QIAGEN miRNeasy Mini Kit
(QIAGEN) and reverse-transcribed using PrimeScript™ RT Master
Mix (Takara Bio Inc). The primers for reverse transcription are pre-
sented in Table S2. RT-gPCR was performed with the SYBR® Premix
Ex Tag™ PCR kit (Takara) with U6 as the internal control. Specific

primers are presented in Table S3.

210 | IHC

IHC was performed following published protocols.?* The staining

scores were calculated by combining the quantity score with the

staining intensity score. The quantity score ranges from O to 4: O,
no immunostaining; 1, 1-10% of cells are positive; 2, 11-50%; 3, 51-
80%; and 4, 281%. The staining intensity was scored as O (negative),

1 (weak), 2 (moderate), and 3 (strong).

2.11 | Immunofluorescence

Cells seeded on round coverslips were fixed with 4% formaldehyde,
permeabilized with 0.2% Triton X-100 and blocked in 1% BSA. After
incubation with primary antibody at 4°C overnight, they were in-
cubated with FITC-conjugated goat anti-rabbit IgG (Zenon® Alexa
Fluor® 546 Rabbit IgG Labeling Kit, Thermo Fisher Scientific).
Finally, the cells were washed and incubated with DAPI (Thermo
Fisher Scientific) for 5 minutes at room temperature. Images were
captured using a fluorescence confocal microscope (500 IX71,

Olympus).

2.12 | Transwell assay

A transwell assay was conducted as previously reported.?? The cells
were stained with crystal violet, photographed, and counted.

2.13 | Wound healing assay

A wound healing assay with culture inserts (lbidi) was conducted
as previously reported.?> The images were captured under a
microscope.

2.14 | Colony formation

Briefly, 5 x 102 cells were seeded in a six-well plate and cultivated

for 4 weeks. Then, cells were fixed with methanol and stained with
crystal violet for 5 minutes. Cell colonies were counted.

2.15 | H&E staining

Sections (5 um thick) were stained with H&E following published
protocols21 and photographed.

2.16 | Small interfering RNA transfection

The human PITX2 siRNA was synthetized by GenePharm with
the sequences: sense (5-3'): CAGCCUGAAUAACUUGAACTT,
antisense (5'-3'): GUUCAAGUUAUUCAGGCUGTT. Transfection
was conducted using Lipofectamine® RNAIMAX (Thermo Fisher

Scientific).


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE148851
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2.17 | Transfection of miRNA inhibitors and mimics

The inhibitors and mimics for miR-200a, miR-200b, and miR-429
were obtained from RiboBio and transfected using Lipofectamine
3000 (Thermo Fisher Scientific).

2.18 | Luciferase reporter assay

SLUG and SLUG-Mut 3'UTR were amplified and cloned into the
GV272 vector with an SV40-Luc-MCS element and Xbal/Xbal re-
striction site (GeneChem). Pre-miRNAs and DNA plasmids were
cotransfected using Lipofectamine 3000. Luciferase activity was
measured 24 hours after transfection using a Firefly Luciferase
Reporter Gene Assay Kit (Beyotime).

2.19 | Statistics

Statistical analyses were performed with SPSS 18.0 software. WB,
gPCR, transwell, and wound healing assay were repeated three
times. All the data were presented as the means + SD. The con-
tinuous variables were analyzed using Student's t-test and two-way
ANOVA with Bonferroni correction. Variance was similar between
the groups that are being statistically compared. Kaplan-Meier plots
of the DFS and OS curves were created using log-rank tests. P-

value < .05 was considered statistically significant.

3 | RESULTS

3.1 | PRRX1 was downregulated in HCC and
correlated with poor prognosis

We first detected PRRX1 in 10 pairs of normal liver tissue, peritu-
moral and tumoral tissues from HCC patients, and found PRRX1
decreased in tumoral tissues in six cases (case 1, 4, 5, 6, 8, and 10)
(Figure 1A). Then, we analyzed PRRX1 in 221 pairs of HCC tumoral
and peritumoral tissues by IHC. Demographic data are listed in
Table S4. PRRX1 was found downregulated in tumor tissues after
comparing the IHC staining scores (Figure 1B). The IHC revealed
PRRX1 deficiency in tumoral tissues compared with peritumor tis-
sues (Figure 1C). Based on the relative staining intensity of PRRX1
in tumoral and peritumor tissues, patients were divided into two
groups: PRRX1 low (n = 152) and PRRX1 high (n = 69). Univariate
analysis revealed that AFP (2200 ng/mL), maximum tumor size

