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Abstract 

Aim: To investigate the expression and oncogenic role of nemo-like kinase (NLK) in colorectal cancer.
Methods: Expression of NLK protein was assessed immunohistochemically in 56 cases of normal colorectal mucosa, 51 cases of colorectal adenoma, and 712 cases of colorectal cancer tissue specimens. In addition, NLK expression was knocked down using a lentivirus carrying NLK small hairpin RNA (shRNA) in colorectal cancer cells. And cell viability methylthiazoletetrazolium assay, colony formation assay, flow cytometry cell cycle assay, transwell migration assay and gene expression assays were performed to explore its role on proliferation and migration of colorectal cancer.
Results: Expression of NLK protein was gradually increased in tissues from the normal mucosa through adenoma to various stages of colorectal cancer. Overexpression of NLK protein was associated with advanced tumor–lymph node–metastasis stages, poor differentiation, lymph node and distant metastases, and a higher recurrence rate of colorectal cancer (P < 0.05). Multivariate analyses showed that NLK expression was an independent prognostic factor to predict overall survival (HR = 2.57 (1.66–3.98), P < 0.001) and disease-free survival (HR = 1.96 (1.40–2.74), P < 0.001) of colorectal cancer patients. Furthermore, knockdown of NLK expression in colorectal cancer cell lines reduced cell viability, colony formation, and migration and arrested tumor cells at the G0/G1 phase of the cell cycle. At the gene level, knockdown of NLK expression inhibited Matrix MetalloProteinase-2 expression in colorectal cancer cells. 
Conclusion: NLK overexpression is an independent prognostic factor in colorectal cancer and that knockdown of NLK expression inhibits colorectal cancer progression and metastasis.
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Core tip: Altered expression of nemo-like kinase (NLK) protein is associated with cancer development. This study systematically evaluated NLK expression in different stages of colorectal cancer (CRC) for association with CRC prognosis. NLK expression was increased from normal tissues through adenoma stage I, II, and III to stage IV CRC. However, knockdown of NLK expression significantly inhibited CRC cell growth, migration, cell cycle progression, and matrix metalloproteinase-2 expression. These data demonstrated that NLK overexpression was an independent CRC prognostic indicator and that knockdown of NLK expression inhibited CRC cell progression and metastasis.
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Introduction 
Colorectal cancer (CRC) remains a significant worldwide health problem and caused more than 1.2 million new cancer cases and over 600000 cancer-related deaths in 2008 worldwide1[]
. Currently, the tumor–lymph node–metastasis (TNM) staging system is utilized to stage the disease, guide treatment selections, and predict the prognosis for CRC patients2


[ ADDIN EN.CITE ,3]
. However, utilization of this staging system is sometimes not possible, such as in CRC detected by colonoscopy or malignant colorectal polyps resected under endoscopy4[]
. In this regard, biological markers could help us to predict precisely the prognosis, treatment responses, or even treatment selections (such as targeted therapy)5-7


[ ADDIN EN.CITE ]
; in addition, it is easy to assess a small amount of tumor tissues4[]
. Such an approach has been used to predict the long-term survival of CRC patients previously
 ADDIN EN.CITE 
[8]
. To date, due to the advancement of surgical techniques and the integration of chemoradiotherapy and targeted therapy, the prognosis of CRC patients has been significantly improved9


[ ADDIN EN.CITE ,10]
. However, in advanced CRC patients and those with local recurrence or distant metastasis, the prognosis is still very poor11


[ ADDIN EN.CITE ,12]
. Therefore, the molecular mechanisms and key regulators of CRC progression and metastasis need to be investigated to provide biomarkers to predict the risk of developing CRC local recurrence and distant metastasis13[]
, which could in turn enable us to optimally select treatment strategies and eventually improve patient prognosis. 

Nemo-like kinase (NLK), an evolutionarily conserved serine/threonine protein kinase14[]
, regulates many transcription factors and signaling pathways that are important to determine cell fate
 ADDIN EN.CITE 
[15,16]
. NLK is an important regulator of several signal transduction pathways including Wnt and Notch signaling pathways, both of which play critical roles in tumorigenesis. NLK is able to regulate the Wnt/β-catenin signaling pathway by phosphorylation of LEF1 protein in neural progenitor cells15[]
. In addition, NLK, as a negative regulator of the Notch signaling pathway, is able to inhibit formation of the transcriptionally active ternary complex of NotchICD, CSL, and Mastermind16[]
. Altered NLK expression also is associated with the development and progression of several human cancers
 ADDIN EN.CITE 
[17-20]
. Upregulation of NLK protein occurs in hepatocellular carcinoma
 ADDIN EN.CITE 
[17]
, whereas NLK expression is downregulated in prostate cancer cells
 ADDIN EN.CITE 
[18]
. In other human cancers, knockdown of NLK expression was able to reduce tumor cell viability
 ADDIN EN.CITE 
[19,20]
. Furthermore, NLK gene variations are associated with ovarian cancer risk
 ADDIN EN.CITE 
[21]
. Because NLK is a member of the mitogen-activated protein kinase (MAPK) family and the latter functions to promote cell proliferation, in this study, we first evaluated the NLK expression level immunohistochemically in normal, adenoma, and CRC tissue specimens from 712 cases. Of these tissue specimens, we also included 16 familial adenomatous polyposis (FAP) patients and 21 metastatic CRC patients. Next, we knocked down NLK expression using a lentivirus-carrying NLK small hairpin RNA (shRNA) to assess the effects on CRC cells, including cell viability, cell cycle distribution, colony formation, migration, and gene expression. 
Materials and Methods

