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Abstract
AIM: To investigate the role of pre-B-cell leukemia homeobox (PBX)3 in cell migration and invasion of colorectal cancer (CRC). 
METHODS: We detected PBX3 expression in five cell lines and surgical specimens from 111 patients with CRC using real-time polymerase chain reaction. We forced expression of PBX3 in lowly metastastic HT-29 and SW480 cells and knocked down expression of PBX3 in highly metastastic LOVO and HCT-8 cells. Wound healing and Boden chamber assays were used to detect cell motility and invasion after altered expression of PBX3. High-throughput sequencing for DNA using chromatin immunoprecipitation (ChIP) and RNA after overexpression of PBX3 was done to elucidate the potential mechanism underlying PBX3. 
RESULTS: High level of PBX3 expression was correlated with the invasive potential of CRC cells, and significantly associated with node invasion (P = 0.02), distant metastasis (P = 0.04), advanced TNM stage (P = 0.03) and poor overall survival of patients (P < 0.05). Ectopic expression of PBX3 in lowly metastastic cells was shown to promote migration and invasion, while inhibited PBX3 expression in highly metastastic cells suppressed motility and invasion. Significant enrichment of genes in the mitogen-activated protein kinase (MAPK) signaling pathway was detected by ChIP and after overexpression of PBX3. Upregulation of phosphorylated extracellular signal-regulated kinase (ERK)1/2 was also detected after overexpression of PBX3.
CONCLUSION: PBX3 induces invasion and metastasis of CRC cells partially through activation of the MAPK/ERK signaling pathway.
© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: pre-B-cell leukemia homeobox (PBX)3 is a poor prognostic factor for colorectal cancer by promoting cell migration and invasion. We investigated the role of PBX3 in cell migration and invasion of colorectal cancer, and found that PBX3 could induce the invasion and metastasis of colorectal cancer (CRC) cells partially through activation of the mitogen-activated protein kinase/extracellular signal-regulated kinase signaling pathway.
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INTRODUCTION
Colorectal cancer (CRC) is third most common type of cancer with > 1.2 million new cases each year worldwide. Up to 50% of all patients eventually develop metastases and 90% of them cannot undergo radical resection, leading to the majority of cancer deaths[1]. Although much progress has been made in the identification and characterization of the key changes involved in CRC carcinogenesis and metastasis, searching for molecules that can serve as prognostic markers and/or therapeutic targets remains the highest-priority task in the fight against CRC.

    Pre-B-cell leukemia homeobox (PBX), a family of transcription factors, has been reported to play an important role in tumor growth. PBX belongs to the TALE (three amino acid loop extension) family with a highly conserved homologous domain. It usually binds to specific DNA sequences by interacting with other homologous proteins (e.g., Meis and HOX), resulting in transcription activation or suppression of the target genes[2]. Increased expression of PBX is closely correlated with tumor growth and progression in malignancies including ovarian cancer[3], melanoma and prostate cancer[4,5]. Interference interaction between PBX/HOX can induce apoptosis, leading to tumor growth inhibition of ovarian cancer[6], kidney cancer[7], non-small cell lung cancer[8] and breast cancer[9]. Therefore, the PBX family is likely to be closely associated with malignant behavior of the tumor cells and could be a target molecule for cancer treatment. 

In recent years, PBX3, as a member of the human PBX family, has been continuously reported to be associated with tumor growth and progression. In 2011, it was reported that expression level of PBX3 is significantly increased in malignant prostate cancer tissues[10]. In 2012, it was reported that rescuing expressing of PBX3 could reverse the inhibitory effect arising from  miRNA (miR)-181 on proliferation of leukemia cells[11]. In 2013, PBX3 was found to be an important cofactor of HOXA9 in leukemogenesis[12]. Direct targeting of HOXA/PBX3 impairs leukemia growth and sensitizes cells to standard chemotherapy[13]. Recently, PBX3 was also reported to be upregulated in gastric cancer and to regulate cell proliferation[14]. Together, the data suggest that PBX3, as an oncogene in some leukemias and solid cancers, is an important factor for regulating malignant biological characters of cancer cells.