(25 cm), microvascular invasion, macrovascular invasion, TNM
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stage (IlI-1V), Barcelona Clinic Liver Cancer (BCLC) stage (B-C), and
PRRX1 downregulation were correlated with shorter DFS and OS
(Table 1). Multivariate analysis showed that microvascular inva-
sion and PRRX1 downregulation were correlated with shorter DFS
and OS (Table 2). Kaplan-Meier plots demonstrated a statistical
correlation between PRRX1 downregulation and shorter DFS and
OS (Figure 1D,E), indicating that PRRX1 deficiency predicted poor
prognosis in HCC.

3.2 | Downregulation of PRRX1 promoted
metastasis and colonization of circulating tumor cells

We firstly tried to find whether increased PRRX1 was involved
in HCC metastasis. By incubating HCC cells with TGF-$ to in-
duce EMT, we detected upregulated PRRX1 (Figure S1A,B). Then,
after ectopic overexpression of PRRX1a and PRRX1p (verified in
Figure S1C,D), we found the morphology of HepG2 cells changed
to mesenchymal phenotype (Figure S1E). PRRX1 overexpression
promoted cell invasion and migration and activated TGF-p signal-
ing (Figure S1F-H). PRRX1 overexpression induced EMT in HCC
cells; however, we did not detect metastasis in the animal model
(data not shown).

To reveal the effects of decreased PRRX1 on HCC metastasis,
PRRX1 was knocked down in HCCLMS3 cells (Figure 2A,B). The
in situ tumor model revealed larger tumor volumes after PRRX1
knockdown (Figure 2C). Also, more metastatic lung nodules were
generated after PRRX1 knockdown (Figure 2D). Histology of the
metastatic pulmonary nodules was confirmed by H&E staining
(Figure 2E). In addition, two mice developed subcutaneous metas-
tasis after PRRX1 knockdown (Figure 2F). To assess the capacity of
metastatic colonization in vivo, HCCLM3 cells with PRRX1 knock-
down were injected through the tail vein of nude mice. The mice
injected with HCCLM3 cells with PRRX1 knockdown had a shorter
OS than the control (Figure 2G). In addition, lung nodules were more
common after PRRX1 knockdown (Figure 2H,l), indicating the pro-
moting effect of PRRX1 downregulation on the formation of metas-
tasis and colonization of circulating HCC cells.

3.3 | Downregulation of PRRX1 induced MET in
HCC cells

To investigate the function of PRRX1 in mediating the phenotypic
transformation, we first evaluated PRRX1 and E-cadherin in HCC
cell lines (Figure 3A) and analyzed their correlations. SMMC-7721

was not involved in the analysis because no PRRX1 or E-cadherin

FIGURE 1 Paired-related homeobox transcription factor 1 (PRRX1) was down-regulated in hepatocellular carcinoma (HCC) and
correlated with poor prognosis. A, Western blotting (WB) results of Prrx1 in 10 pairs of normal (N) liver tissue and peritumoral (P) and
tumoral (T) tissues. B, Quantification and comparison of immunohistochemistry (IHC) staining scores of PRRX1 in 221 pairs of HCC tumor
and peritumor tissues. C, Representative images of IHC staining of Prrx1 in peritumoral and tumoral tissues. D and E, Kaplan-Meier plot of
the disease-free survival (DFS) and overall survival (OS) of patients with HCC, stratified by PRRX1 levels
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TABLE 1 Univariate analysis of the risk factors for DFS and OS in HCC

DFS oS

Variable HR (95% ClI) P HR (95% ClI) P

Age
>50 140 1.299 (0.827-2.039) .256 0.778 (0.521-1.163) 221
<50 81

Sex
Male 187 0.777 (0.564-1.071) 123 1.165 (0.673-2.017) .585
Female 34

HBsAg
Positive 173 1.291(0.863-1.932) 214 1.149 (0.705-1.875) .577
Negative 48

HCVAb
Positive 2 1.753 (0.433-7.094) 431 0.049 (0.000-218.68) 482
Negative 219

Cirrhosis
Yes 166 1.238(0.782-1.960) .363 1.078(0.613-1.897) 794
No 55

Portal hypertension
Yes 26 0.920 (0.581-1.456) 721 1.163(0.681-1.985) .581
No 195