Patients and tissue samples 
The study population has been described previously
 ADDIN EN.CITE 
[22]
. Specifically, there were five groups of patients enrolled in this study. Group A consisted of 56 patients with normal rectal mucosa. Samples were obtained from patients with severe mixed hemorrhoids who underwent the Procedure for Prolapse and Hemorrhoids. All patients had morphologically normal colorectal mucosa that was free of neoplastic or inflammatory diseases and confirmed by preoperative colonoscopy
 ADDIN EN.CITE 
[22]
. Group B included 51 patients with colorectal adenomatous polyps. Group C included 742 patients with sporadic histologically confirmed CRC, including 53 stage I, 312 stage II, 322 stage III, and 55 stage IV patients. Group D consisted of 16 FAP patients with concomitant CRC, each with a set of three matched specimens (normal mucosa, adenoma, and carcinoma). Group E consisted of 21 patients with metastatic CRC and concurrently resected metastatic carcinoma. Each of these metastatic patients also had a set of three matched specimens (normal mucosa and primary and metastatic tumors). Of these 21 metastatic carcinomas, 19 had liver metastases and 2 had greater omental metastases. All patients underwent surgical treatment in the Department of Colorectal Surgery, Changhai Hospital, The Second Military Medical University (Shanghai, China) between December 1999 and December 2009. All diagnoses were confirmed histopathologically by two independent pathologists. This study was approved by the Ethics Committee of Changhai Hospital, and written informed consents were obtained from all patients. 

Tissue specimens were processed and embedded in paraffin, and paraffin blocks from each lesion were used to construct the tissue microarrays (TMAs) as described previously
 ADDIN EN.CITE 
[22]
. A total of six TMA blocks covering all the tissue specimens were constructed and were used for immunostaining of NLK expression. 

Immunohistochemistry 
Immunohistochemistry was performed as described previously
 ADDIN EN.CITE 
[22]
. Briefly, the deparaffinized sections were incubated with 0.3% hydrogen peroxide and then with 20% goat serum to block nonspecific binding. Next, the TMA sections were incubated with a monoclonal anti-NLK antibody (#ab69933, Abcam Inc., Cambridge, MA, United States) at a dilution of 1:100 for 2 h in a humidified chamber at room temperature. After that, the sections were further incubated with a secondary antibody and underwent a color reaction. 

All immunostained TMA sections were reviewed and scored by two investigators (X.H.G. and J.H) who were blinded to the clinical information. The concordance rate was high (> 94%) and any disagreements were resolved by consensus. The level of NLK expression was scored using the criteria available on the ATLAS web site23[]
 and as described previously
 ADDIN EN.CITE 
[22]
. In particular, immunostaining of NLK protein was scored using the multiplication of the intensity and percentage of staining with a scale from 0 to 12. Staining of tumor cells with final staining scores of 0, 1–4, 5–8, and 9–12 was assigned to be negative (-), slightly positive (+), moderately positive (++), and strongly positive (+++), respectively
 ADDIN EN.CITE 
[22]
. The scores were further categorized into lower expression [(-) to (+)] and higher expression [(++) to (+++)] groups for analyses. 
Cell lines and culture 
An embryonic kidney HEK293T cell line and CRC SW480, SW620, RKO, DLD-1, HCT116 and HT-29 cell lines were obtained from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai, China) and were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37 °C in a humidified incubator with a constant air flow of 5% CO2 and 95% air.