In our previous work, PBX3, as a downstream target gene of let-7c, overcame the inhibitory effect on cell growth and metastasis initiated by let-7c in CRC[15]. In the present study, we detected expression of PBX3 in tissues from patients with CRC and clarified its role in cancer cell invasion. Our data provide evidence that PBX3 gene expression signatures may have specific prognostic or therapeutic value for CRC.

MATERIALS AND METHODS
CRC cell lines and clinical samples

Human CRC cell lines (HT-29, RKO, LOVO, SW480 and HCT8) were all purchased from the American Type Culture Collection and cultured in RPMI 1640 medium with 10% fetal bovine serum (FBS) in a humidified atmosphere of 5% CO2 at 37°C. The CRC specimens were collected, with informed consent, from 111 patients undergoing surgery at Beijing Cancer Hospital, following the protocols approved by the Ethics Committee of Peking University Hospital. These CRC patients were all confirmed by definitive histological diagnosis after surgery and received no preoperative chemotherapy and radiotherapy. The matched normal tissues were defined as the farthest tissue at least more than 5 cm from the same tumor tissue. TNM classification was staged according to the American Joint Committee on Colorectal Cancer[16]. Those patients with synchronization liver metastases defined as M1 stage underwent both liver metastastic lesion and primary tumor surgery.

RNA extraction and polymerase chain reaction
Total RNA was extracted from cells and tissues using the RNeasy Mini Kit (Qiagen, Valencia, CA, United States) according to the manufacturer’s instructions. A total of 2 µg RNA was reverse transcribed using oligo-d(T)15 primers and Moloney murine leukemia virus (MMLV) reverse transcriptase. Semiquantitative reverse transcriptase polymerase chain reaction (RT-PCR) was performed using rTaq DNA Polymerase (Takara Bio, Otsu, Shiga, Japan) on a Bio-Rad Thermal Cycler. Real-time quantitative PCR (Q-PCR) was performed using SYBR Green PCR Master Mix (Toyobo, Osaka, Japan) on ABI 7500 Fast including three independent experiments in triplicate. The primer sequences were same as described previously[15]. Relative gene expression normalized to GAPDH was calculated by 2-ΔCt where ΔCt = Ct (Target) ( Ct (Reference). The 2-ΔΔCt   method was used for fold change calculation. 

Plasmid construction and cell transfection

pELNS-PBX3 plasmid was constructed as described previously[15] and the PBX3 gene was subcloned into lentivirus plenti6-TR vector (Invitrogen, Carlsbad, CA, United States). For depletion of endogenous PBX3 expression, short hairpin RNA (shRNA) targeted to 592–613 bp and 928–949 bp was inserted into a lentivirus vector downstream of the U6 promoter. Lentiviral particles were prepared by co-transfection with shuttle vector constructs and the ViraPower Packaging Mix (Invitrogen) in HEK-293FT cells, according to the manufacturer’s protocol. Cells infected with lentiviruses were screened by blasticidin (5 µg/mL) to achieve stable overexpression or silencing of cell lines.

Wound healing assay

About 4 × 105 cells were seeded into six-well culture dishes and 24 h later an incision was made in the central area of the confluent cells. Cell migration near the wound area in confluent monolayers was monitored under microscope (Leica, Wetzlar, Germany) at the time of scratching and after 72 h. The experiment was performed in triplicate with three independent repeats.

Transwell migration and invasion assay

To evaluate the effect of PBX3 on cell migration and invasion further, 2.5 × 104 cells in 100 µL RPMI-1640 with 1% FBS were plated into the upper chamber of the Transwell chamber (8-µm pore size; Corning Incorporated, Corning, NY, United States). A total of 500 µL of RPMI-1640 with 10% FBS was loaded into the lower chamber to serve as a chemoattractant for the cells. After 24 h, cells migrated to or invaded the other side of the membrane and were counted and imaged under a microscope (Leica), after fixing with 2% methanol and staining with 1% crystal violet solution. The experiments included three independent experiments that were repeated three times. 