Child-Pugh
B 12 0.891(0.417-1.901) .765 1.814 (0.839-3.922) 13
A 209

AFP
2200 ng/mL 109 1.447 (1.058-1.979) .021 2.663(1.770-4.006) <.001
<200 ng/mL 112

Maximum tumor size
>5cm 133 1.426(1.029-1.975) .033 1.947 (1.270-2.984) .002
<5cm 88

Multiple tumors
Yes 57 1.262 (0.888-1.792) 194 1.506 (0.993-2.284) .054
No 164

Microvascular invasion
Yes 103 1.733(1.263-2.376) .001 2.298(1.534-3.441) <.001
No 118

Macrovascular Invasion
Yes 36 1.912 (1.279-2.856) .002 3.006 (1.912-4.725) <.001
No 185

Surgical margin
21 cm 37 1.347 (0.895-2.029) 153 1.620 (0.991-2.649) .054
<lcm 184

Differentiation
Poor 28 0.984 (0.609-1.590) .948 1.186 (0.695-2.023) .532
Well-moderate 193

Portal occlusion
Yes 142 1.249 (0.893-1.747) 194 0.971 (0.647-1.455) .885

No 79

(Continues)
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TABLE 1 (Continued)

DFS oS
Variable HR (95% ClI) P HR (95% ClI) P
Blood transfusion
Yes 69 1.338(0.962-1.861) .084 1.604 (1.071-2.402) .022
No 152
TNM stage
-v 66 1.775(1.277-2.468) .001 2.837(1.912-4.209) <.001
-1l 155
BCLC stage
B-C 88 1.763 (1.288-2.413) <.001 3.210(2.134-4.829) <.001
A 133
PRRX1 downregulation
Yes 152 1.867 (1.299-2.685) .001 1.946 (1.212-3.124) .006

No 69

Abbreviations: AFP, a-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; Cl, confidence interval; DFS, disease-free survival; HBsAg, hepatitis B virus
surface antigen; HCC, hepatocellular carcinoma; HCVADb, hepatitis C virus antibody; HR, hazard ratio; OS, overall survival; PRRX1, paired-related
homeobox transcription factor; TNM, tumor node metastasis. Statistically significant P values were shown in bold.

TABLE 2 Multivariate analysis of the

DFS os risk factors for DFS and OS in HCC

Variable HR (95% CI) P HR (95% Cl) P
AFP
2200 ng/mL 109 1.122(0.806-1.561) 495 1.945 (1.266-2.989) .002
<200 ng/mL 112
Maximum tumor size
25cm 133 1.099 (0.765-1.578) .610 1.220 (0.759-1.961) 410
<5cm 88
Microvascular invasion
Yes 103 1.497 (1.051-2.133) .026 1.628(1.025-2.587) .039
No 118
Macrovascular invasion
Yes 36 1.068 (0.629-1.812) .808 1.121 (0.608-2.065) 714
No 185

Blood transfusion

Yes 69 — — 0.823(0.517-1.310) 413
No 152

TNM stage
-1v 66 1.189 (0.719-1.964) .500 1.206 (0.681-2.138) .520
I-11 155

BCLC stage
B-C 88 1.351 (0.882-2.069) 166 2.201(1.310-3.700) .003
A 133

PRRX1 downregulation
Yes 152 1.866 (1.290-2.698) .001 1.765 (1.082-2.879) .023
No 69