Lentivirus packaging and cell infection

According to a previous protocol20[]
, we selected the NLK sequence (5ʹ-GATAGACCTATTGGATATG-3ʹ) according to GenBank data (NM_016231) to knock down NLK expression, and the negative control sequence used was 5ʹ-TTCTCCGAACGTGTCACGT-3ʹ. The double-strand oligonucleotides were synthesized and then cloned into the pFH-L vector (Shanghai Preii, Shanghai, China). Next, the lentivirus was generated, packaged, and used to infect cells according to the manufacturer’s instructions. In brief, 48 h after 293T cells cotransfected with shRNA-expressing plasmids and the two helper plasmids pCMV∆R8.92 and pVSVG-I (Shanghai Preii) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States). After infection for 48 h, culture medium containing the packaged lentivirus was harvested and concentrated. To infect cells, HT-29 cells with a 5 × 104/well density were infected with lentivirus carrying NLK shRNA or negative control shRNA with a multiplicity of infection of 50 using 2 µl of Polybrene (at a stock of 4 µg/ul) to the 1 mL of virus/media at a final concentration of 8 µg/mL for 24 h, and the culture medium was then replaced with a regular medium. The NLK knockdown efficiency was validated by quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) and western blotting 5 d after lentivirus infection. After confirming the knockdown efficiency, cells were seeded into 96-well plates for the methylthiazoletetrazolium (MTT) cell proliferation assay and 6-well plates for the colony formation assay and cell cycle analysis. 
RNA isolation and qRT-PCR 
Total cellular RNA was isolated using the Trizol reagent (Invitrogen) and reversely transcribed into cDNA using M-MLV-RTase (Promega, Madison, WI, United States) according to the manufacturers’ instructions. cDNA samples were then used for qPCR amplification of NLK mRNA levels using the SYBR-Green Master PCR Mix (Applied Biosystems, Foster City, CA, United States) in triplicate. qPCR amplification and data collection were performed on the TP800 qPCR System (Takara, Japan). All data were normalized to an endogenous control, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The relative value of NLK mRNA expression compared to the control was expressed as 2-(Ct-Cc) (Ct and Cc were the mean threshold cycle differences after normalizing to GAPDH). The primers used for qPCR were as follows: GAPDH, 5ʹ-TGACTTCAACAGCGACACCCA-3ʹ and 5ʹ-GGAGTGTTGGAGAAGTCATATTAC-3ʹ and NLK, 5ʹ-ATCATCAGCACTCGCATCATC-3ʹ and 5ʹ-GACCAGACAACACCAAAGGC-3ʹ. 
Protein extraction and western blot 
Total cellular protein was extracted using a lysis buffer containing 100 mmol/L Tris, 4% sodium dodecyl sulfate (SDS), 10% glycerol, 200 mmol/L NaCl, and 2 mmol/L EDTA and then quantified. For western blot, cell lysates were separated in 12% SDS-polyacrylamide gel electrophoresis gels and transferred onto polyvinylidenefluoride membranes (Millipore, Boston, MA, United States). The membranes were then blocked in 5% skim milk solution, followed by incubation in milk containing mouse anti-NLK monoclonal antibody (Abcam). Western blotting was developed using a horseradish peroxidase-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, United States) and was detected by an enhanced chemiluminescence reagent (Santa Cruz Biotechnology). GAPDH was used as an internal control for western blotting analysis. 
Cell viability MTT assay 
Cells infected with NLK shRNA (Lv-shNLK) or negative control shRNA lentivirus (Lv-shCon) were seeded in 96-well plates at a density of 2000 cells per well. At the indicated time points, 20 µL of MTT solution (5 mg/mL) was added into each well. The plates were further incubated for 4 h at 37 °C, and 150 µL of dimethyl sulfoxide was added into each well to dissolve the crystals. After incubation for 10 min at room temperature, the absorbance was recorded at 490 nm. 
Colony formation assay

CRC HT-29 cells were grown and infected with lentivirus carrying NLK shRNA (Lv-shNLK) or negative control shRNA (Lv-shCon). Five days later, the cells were collected and reseeded at 300 cells per well in 6-well plates after mixing with culture medium in triplicate. The cells were incubated at 37 °C in air containing 5% CO2, and the growth medium was renewed every 3 d. After 14 d of culture, the plates were stained with Giemsa; and the numbers of colonies were counted and recorded. 
Flow cytometry cell cycle assay

HT-29 cells infected with Lv-shNLK or Lv-shCon were inoculated into a 6-cm dish and grown for 40 h. At the end of the experiments, 1 × 106 cells from each well were harvested and fixed in 70% ethanol for 1 h. After washing three times with ice-cold phosphate-buffered saline (PBS), the cells were treated with 50 µL/mL propidium iodide solution (Sigma, St. Louis, MO, United States) and 100 µL/mL RNase in PBS for 15 min at room temperature in the dark and analyzed by flow cytometry (BD FACS Calibur, San Jose, CA, United States) according to the manufacturers’ instructions. 