High-throughput sequencing and KEGG pathway analysis 

To analyze the potential genes that can be regulated by PBX3, chromatin immunoprecipitation (ChIP) sequencing was performed. ChIP was performed following the crosslinking chromatin immunoprecipitation (X-ChIP) protocol from Abcam online. Briefly, 4 × 107 cells were crosslinked with 1% formaldehyde diluted in PBS for 10 min at room temperature, followed by addition of 0.125 M glycine for 5 min to stop the reaction. After washing three times with PBS, cells were lysed with 600 μL lysis buffer for 10 min on ice. Cell lysates were sonicated to shear DNA fragments, followed by incubation with appropriate antibodies overnight at 4°C with gentle shaking. On the next day, antibody–ChIP DNA complexes were washed, and the DNA was eluted and purified using a PCR purification kit (Qiagen). To analyze the changes in gene expression induced by PBX3, total RNA was extracted from cells with overexpression of PBX3, and control cells. The precipitated DNA and eluted RNA were sequenced on an Illumina Hi-Seq2000 in the Biodynamic Optical Imaging Center (BIOPIC) of Peking University. Those genes, which were both upregulated in RNA sequencing and enriched in ChIP sequencing > 4-fold, were subjected to KEGG pathway analysis using the online DAVID database (http://david.abcc.ncifcrf.gov/).

Protein extraction and Western blotting
Cell proteins were extracted by RIPA buffer containing complete protease and phosphatase inhibitor cocktail (Roche, Mannheim, Germany). Extracted protein (20 µg) was separated by 10% SDS-PAGE and blotted onto PVDF membranes (Millipore, Billerica, CA, United States). Rabbit anti-PBX3 (1:3000 dilution; Epitomics, Burlingame, CA, United States), rabbit anti-extracellular signal-regulated kinase (ERK) and anti-phospho-ERK (1:3000 dilution; Cell Signaling Technology, Danvers, MA, United States), and mouse anti-β-actin (1:50 000 dilution; Roche) were used as primary antibodies. Horseradish-peroxidase-conjugated goat anti-rabbit or anti-mouse IgG (cwBiotech, Beijing, China) was used as secondary antibody. Signals were detected by chemiluminescence (ECL) kit (Millipore).

Statistical analysis

Continuous variables with normal distribution were presented as mean ± SD of three independent experiments run in triplicate, or otherwise as the median. Categorical variables were presented as frequency or percentage. Differences between two groups were assessed by Student’s t test or Mann–Whitney test unless specified otherwise. A P value < 0.05 was considered statistically significant.

RESULTS
PBX3 expression increased in highly metastatic CRC cells 
To determine the potential role of PBX3 in cell invasion, the expression levels of PBX3 were detected in CRC cell lines. As shown in Figure 1A and B, the relative expression level of PBX3 at both the mRNA level (Figure 1A by RT-PCR, Figure 1B by real-time Q-PCR) and protein level (Figure 1A by Western blotting) was higher in cells with relatively high invasive ability (LOVO and HCT8) than in those with relatively low or no invasive potential (HT-29 and SW480). The results suggested that a high level of PBX3 expression is associated with cell invasion and metastasis of CRC.

Increased PBX3 expression associated with depth of invasion and distant metastasis in CRC patients

To determine the relationship between the expression level of PBX3 and clinical pathological variables, we examined PBX3 expression in 75 human CRC tissues and matched normal tissues. As shown in Figure 1C, the PBX3 expression was upregulated about 16-fold in cancer tissues compared with normal tissues (median: 0.049 vs 0.003; Wilcoxon signed rank test P < 0.0001, n = 75 for each group). We focused on the role of PBX3 in tumor invasion and metastasis, thus, we further detected its expression in 111 carcinoma tissues from patients with detailed follow-up information. As shown in Table 1 and Figure 1D–H, high levels of PBX3 expression were significantly associated with local depth of invasion (Figure 1D, T3 versus T1–2, P = 0.0267), lymph node invasiveness (Figure 1E, P = 0.0199), synchronization liver metastasis (Figure 1F, P = 0.0385), advanced TNM stage (Figue 1G, P = 0.0293), and metastasis (including synchronization and metachronous metastasis, Figure 1H, P = 0.0405). There was no significant difference in PBX3 expression with regard to sex, age, venous invasion, histological type, and degree of differentiation. The results indicated that high level of PBX3 expression was related to malignant invasion and metastasis of cancer cells.