Abbreviations: AFP, a-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; Cl, confidence interval;
DFS, disease-free survival; HCC, hepatocellular carcinoma; HR, hazard ratio; OS, overall survival;
PRRX1, paired-related homeobox transcription factor; TNM, tumor node metastasis. Statistically
significant P values were shown in bold.
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FIGURE 2 Downregulation of paired-related homeobox transcription factor 1 (PRRX1) promoted metastasis and colonization of
circulating tumor cells. A, The interfering efficiency was verified by gPCR after Prrx1 shRNA transfection in HCCLM3 cells. **P < .01. B,
The interfering efficiency was verified by Western blotting (WB) after Prrx1 shRNA transfection in HCCLM3 cells. C, Comparison of the
tumor volumes in the livers of nude mice injected with HCCLM3 cells transfected with control shRNA or PRRX1 shRNA using an in situ
tumor model (n = 12 in each group). *P < .05. D, Representative images of metastatic lung nodules in the in situ liver tumor model. *P < .05.
E. Representative images of lung tissue sections from the in situ liver tumor model. F. Two mice injected with HCCLM3 cells with PRRX1
knockdown developed subcutaneous metastasis in the in situ liver tumor model. G. Comparisons of overall survival (OS) curves in a lung
metastatic colonization model of mice injected with HCCLM3 cells transfected with control shRNA or PRRX1 shRNA (n = 14 in each group).
H, Comparison of pulmonary metastasis in the lung metastatic colonization model. *P < .05. |, Representative images of lung tissue sections
from the metastatic colonization model

FIGURE 3 Downregulation of paired-related homeobox transcription factor 1 (PRRX1) induced mesenchymal-epithelial transition

(MET) in hepatocellular carcinoma (HCC) cells. A, Western blotting (WB) results of E-cadherin and PRRX1 in HCC cell lines. B, Correlation
between the relative density of E-cadherin and PRRX1 bands in HCC cell lines (Pearson r = -0.8949, P = .0403). C, WB results of E-cadherin
in HCC cells with Prrx1a or Prrx1p overexpression. D, Immunofluorescent staining of E-cadherin in HepG2 cells with Prrx1a or Prrx1p
overexpression. E, WB results of E-cadherin in HCC cells with PRRX1 knockdown. F. Inmunofluorescent staining of E-cadherin in HCCLM3
cells with PRRX1 knockdown. G, WB results of p-catenin in HCC cells with PRRX1 knockdown. H, Cell invasion was tested using transwell
Matrigel invasion assays after PRRX1 knockdown in HCC cells. The quantitation of cell invasion is in the right panel. *P < .05. I, Cell migration
was tested using wound healing assays after PRRX1 knockdown in HCC cells. The quantitation of cell migration is in the right panel. *P < .05.
J, Cell proliferation was tested using a colony formation assay after PRRX1 knockdown. *P < .05, **P < .01. K, WB results of cyclin D1 and
cyclin-dependent kinases (CDKs) in HCC cells with PRRX1 knockdown
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was detected. PRRX1 was reversely correlated with E-cadherin
protein in HCC cells (Person r = -.8949, P = .0403) (Figure 3B). To
further revel their relations, we detected E-cadherin after PRRX1
overexpression, and found decreased E-cadherin (Figure 3C,D). In
HCC cells with PRRX1 knockdown (confirmed in Figure S2A,B), E-
cadherin was re-expressed, indicative of MET after PRRX1 inhibi-
tion (Figure 3E,F). Accordingly, we assayed the phenotypic changes
after PRRX1 knockdown. We found inactivated p-catenin pathway,
as total B-catenin was decreased (Figure 3G). PRRX1 downregula-
tion inhibited invasion and migration, but enhanced cell prolifera-
tion (Figure 3H-J). Cell cycle-related proteins increased after PRRX1
knockdown (Figure 3K). Moreover, the TGF- signaling was inhib-
ited after PRRX1 knockdown (Figure S2C). These results suggested
PRRX1 downregulation induced MET and promoted cell prolifera-
tion in HCC.

FIGURE 4 Downregulation of paired-
related homeobox transcription factor 1
(PRRX1) enriched mesenchymal-epithelial
transition (MET)-related pathways. A,
Heat map of the most differentially
expressed genes between three pairs

of control cells and HCCLMS cells with

ontro
A sl

tr
shRN,

Prrx1
h

pathways between control cells and RNA
]
HCCLMBS cells with PRRX1 knockdown. ' o 1

C, The gene network plot based on the
top four pathways. D and E, gPCR results
for SNAIL family zinc finger 2 (SLUG),
catenin beta 1 (CTNNB1), transforming
growth factor beta receptor 2 (TGFBR2),
SMAD family member 6 (SMAD6), SMAD
family member 1 (SMAD1), E-cadherin