Tumor cell transwell migration assay 
The transwell migration assay was conducted as described previously
 ADDIN EN.CITE 
[24]
. Briefly, 2 × 104 parental and Lv-shCon- or Lv-shNLK-infected HT-29 cells were suspended in 200 µL of DMEM without FBS and placed into the upper chamber of the Transwells. The lower chamber was filled with 500 μL of DMEM containing 10% FBS. The cells were allowed to grow and migrate through these polycarbonate membranes with 8.0-µm-sized pores (Corning Costar Corp., Cambridge, MA, United States) at 37 °C and 5% CO2 for 24 h. Cells remaining on the upper surface of the filter were removed, and those that had migrated to the lower compartment were fixed with methanol, stained with crystal violet, and counted visually in five random fields under a light microscope. In addition, the migrated cells were dissociated, lysed, and quantified using a spectrophotometer at 570 nm. All of the experiments were performed in triplicate and repeated three times.

Statistical analysis 
Association between NLK expression and clinicopathological variables was assessed by a nonparametric test (Mann-Whitney U test or Kruskal-Wallis test). NLK expression in the paired tissue specimens, such as FAP and metastatic CRC, was compared using a paired nonparametric test (Wilcoxon test). Disease-free survival (DFS) was defined as the period from the date of surgery to the date of confirmed tumor relapse for relapsed patients or from the date of surgery to the date of the last follow-up for non-recurrent patients. The Kaplan-Meier method was used to estimate the overall survival (OS) and DFS and analyzed using the log-rank test. Cox proportional hazards models were used to estimate the survival distributions and hazard ratios. Data on the in vitro experiments were compared using the Student’s t-test. All statistical analyses were two-sided and conducted using SPSS software version 18.0 (SPSS, Chicago, IL, United States). A p < 0.05 was considered as statistically significant.
Results

Upregulated NLK expression from normal mucosa through adenoma to CRC ex vivo 
TMAs containing CRC tissue specimens from 742 cases were used for our previous study
 ADDIN EN.CITE 
[22]
. During cutting, tissue samples from 30 cases were lost, leading to 712 CRC samples for the current study. 

Immunostaining data showed that NLK expression was mainly expressed in the cytoplasm of epithelial cells and that NLK expression was significantly upregulated from the normal mucosa through adenoma to CRC (Figure 1). There were significant differences in NLK expression among these six groups of tissue specimens (p < 0.001; Table 1). Furthermore, overexpression of NLK protein in the tumor tissues was further verified using western blot, and overexpression of NLK mRNA was verified using qRT-PCR with 10 cases of CRC and paired normal mucosae (Supplemental Figure 1). The level of NLK mRNA in the tumor tissues was significantly higher than that in the normal tissues (p < 0.05). 


Next, we analyzed NLK expression in mucosa, adenoma, and adenocarcinoma tissues from 16 FAP patients. These data showed that NLK expression was significantly increased between normal mucosa and adenoma tissues (p < 0.001) as well as between adenoma and adenocarcinoma tissues (p = 0.003; Figure 2).
We also analyzed the NLK expression in normal mucosa as well as primary and metastatic CRC tissues from 21 patients. We found that the NLK expression in primary CRC was significantly higher than that in the normal mucosa (p = 0.024), but there was no significant difference between metastatic and primary tumors (p = 0.547; Figure 3). 
Association between NLK expression and clinicopathological factors from 712 CRC patients 
The clinicopathological variables are shown in Table 2. In brief, overexpression of NLK protein was significantly associated with tumor lymph node metastases (p = 0.027), distant metastasis (p < 0.001), advanced TNM stages (p < 0.001), poorer tumor differentiation (p = 0.019), and higher recurrence rate (p < 0.001). Moreover, NLK expression was significantly higher in rectal cancer than in colon cancer (p < 0.001). But there was no significant association between NLK expression and other clinicopathological factors (p > 0.05).

Association of NLK expression with survival of CRC patients 
Patients with NLK-overexpressing tumors had a worse OS and DFS compared to those without or with weakly NLK-expressing tumors (p < 0.001 for both; Figure 4). Univariate analysis (Table 3) identified advanced TNM stages (p < 0.001), colon cancer (p = 0.003), elevated serum carcinoembryonic antigen (CEA) (p < 0.001), elevated serum CA19-9 (p < 0.001), overexpression of NLK protein (p < 0.001), and postoperative radiochemotherapy (p = 0.005) to be associated with a shorter OS; while advanced TNM stages (p < 0.001), elevated serum CEA (p = 0.002), elevated serum CA19-9 (p = 0.001), higher expression of NLK (p < 0.001), and postoperative radiochemotherapy (p < 0.001) were associated with a shorter DFS. Multivariate analysis (Table 3) showed that advanced TNM stages (p < 0.001), poor tumor differentiation (p = 0.029), rectal cancer (p < 0.001), elevated serum CEA (p = 0.013), and higher expression of NLK (p < 0.001) were independent predictive factors for a shorter OS; while advanced TNM stage (p < 0.001), elevated serum CA199 (p = 0.002), and overexpression of NLK protein (p < 0.001) were independent predictive factors for a shorter DFS. 