Increased PBX3 expression associated with poor survival of CRC patients

Kaplan–Meier curve analysis revealed that high expression of PBX3, grouped by a cut-off value of median PBX3 level in cancer tissues, predicted poor patient survival. Figure 1I shows that the overall survival time for patients with high PBX3 expression (median: 21 mo; n = 55) was significantly shorter than in patients with low PBX3 expression (median: 60 mo; n = 56). However, Cox proportional hazard regression analysis failed to reveal that the expression of PBX3 was an independent prognostic factor for survival of patients with CRC (data not shown). These data indicated that increased PBX3 expression predicted poor prognosis.

PBX3 promotes spreading, migration and invasion of HT-29 and SW480 cells 

The relationship between increased expression of PBX3 and cell invasion of CRC drove us to explore the possible biological functions of PBX3 in cancer cells, especially the effect on cell migration and invasion. We overexpressed PBX3 in the lowly metastatic HT-29 and SW480 cells. As shown in Figure 2A, the relative expression of PBX3 was increased about 7.2- and 8.9-fold for HT-29 and SW480 cells, respectively, after infecting with PBX3-overexpressing lentiviruses. PBX3 protein expression was also increased markedly (Figure 2B). Ectopic expression of PBX3 in both HT-29 and SW480 cells showed a significant increase in cell spreading, by wound healing assay (Figure 2C), cell migration and invasion by Transwell assay (Figure 2D), as compared with control cells. Figure 2E shows that the number of cells that migrated through the Transwell chamber was increased about 4.7- and 5.3-fold in HT-29 and SW480, respectively, after overexpression of PBX3, compared with control cells. At the same time, the number of invasive cells was also increased about 5.9- and 6.3-fold in HT-29 and SW480 cells, respectively. Collectively, overexpression of PBX3 promoted cell spreading, migration and invasion.

Inhibited PBX3 expression suppresses migration and invasion of LOVO and HCT8 cells 

To confirm the results, we inhibited expression of PBX3 by shRNA lentiviruses in relatively highly metastatic cell lines, including LOVO and HCT8. As shown in Figure 3A, the levels of PBX3 expression were decreased about 90% and 61% after infecting with PBX3-shRNA592 and shRNA928 in LOVO cells, and about 97% and 70% for PBX3-shRNA592 and shRNA928 in HCT8 cells (Figure 3A). PBX3 expression was also suppressed at the protein level (Figure 3B). Consistent with overexpression of PBX3 in HT-29 and SW480 cells, knock down of PBX3 expression in LOVO and HCT8 cells inhibited cell motility and invasion (Figure 3C–3E). These data support that inhibition of PBX3 expression suppresses cell motility and invasion in vitro.

PBX3 overexpression activates the MAPK/ERK pathway

To investigate the mechanism through which PBX3 overexpression promotes tumor invasion, high-throughput sequencing was performed. ChIP sequencing was performed to establish to which promoter sequences PBX3 can bind. The RNA sequence was also determined to confirm that the genes could be regulated after ectopic expression of PBX3. A total of 643 genes were screened out by intersection of the genes enriched by ChIP sequencing and up-regulated after over-expression of PBX3 in RNA sequencing (Figure 4A). These 643 genes were submitted to KEGG pathway enrichment analysis, and the MAPK signaling pathway was significantly upregulated (Figure 4B). The MAPK/ERK signaling pathway, which was reported to be associated with CRC migration and invasion, was considered for further study. We determined the changes in expression of phospho-ERK1/2 and ERK1/2 in cells with altered expression of PBX3. As expected, phospho-ERK1/2 expression was increased after overexpression of PBX3 and decreased after silencing PBX3 (Figure 4C). These data clearly demonstrated that PBX3 expression resulted in an activation of MAPK/ERK signaling pathway, at least partially. 