1 (CDH1), collagen type Il alpha 1 chain
(COL3A1), and paired-like homeodomain
transcription factor 2 (PITX2) in HCC cells
with PRRX1 knockdown. *P < .05
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3.4 | Downregulation of PRRX1 enriches
MET-related pathways

To further reveal the mechanism underlying PRRX downregulation-
induced MET, we conducted a microarray (Figure 4A). The pathway
enrichment analysis displayed the 10 most related pathways based
on the KEGG and BIOCARTA databases. The top four were ECM
interaction, focal adhesion, TGF-p signaling, and cancer pathways
(Figure 4B). The gene network plot based on the top four pathways is
shown in Figure 4C. To test the significance of the expression profile
data, eight genes (TGFBR2, SMAD6, SMAD1, and PITX2 [four genes
from the TGF-p signaling pathway]; CDH1, LAMB1, and COL3A1
[three genes from the ECM interaction pathway]; and SLUG [the
only changed EMT TF]) were selected for independent gPCR assays,

which showed reproducible expression changes (Figure 4D,E).
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3.5 | Inhibition of PITX2 reverses PRRX1
deficiency-induced decreases in SLUG and
CTNNB1 and increase of E-cadherin

The microarray results showed that PITX2 was upregulated after
PRRX1 knockdown. PITX2 was a member of the bicoid-related ho-
meobox family with a vital role in converting mesenchymal cells to
epithelial cells in dental cell development and differentiation?32°;
thus, it was reasonable to speculate that PITX2 upregulation might
be a candidate that mediated PRRX1 deficiency-induced MET.

We first confirmed the correlation between PRRX1 and PITX2.
PITX2 protein levels increased after PRRX1 knockdown (Figure 5A)
but decreased after ectopic PRRX1 overexpression (Figure 5B).
Furthermore, to determine whether PITX2 was responsible for MET,
PITX2 siRNA was adopted. PITX2 inhibition reversed E-cadherin
re-expression, which could be considered the reverse of MET. As
E-cadherin repression by EMT inducers was taken as a key event in
EMT, %% we speculated that E-cadherin upregulation in MET might
be caused by the removal of its repressors and deactivation of EMT

pathways. Because SLUG was the only inducer found to be down-
regulated and p-catenin signaling was inhibited after PRRX1 knock-
down, we speculated that SLUG and CTNNB1 might be involved
in PITX2-induced MET. Thus, we measured SLUG and CTNNB1
after inhibiting PITX2. The results showed that PITX2 inhibition
reversed the decreases in SLUG and CTNNB1 (Figure 5C-E). PITX2
might act through suppressing SLUG and CTNNB1 and upregulating
E-cadherin.

3.6 | PITX2 upregulates miR-200s, which
suppresses CTNNB1 and SLUG expression

In the following experiments, we focused on the interactions be-
tween PITX2 and SLUG and CTNNB1. Evidence suggested that
PITX2 functions through modulating miR-200 family members dur-
ing cell type conversion®?%; thus, we detected the five miR-200
members by qPCR. PRRX1 knockdown increased miR-200a, miR-
200b, and miR-429 which could be reversed by silencing PITX2

(A) ®) S s Qe
& S
& e e
- =
Pitx2 | ] {
caro- [ |
SMMC-7721 HepG2
IP: GFP IP: Pitx2
3 3
€ R © o R
C d§\ o D Cﬁ\ N
(©) oS8 8 (D) P
& & & &S & &
o
SMMC-7721 SMMC-7721
(E) (F)
LM3 97H
4 3 Control+si-control 4 3 Control+si-control
Prrx1 shRNA+si-control - 1 Prrx1 shRNA+si-control
8 Control+si-Pitx2 8 Control+si-Fitx2
o 3 *x e @ Prrx1 shRNA+si-Pitx2 o 34 T * B Prrx1 shRNA +si-Pitx2
j=2) o
g K N U 2
s i £ 1
o o
% 2] % 2
= £ %
2 u * 2 .
o ©
e 14= 2 14p=
-
n | = G| (00|
o] o]
Pitx2 E-cadherin Slug B-catenin Pitx2 E-cadherin Slug B-catenin
\;Y“ e?‘ e?‘ e?‘
(G) N éﬁb N é\Q* N &F‘% éﬁ&
(,\éo @,\ C\‘@ IS (\\@ @'\ é\\o
P PP