Effects of NLK knockdown on regulation of tumor cell viability, colony formation, and migration capacity 
To explore the role of NLK in CRC, we first detected NLK expression in six different colorectal cell lines using qRT-PCR (Figure 5A). These data showed that NLK was expressed in all cell lines, with the highest NLK level in HT-29 cells. Thus, we selected HT-29 cells for our knockdown experiments. Specifically, NLK expression was downregulated by lentivirus-carrying NLK shRNA compared to the negative control lentivirus. At the highest infection efficiency, green fluorescent protein was expressed in more than 90% of HT-29 cells infected with lentivirus. Five days after infection, the levels of NLK mRNA and protein were reduced significantly in HT-29 cells infected with NLK shRNA lentivirus compared to the controls (p < 0.05, Figure 5B and C). 

Next, we assessed the effects of NLK knockdown on regulation of tumor cell viability and colony formation. We found that knockdown of NLK expression reduced the numbers of HT-29 cells compared to the control group (p < 0.05, Figure 5D). The colony formation assay also showed that NLK knockdown in HT-29 cells had fewer colonies compared to the control group (p < 0.05, Figure 5E). The Transwell tumor cell migration assay showed that a significantly lower proportion of NLK-knocked down HT-29 cells was able to migrate into the bottom chambers compared to that of the control group (p < 0.01, Figure 5F). 
Effects of NLK knockdown on regulation of tumor cell cycle progression 
A flow cytometric cell cycle assay was performed using HT-29 cells 5 days after infection. These data showed that after HT-29 cells were infected with Lv-shNLK, the number of G0/G1 phase cells was increased significantly (p < 0.01), whereas the number of S phase cells was reduced significantly (p < 0.01), indicating that Lv-shNLK infection arrested HT-29 cells at the G0/G1 phase of the cell cycle (Figure 6A and B). At the gene level, NLK knockdown reduced the levels of matrix metalloproteinase-2 (MMP-2) mRNA and protein (p < 0.01; Figure 6C and D).

Discussion
To date, numerous studies have reported an association between NLK expression and cancer development25[]
. In our current study, we analyzed NLK expression in five groups of different colorectal tissue specimens and then in vitro experiments were performed to assess the potential role of NLK in CRC development and progression. We found that NLK protein was overexpressed from the normal mucosa through adenoma to various stages of CRC and that NLK overexpression was associated with advanced tumor TNM stages, poor differentiation, lymph node and distant metastases, and a higher recurrence rate of CRC. NLK expression was also one of the independent prognostic factors to predict OS and DFS of CRC patients. Our results are consistent with the those of Chen’s study26[]
, showing that patients with NLK positive tumors had higher rates of recurrence and mortality than patients with NLK negative tumors, and that NLK expression was an independent factor of OS and DFS in CRC patients26[]
. Moreover, Han et al
 ADDIN EN.CITE 
[27]
 detected expression of NLK mRNA in 92 CRC cases, but their results were contrary to ours and Chen’s results26[]
. This inconsistency may be explained by difference between expression of NLK protein and mRNA. In addition, our current in vitro data also support our ex vivo results; for example, knockdown of NLK expression in vitro reduced CRC cell viability, colony formation and migration, and arrested tumor cells at the G0/G1 phase of the cell cycle. Knockdown of NLK expression also inhibited MMP-2 expression in CRC cells. Taken together, results from the current study supported the notion that NLK overexpression plays an important role in CRC development and progression.

The TMA technology
 ADDIN EN.CITE 
[28]
 allows us to analyze the entire cohort of studied tissue samples in one batch of experiments, which eliminates the staining bias of multiple day experiments29[]
. However, it may produce sample selection bias. Our data demonstrated that overexpression of NLK protein occurred in CRC but not in normal mucosae, while adenoma tissues were in between. Overexpression of NLK protein was associated with poorer clinicopathological parameters, such as an advanced TNM stage, poor differentiation, lymph node and distant metastasis, and a higher recurrence rate in CRC, thus contributing to poor OS and DFS of these CRC patients. These data are consistent with the overexpression of NLK in other organ sites of cancer[7]. Indeed, NLK is a member of the MAPK family that functions to promote cell proliferation; thus, overexpression of NLK could lead to cell proliferation and malignant transformation. Furthermore, our multivariate analysis further confirmed that NLK expression was one of the independent prognostic factors of the OS and DFS for CRC patients. 