Inhibition of MAPK/ERK with U0126 reverses the effect of PBX3 overexpression on cell migration and invasion 

To confirm whether the effect of PBX3 overexpression on cell motility and invasion was through the MAPK/ERK pathway, cells with ectopic expression of PBX3 were treated with ERK1/2 inhibitor U0126. Figure 4C shows that upregulation of phospho-ERK1/2 by PBX3 overexpression in HT-29 and SW480 cells was greatly reduced by 10 μmol/L U0126 incubation for 48 h. Simultaneously, the promotion effects initiated from PBX3 overexpression on cell migration and invasion were also markedly reversed (Figure 4D and 4E). These data suggest that ERK1/2 inhibition reverses the effects of PBX3 overexpression on cell motility, suggesting that MAPK/ERK pathway is essential for the function of PBX3.

DISCUSSION
PBX proteins are central to multiple gene regulatory networks of interactions between PBX proteins and other transcription factors[17]. They bind to specific DNA sequences and have been implicated in crucial developmental processes, either as co-factors to members of the HOX family or by HOX-independent functions[2]. In addition to the regular DNA binding sequence for PBX proteins, PBX3, in the form of monomer or homologous dimer, also shows high affinity binding to the “TGATTGATTTGAT” sequence, suggesting its different regulation of downstream target genes from other members. Here, based on our previous observation that let-7c functions as a metastasis suppressor by targeting PBX3, we verified the effect of PBX3 on CRC invasion and metastasis. Our data demonstrate that PBX3 is a potential marker of poor prognosis in CRC. First, malignant cancer cells are always accompanied by a higher level of PBX3 expression. Similar findings are also seen in malignant prostate tissue stained with anti-human PBX3 antibody by immunohistochemistry[10,15]. Second, high levels of PBX3 expression are associated with depth of invasion and clinical stage, which is consistent with the results reported in gastric cancer[14]. In addition, our study has revealed, for the first time, that patients with higher PBX3 expression are more likely to develop metastasis and have poor overall survival after surgery. These data suggest that PBX3 could be a prognostic marker and/or therapeutic target in CRC.

MAPK/ERK signaling plays a key role in many CRC-related biological processes, including cell proliferation[18], tumor invasiveness[19], stem-like phenotypes[20], as well as resistance to chemotherapy[21]. It can be activated by many tumor-related proteins and involved in their function as a network master[21,22]. In this study, we identified activation of ERK1/2 as a key downstream step in PBX3 function in CRC invasion and metastasis, and 14 genes were altered by PBX3 in the MAPK signaling pathway. Among these genes, which one was directly regulated by PBX3 via binding to its promoter was still to be confirmed by further studies. It has been reported that PBX proteins can control the vertebrate developmental processes via transforming growth factor ( signaling[23], Wnt-β-catenin signaling[24], and protein kinase A signaling[25]. Further studies are needed to verify whether these pathways are also involved in the invasion and metastasis of CRC by PBX3. 
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Background

Tumor metastasis is the major cause of death in patients with colorectal cancer (CRC), so it is important to understand the underlying mechanisms of metastases in order to find molecules that can serve as prognostic markers or therapeutic targets. Pre-B-cell leukemia homeobox (PBX) is a family of transcription factors, which is reported to play an important role in tumor growth and progression. However, the role of PBX3 in CRC is still unclear.
Research frontiers

PBX3 is a member of the human PBX family, which has frequently been reported to be associated with tumor growth and progression in recent years. In the area of oncology, the research hotspot focuses on the role of PBX3 in tumorigenesis and malignant characters of cancer cells as a target of miR-181, let-7d and let-7c, or as a co-factor of other transcription factors including HOXA9. The research hotspot also focuses on direct targeting of HOXA/PBX3 therapy.
Innovations and breakthroughs