Slug F - - :l

B-catenin

GAPDH

Control siRNA Pitx2 siRNA  Control siRNA Pitx2 siRNA
97H

LM3

FIGURE 5 Inhibition of paired-like
homeodomain transcription factor 2
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transcription factor 1 (PRRX1) deficiency-
induced decreases in SNAIL family

zinc finger 2 (SLUG) and catenin beta 1
(CTNNB1) and increase in E-cadherin. A,
Western blotting (WB) results of PITX2 in
control cells and hepatocellular carcinoma
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FIGURE 6 Paired-like homeodomain transcription factor 2 (PITX2) upregulates miR-200s, which suppress catenin beta 1 (CTNNB1) and
SNAIL family zinc finger 2 (SLUG) expression. A, gPCR analyses of miR-200 family members in hepatocellular carcinoma (HCC) cells with
paired-related homeobox transcription factor 1 (PRRX1) knockdown. *P < .05. B, PITX2 in HCC cells transfected with control or PRRX1
shRNA was silenced by siRNA; then, miR-200 family members were detected by gPCR. *P < .05. C, miR-200a target sites in the 3'-UTR of
CTNNB1 and miR-200b/miR-429 target sites in the 3-UTR of SLUG. D and E, HCCL cells with PRRX1 knockdown were transfected with a
miR-200a inhibitor; then, CTNNB1 was detected by gPCR and Western blotting (WB). *P < .05. F and G, HCC cells with PRRX1 knockdown
were transfected with the miR-200a mimic, and CTNNB1 was detected by gPCR and WB. H and |, HCC cells with PRRX1 knockdown were
transfected with a miR-200b or miR-429 inhibitor, and SLUG was detected by qPCR and WB. J and K, HCC cells with PRRX1 knockdown
were transfected with a miR-200b or miR-429 mimic, and SLUG was detected by gPCR and WB. L and M, Normalized luciferase activity

of the 3'-UTR SLUG gene luciferase reporter (wild-type SLUG) with control miRNA or pre-miR-200a (L)/pre-miR-429 (M) shows a loss of
luciferase activity upon the expression of miR-200a and miR-429. *P < .05. N, Diagram showing PRRX1 deficiency-induced mesenchymal-

epithelial transition (MET) in HCC

(Figure 6A,B). Then, we searched the miRNA.org database for the
possible targets of these three miRNAs and found the 3-UTR of
CTNNB1 was predicted to contain a conserved miR-200a binding
site, while the 3’-UTR of SLUG was predicted to contain a miR-200b
and miR-429 binding site (Figure 6C). Therefore, we further verified
whether the predicted miR-200 elements were functional.

We found that miR-200a inhibitors increased CTNNB1
(Figure 6D,E), while miR-200a inhibited CTNNB1

(Figure 6F,G). As functional miR-200a regulation of CTNNB1 had
d,24

mimics
been reporte we did not further test the interactions. To deter-
mine whether miR-200b and miR-429 suppressed SLUG, inhibitors
and mimics of miR-200b and miR-429 were used. The miR-200b
and miR-429 inhibitors both upregulated SLUG (Figure 6H,1), while
the mimics inhibited SLUG (Figure 6J,K). To determine whether the
predicted miR-200b element in the 3'-UTR of SLUG was functional,
we ligated this sequence downstream of the luciferase gene in the
pGL3 plasmid and cotransfected the construct with a miR-200b ex-
pression plasmid into HEK-293T cells. The luciferase activity was
lower in HEK-293T cells cotransfected with miR-200b than in cells
transfected with the control vector. However, the mutation of the
predicted miR-200b binding site in SLUG abolished this suppression
(Figure 6L). Similar results were observed for the regulation of SLUG
by miR-429 (Figure 6M).

4 | DISCUSSION

The role of PRRX1 in predicting cancer prognosis is controversial.
In colorectal cancer, high PRRX1 expression is correlated with poor
prognosis,'® which is in contrast to the findings in breast cancer and
lung squamous cell carcinoma.® In HCC, we reported in the largest
published set of clinically resected samples that PRRX1 deficiency
was a risk factor for early recurrence and short OS, consistent with
the findings of Hirata and Fan et al.3%%!