One unique feature of this study was that overexpression of NLK was confirmed in the paired tissues of normal mucosa, adenoma, and adenocarcinoma from 16 FAP patients as well as in the paired tissues of normal mucosa and primary and metastatic CRC tissues from 21 patients. Usually, hereditary heterogeneity causes a great variation of gene expression in different tissues, but studying tissues from the same patient at different developing stages of CRC could minimize such heterogeneity. Our data further supported the notion that NLK overexpression by cancer cells may play an oncogenic role in transformation of normal mucosa through adenoma to adenocarcinoma. NLK expression was not significantly different between primary and secondary tumor tissues, but our overall data showed that NLK overexpression was associated with CRC lymph node and distant metastases, suggesting that NLK overexpression could induce tumor metastasis.

Lentivirus-carrying shRNA is an effective technique to silence gene expression in vitro and in vivo20[]
. Thus, in the current study, we employed this technique to specifically knockdown NLK expression to assess the effects of NLK knockdown on regulating tumor cell phenotype changes in vitro. We found that knockdown of NLK expression significantly reduced HT-29 cell viability, colony formation, and migration capacity. These in vitro data further supported our in vivo data, suggesting that NLK may play an oncogenic role in CRC. Therefore, NLK might serve as a potential therapeutic target for the future control of CRC. However, a previous study by Yasuda et al
 ADDIN EN.CITE 
[30]
 has shown that overexpression of NLK was associated with a decrease in tumor cell growth and induced apoptosis of the human colon cancer cell line DLD-1. Their data suggested that NLK might function as a tumor suppressor in colon cancer, which was contrary to our current data. The reason for this discrepancy is unknown; but in their study, they showed that induction of wild-type NLK induced growth suppression of DLD-1 cells, whereas the kinase-negative mutant did not have such an effect, indicating that NLK is not overexpressed in DLD-1 cells. Our current data shown in Figure 5A also confirmed this finding, further suggesting that NLK does not play any role in DLD-1 tumorigenesis or maintenance of tumor phenotypes. In this case, NLK overexpression or an NLK kinase-negative mutation may either have no effects on cell behavior or, in their case, NLK overexpression had tumor suppressive effects on CRC DLD-1 cells. CRC is a heterogeneous disease and different CRC cell lines do have their own specific subgroup characteristics. Furthermore, our ex vivo data further support our current hypothesis. In addition, NLK has been shown to exhibit dual and opposite effects in Wnt/-catenin signaling in different in vivo situations25[]
. A previous study has shown that NLK might be involved as an oncogene in the tumorigenesis and progression of CRC
 ADDIN EN.CITE 
[31]
. Thus, further studies are needed to clarify this discrepancy and the overall role of NLK in CRC.

The current study has several limitations that should be addressed. For example, this study was retrospective, the patients were not randomly selected, and loss of follow-up could have introduced possible biases. Furthermore, the patients did not receive neoadjuvant chemoradiotherapy, since the treatment would affect gene expression. Thus, the results obtained from this population may not be directly generalized to the clinical setting. In addition, the TMA technology, like any technology, has certain limitations
 ADDIN EN.CITE 
[32]
. We chose this method for its reduced time, cost, and tissue samples needed29[]
. Lastly, NLK knockdown was only performed in HT-29 cells, and more cell lines are needed to confirm the finding.
comments

Background

nemo-like kinase (NLK) is an important regulator of several signal transduction pathways, including the Wnt and Notch signaling pathways, both of which play a critical role in tumorigenesis. Dysregulation of NLK expression was closely associated with progression of different human cancers.

Research frontiers

Altered NLK expression was associated with cancer development and progression; for example, upregulated NLK protein occurred in hepatocellular carcinoma, whereas NLK expression is downregulated in prostate cancer cells. In other human cancers, knockdown of NLK expression was able to reduce tumor cell viability.
Innovations and breakthroughs

To summarize and emphasize the differences, particularly the advances, achievements, innovations and breakthroughs, from the other related or similar articles so as to allow the readers to catch up the major points of the article. In this study, we systematically evaluated NLK expression in different developing stages of colorectal cancer (CRC) and investigated the prognostic value of NLK expression. We observed that NLK expression gradually increased in colorectal samples from normal tissues, adenoma, stage I, stage II, and stage III to stage IV CRC. Knockdown of NLK in CRC cells significantly inhibited cell growth, migration, cell cycle, and matrix metalloproteinase-2 expression. The data of this study suggest that NLK overexpression is an independent prognostic factor in CRC and that knockdown of NLK expression inhibits CRC progression and metastasis.

Applications 

The current study demonstrated that NLK overexpression plays an important role in CRC development and progression. This finding may help us to understand the mechanism of CRC metastasis and to promote the prevention, diagnosis and management for CRC patients.

Terminology

tissue microarray (TMA) technology has the advantage that the entire cohort of studied tissue samples in one batch of experiments. It has multiple advantages such as conserving reagents, saving time, and decreasing the amount of required tissue. However, the main limitation of TMA is sample selection bias, since the selected specimen may not be representative of the entire tissue.