In our previous study, we reported that PBX3, as a downstream target gene of let-7c, overcame the inhibitory effect on cell growth and metastasis initiated by let-7c in CRC. In this study, the authors detected the expression of PBX3 in CRC tissues and verified the effect of PBX3 on CRC cell invasion. By detecting the expression of PBX3 by real-time polymerase chain reaction, this study showed that the high level of PBX3 expression in CRC was correlated with the invasive potential of CRC cells, and significantly associated with node invasion, distant metastasis, advanced TNM stage, and poor overall survival. By gain- and loss-of-function in CRC cells with different metastatic potential, it was confirmed that PBX3 could promote cell migration and invasion of CRC. In this study, the authors also reported that activation of the mitogen-activated protein kinase/extracellular signal-regulated kinase signaling pathway might be partially involved in PBX3-mediated cell invasion and metastasis of CRC cells.

Applications 

The results suggest that PBX3 gene expression signatures have specific prognostic value, and PBX3 as a direct molecular target could have therapeutic value in CRC.
Terminology

CRC (also known as colon cancer, rectal cancer, bowel cancer or colorectal adenocarcinoma) is a cancer with uncontrolled cell growth in the colon or rectum, or in the appendix. TALE (three-amino acid extension loop) homeobox proteins are highly conserved transcription regulators, including MEIS and PBX families. They are best characterized as co-factors for HOX proteins. PBX refers to a family of transcription factors, belonging to TALE homeobox proteins.
Peer review

This was a good research study in which the authors analyzed the expression profile of PBX3 in five CRC cell lines and clinical specimens from patients with CRC. In this study, the authors also analyzed the role and potential mechanism of PBX3 gene in CRC migration and invasion. The results are interesting and suggest that PBX3 is a potential prognostic and/or therapeutic target that could be used in CRC. 
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Table 1 Relationship between pre-B-cell leukemia homeobox 3 expression and pathological features in colorectal cancer cell
	Variable
	n (%)
	PBX3 expression1
	P value2

	
	
	Median(Range)
	

	Sex
	
	
	

	Male
	63(56.8)
	0.590 (0.00-14.16)
	0.5270

	Female
	48(43.2)
	0.690 (0.04-12.84)
	

	Age
	
	
	

	≤ 60
	51(45.9)
	1.010 (0.02-14.16)
	0.4246

	> 60
	60(54.1)
	0.945 (0.00-12.18)
	

	Venous invasion
	
	
	

	Absent
	69(62.2) 
	0.870 (0.00-14.16)
	0.5570

	Present
	42(37.8)
	1.095 (0.07-9.83)
	

	Histological type
	
	
	

	Adenocarcinoma
	108 (97.3)
	0.995 (0.00-14.16)
	0.8741

	Mucinous adenocarcinoma
	3 (2.7)
	1.620 (0.20-0.67)
	

	Differentiation3
	
	
	

	Poor
	16(14.8)
	0.865 (0.12-12.84)
	0.7140

	Moderate
	75(69.4)
	0.990 (0.02-14.16)
	

	Well
	17(15.7)
	1.080 (0.00-8.19)
	

	Tumor stage
	
	
	

	1-2
	8 (7.2)
	0.360 (0.02-2.84)
	0.2107

	3
	85(76.6)
	1.010 (0.00-14.16)
	

	4
	18(16.2)
	1.075 (0.10-9.83)
	

	Node invasion
	
	
	

	Negative
	41(36.9)
	0.7600 (0.02-12.84)
	0.0199a

	Positive
	70(63.1)
	1.3300 (0.0-14.16)
	

	Metastasis stage
	
	
	

	M0
	53(47.7)
	0.790 (0.02-6.44)
	0.0385a

	M1
	58(52.3)
	1.230 (0.00-14.16)
	

	TNM stage
	
	
	

	Ⅰ-Ⅱ
	32(28.8)
	0.775 (0.02-5.50)
	0.0293a

	Ⅲ-Ⅳ
	79(71.2)
	1.220 (0.00-14.16)
	

	Metastasis
	
	
	