The EMT process is usually reported to be responsible for me-
tastasis. However, in our research, ectopic overexpression of PRRX
induced EMT but did not form metastasis. On the contrary, PRRX1
knockdown induced metastatic formation. The reason why PRRX1
loss was associated with metastasis could be attributed to two fac-
tors: PRRX1 deficiency promoted cell proliferation, and PRRX1 de-
ficiency induced MET.

In our research, we found that PRRX1 downregulation promoted
cell proliferation and tumor growth, consistent with the findings in
lung and breast cancer.® Enhanced cell proliferation was usually re-
ported to be observed in the process of EMT; however, there are re-
searches reporting impaired cell proliferation in EMT.32** Enhanced
cell proliferation in MET favors the formation of distant metasta-
sis because it is essential to form a solid tumor after colonization.”
We also found loss of PRRX1 induced MET in HCC. Mechanically,
E-cadherin re-expression was detected after PRRX1 knockdown,
which could be regarded as the abrogation of the EMT process.*®
SLUG and CTNNB1 were downregulated after PRRX1 knock-
down during MET. MET induced by PRRX1 downregulation might
be the consequence of the decrease of SLUG and the inhibition of
B-catenin. SLUG can suppress E-cadherin and induce EMT in epithe-

36,37

lial cells, and E-cadherin suppression frequently occurs in tan-

dem with the activation of the Wnt/B-catenin signaling cascade.®®
So, the loss of SLUG and CTNNB1 abolished the inhibitory effect on
E-cadherin after PRRX1 inhibition.

We also determined how PRRX1 downregulation inhibited SLUG
and CTNNB1. We found that PITX2 was the pivotal element in me-
diating MET. PITX2 is a member of the bicoid-related homeobox
family and functions in the asymmetrical development of the heart,
spleen, and lungs; in the establishment of the left-right axis and the
twisting of the gut and stomach; and in the development of the eyes
and teeth.?®> Both PRRX1 and PITX2 participate in heart develop-
ment, and their aberrant expression plays important roles in the
pathogenesis of atrial fibrillation.3>° It has been reported that left
identity is mediated by the left-specific nodal-PITX2 axis, while the
bone morphogenetic protein (BMP)-PRRX1 pathway governs heart
morphogenesis more prominently from the right. PRRX1 may sup-
press PITX2 by increasing SNAIL in heart Iooping.41 The interaction
between PRRX1 and PITX2 has not yet been reported in cancers.
Our research showed that PRRX1 had an inhibitory effect on PITX2.
Given the regulatory relationship between PRRX1 and SLUG/
CTNNB1, we hypothesized that loss of PRRX1 might inhibit SLUG
and CTNNBZ1 by increasing PITX2 during MET. In the present study,
we confirmed that PITX2 inhibition reversed PRRX1 deficiency-
induced decreases in SLUG and CTNNB1.

We also found that PRRX1 downregulation increased miR-
200a, miR-200b, and miR-429, which could be reversed by inhibit-
ing PITX2. There was a PITX2-binding element (5-TAATCC-3) in the
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5'-flanking regions of the miR-200a-200b-429 cluster. PITX2 bound
to a PITX2 element in the 5'-flanking region of the chromatin and
upregulated miR-200a, miR-200b, and miR-429.2% PITX2 inhibited
B-catenin in a miRNA-dependent manner. The PITX2-miR-200a-
CTNNB1 pathway induced MET by converting mesenchymal cells to
epithelial cell type with increased E-cadherin.?* However, to the best
of our knowledge, whether the regulatory effect of PITX2 on SLUG
is mediated by miRNAs has not been reported. Li et al reported that
miR-200 overexpression resulted in SLUG downregulation, leading
to the morphologic reversal of the EMT phenotype in pancreatic
cancer cells.*? According to luciferase assays in this study, we found
that the upregulated miR-200b and miR-429 could bind directly to
the 3'-UTR of SLUG and inhibit its expression.

In conclusion, we found that PRRX1 downregulation correlated
with earlier recurrence and shorter OS in HCC patients. We also re-
port for the first time the mechanisms by which PRRX1 deficiency
induces MET. PRRX1 deficiency upregulated PITX2-miR-200a and
PITX2-miR-200b/429, which further inhibited the transcription of
CTNNB1 and SLUG, respectively, leading to abrogation of the inhib-
itory effect on E-cadherin (Figure 6N).
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