Peer-review 
This is an interesting paper assessing the role of NLK in CRC. The authors analyze a large series of clinical cases using TMA and correlate NLK expression with clinical parameters, and added some in vitro functional data of NLK knockdown to confirm the ex vivo data on the biomarker analysis. Their data indicated that NLK is a relevant molecule predicting CRC aggressiveness and prognosis. 
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Figure 1 Representative immunohistochemical data of nemo-like kinase expression in normal mucosa, adenoma, and different stages of colorectal cancer (× 200). Expression of NLK protein was mainly present in the cytoplasm of tumor cells, as indicated by the brown color. NLK: nemo-like kinase; CRC: Colorectal cancer.
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Figure 2 Immunohistochemical detection of nemo-like kinase expression in representative normal mucosa (A), adenoma (B), and adenocarcinoma (C) from 16 familial adenomatous polyposis patients, and the individual (D) and pooled (E immunostaining data of the 16 patients. 1Wilcoxon test. FAP: Familial adenomatous polyposis.
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Figure 3 Immunohistochemical detection of nemo-like kinase expression in representative normal mucosa (A), primary tumor (B), and metastatic tumor (C) samples from 21 patients with metastatic colorectal cancer whose metastatic tumor was resected concurrently, and the individual (D) and pooled (E) immunostaining data of the 21 patients. 1Wilcoxon test. 
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Figure 4 Kaplan-Meier curves of overall survival (A, C) and disease-free survival (B, D) stratified by nemo-like kinase expression in colorectal cancer (n = 712).
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Figure 5 Knockdown of nemo-like kinase expression on regulation of tumor cell viability, colony formation, and migration capacity in colorectal cancer cells. A: NLK expression was assessed in six CRC cell lines using qRT-PCR; B: Knockdown of NLK expression in HT-29 cells using a lentivirus carrying NLK shRNA. HT-29 cells were grown and infected with lentivirus for 48 h, and the cells were subjected to qRT-PCR analysis to determine the NLK mRNA level; C: The cells were subjected to western blot analysis of NLK expression; D: Cell viability MTT assay; E: Colony formation assay at 14 days after infection; F: Transwell tumor cell migration assay. NLK: nemo-like kinase; CRC: Colorectal cancer.
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Figure 6 Effect of nemo-like kinase knockdown on regulation of cell cycle progression and matrix metalloproteinase-2 expression in HT-29 cells. A: Flow cytometric cell cycle distribution. HT-29 cells were grown and infected with lentivirus for 48 h, and the cells were subjected to flow cytometric analysis of cell cycle distribution; B: Summarized data of cell cycle distribution; C: HT-29 cells were grown and infected with lentivirus for 48 h, and the cells were subjected to qRT-PCR analysis to determine the MMP-2 mRNA level; D: HT-29 cells were grown and infected with lentivirus for 48 h, and the cells were subjected to western blot analysis of the MMP-2 protein level. NLK: nemo-like kinase; MMP-2: matrix metalloproteinase-2.
	Table 1 Differential expression of nemo-like kinase protein in normal mucosa, adenoma, and various stages of colorectal cancer tissue specimens 

	Characteristic
	Total
	NLK expression
	Positive rate
	Mean rank1
	p-value2

	
	
	-
	+
	++
	+++
	
	
	

	Normal mucosa
	56
	14
	35
	6
	1
	75.0%
	216.32
	-

	Adenoma
	51
	7
	31
	13
	0
	86.3%
	273.63
	0.049a

	Stage I
	53
	4
	22
	21
	6
	92.5%
	392.97
	0.005c

	Stage II
	312
	31
	97
	154
	30
	90.1%
	410.66
	0.573

	Stage III
	298
	24
	76
	165
	33
	91.9%
	441.42
	0.074

	Stage IV
	49
	1
	7
	17
	24
	98.0%
	596.47
	< 0.001b

	1Kruskal-Wallis test was used for the overall comparison (p < 0.001); 2Mann-Whitney U test was used to determine significant differences between two groups. ap ≤ 0.05 vs normal mucosa; cp ≤ 0.05 vs adenoma; fp ≤ 0.01 vs stage III cancer. NLK: nemo-like kinase; CRC: Colorectal cancer.