	Absent
	41(36.9)
	0.550 (0.02-5.90)
	0.0405a

	Present (SM and MM)
	70(63.1)
	1.200 (0.00-14.16)
	


1Relative PBX3 expression was calculated by 2-△△Ct; 2Significant deferrence were evaluated by Mann-Whitney test for two groups and Kruskal-Wallis test for more groups; 3Degree of differentiation for adenocarcinoma. aP ( 0.05 vs control. SM: Synchronization metastasis; MM: Metachronous metastasis.
Figure 1 Analysis of pre-B-cell leukemia homeobox 3 expression in colorectal cancer cell lines and specimens. A: Expression levels of pre-B-cell leukemia homeobox (PBX) 3 in LOVO and HCT8 cell lines with relatively high invasive potential were higher than in HT-29 and SW480 cells with low invasive potential, by RT-PCR and western blotting; B: Results in (A) were confirmed by Q-PCR. Data are presented as mean ± SD calculated from three independent experiments run in triplicate; C: Expression level of PBX3 in cancer tissues was significantly higher than in adjacent normal tissues (n = 75); D–H: High level of PBX3 expression was correlated with local tissue invasion (D), lymph node invasion (E), synchronization metastasis (F), advanced TNM stage (G), and all distant metastasis (H, synchronization and metachronous metastasis). Horizontal lines in (C–H) indicate the median values of PBX3 expression for each group relative to GAPDH; I: Kaplan–Meier survival curves for CRC patients grouped by a cutoff value of median expression level of PBX3 indicated that patients with higher PBX3 expression displayed a shorter overall survival time after surgery. Note that (D–H) were generated from the corresponding data in Table 1. 

Figure 2 Ectopic expression of pre-B-cell leukemia homeobox 3 promoted cell spreading, migration and invasion. A, B: Relative expression of PBX3 at both mRNA and protein levels was greatly improved in HT-29 and SW480 cells after infection with PBX3-overexpressing lentivirus compared with the corresponding control cells. Ectopic expression of PBX3 promoted spreading of HT-29 and SW480 cells, in a wound healing assay (C), increased cell migration and invasion via Boyden chamber assay without and with Matrigel, respectively (D). Horizontal bar: 50 µm; E: Quantification results of migrating and invading cells through the Transwell membrane. Data represent the mean ± SD of three independent experiments run in triplicate. P vaule is Student’s t test.

Figure 3 Interference expression of pre-B-cell leukemia homeobox 3 by shRNA suppressed cell migration and invasion in vitro. A, B: Expression levels of PBX3 mRNA and protein were significantly decreased after infection with PBX3-shRNA lentivirus compared with the controls, by Q–PCR and western blotting. Data in (A) are presented as mean ± SD of the PBX3 expression by Q-PCR from three independent experiments run in triplicate; C, D: Cell migration and invasion decreased significantly after inhibition of PBX3 expression in LOVO cells (C) and HCT8 cells (D), using a Boyden chamber assay without and with Matrigel. Bar: 50 µm. (E) Quantification of migrating and invading cells through the Transwell membrane are displayed as mean ± SD of three independent experiments run in triplicate. P vaule is Student’s t test.
Figure 4 Effect of pre-B-cell leukemia homeobox 3 overexpression on cell invasion mediated by MAPK/ERK pathway. A: Venn diagram showed that there were 643 genes shared in enriched ChIP sequence analysis and upregulated genes after overexpression of PBX3; B: MAPK signaling pathway was identified as a significant pathway activated by PBX3 via KEGG pathway analysis; C: Expression levels of phospho-ERK1/2 were upregulated after overexpression and downregulated after silencing PBX3; D: Western blotting showed that upregulation of phospho-ERK1/2 in PBX3-overexpressing cells was reduced after treatment with U0126 for 48 h; E: Boyden chamber assay showed that migration and invasion were significantly decreased after U0126 treatment in PBX3-overexpressing HT-29 and SW480 cells. Bar: 50 µm. The migrating and invading cells through the Transwell membrane were counted and plotted in (F). Data are presented as mean ± SD of three independent experiments. P vaule is Student’s t test.
Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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