Table 2 Association of nemo-like kinase expression with clinicopathological parameters of colorectal cancer patients (n = 712)
	Characteristic
	NLK immunostaining
	p-value

	
	-
	+
	++
	+++
	

	Gender 
	
	
	
	
	0.1651

	Male
	29
	112
	210
	55
	

	Female
	31
	90
	147
	38
	

	Age (yr)
	
	
	
	
	0.4081

	< 60
	33
	129
	211
	65
	

	≥ 60
	27
	73
	146
	28
	

	Tumor location
	
	
	
	
	< 0.0011

	Colon cancer
	48
	110
	145
	36
	

	Rectal cancer
	12
	92
	212
	57
	

	Invasion depth
	
	
	
	
	0.9801

	T1–T2
	6
	27
	42
	12
	

	T3–T4
	54
	175
	315
	81
	

	Lymph node metastasis
	
	
	
	
	0.0272

	N0
	35
	122
	180
	43
	

	N1
	21
	54
	120
	36
	

	N2
	4
	26
	57
	14
	

	Distant metastasis
	
	
	
	
	< 0.0011

	M0
	59
	195
	340
	69
	

	M1
	1
	7
	17
	24
	

	TNM stage 
	
	
	
	
	< 0.0012

	I
	4
	22
	21
	6
	

	II
	31
	97
	154
	30
	

	III
	24
	76
	165
	33
	

	IV
	1
	7
	17
	24
	

	Tumor differentiation
	
	
	
	
	0.0191

	Well, moderate
	42
	182
	326
	82
	

	Poor, mucinous 
	18
	20
	31
	11
	

	Serum CEA
	
	
	
	
	0.5701

	< 5 ng/mL
	39
	123
	220
	63
	

	≥ 5 ng/mL
	21
	79
	137
	30
	

	Serum CA19-9
	
	
	
	
	0.2641

	< 37 U/mL
	51
	178
	294
	79
	

	≥ 37 U/mL
	9
	24
	63
	14
	

	Recurrence
	
	
	
	
	< 0.0011

	No
	56
	176
	257
	68
	

	Yes
	4
	26
	80
	25
	


1Mann-Whitney U test; 2Kruskal-Wallis test. NLK: nemo-like kinase; CEA: carcinoembryonic antigen; TNM: tumor–lymph node–metastasis.
Table 3 Univariate and multivariate analyses in colorectal cancer tissue specimens (n = 712)

	
	Variables
	Overall survival
	Disease free survival

	
	
	HR (95%CI)
	p value
	HR (95%CI)
	p-value

	Univariate analyses
	Sex (male vs female)
	0.84 (0.58–1.23)
	0.376
	0.86 (0.63–1.18)
	0.342

	
	Age (≥ 60 yr vs < 60 yr)
	1.24 (0.85–1.80)
	0.259
	0.95 (0.69–1.30)
	0.734

	
	TNM stage (IV/III vs II/I)
	3.11 (2.06–4.70)
	< 0.001
	2.37 (1.72–3.27)
	< 0.001

	
	Differentiation (poor/mucinous adenocarcinoma vs well/moderate)
	1.54 (0.93–2.55)
	0.094
	1.33 (0.85–2.08)
	0.219

	
	Position (rectal vs colon)
	0.56 (0.38–0.83)
	0.003
	0.92 (0.66–1.23)
	0.506

	
	CEA (≥ 5 ng/mL vs < 5 ng/mL)
	1.97 (1.36–2.85)
	< 0.001
	1.63 (1.19–2.21)
	0.002

	
	CA19-9 (≥ 37 U/mL vs < 37 U/mL)
	2.27 (1.50–3.42)
	< 0.001
	1.89 (1.31–2.72)
	0.001

	
	NLK [(++)/(+++) vs (-)/(+)]
	2.19 (1.44–3.35)
	< 0.001
	2.71 (1.86–3.94)
	< 0.001

	
	Postoperative radiochemotherapy (yes vs no)
	2.42 (1.30–4.51)
	0.005
	2.69 (1.60–4.50)
	< 0.001

	Multivariate analyses
	TNM stage (IV/III vs II/I)
	3.02 (1.99–4.59)
	< 0.001
	2.34 (1.70–3.22)
	< 0.001

	
	Differentiation (poor/mucinous adenocarcinoma) vs well/moderate)
	1.78 (1.06–2.98)
	0.029
	1.45 (0.94–2.24)
	0.091

	
	Position (rectal vs colon)
	0.49 (0.33–0.72)
	< 0.001
	0.80 (0.59–1.08)
	0.143

	
	CEA (≥ 5 ng/mL vs < 5 ng/mL)
	1.56 (1.04–2.35)
	0.032
	1.31 (0.95–1.81)
	0.099

	
	CA19-9 (≥ 37 U/mL vs < 37 U/mL)
	1.54 (0.99–2.41)
	0.058
	1.76 (1.24–2.49)
	0.002

	
	NLK [(++)/(+++) vs (-)/(+)]
	2.57 (1.66–3.98)
	< 0.001
	1.96 (1.40–2.74)
	< 0.001

	
	Postoperative radiochemotherapy (yes vs no)
	1.04 (0.50–2.16)
	0.921
	1.64 (0.93–2.92)
	0.090


TNM: tumor–lymph node–metastasis.
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