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Abstract

:

CSDE1 (cold shock domain containing E1) gene is located upstream of the N-RAS locus, and codes for an RNA-binding protein named Upstream of N-Ras (UNR). In cancer, CSDE1 has been shown to regulate c-Fos, c-Myc, Pten, Rac1, or Vimentin. UNR/CSDE1 has been studied in breast, melanoma, pancreatic and prostate cancer. Then, the aim of this study is to evaluate the role of CSDE1/UNR in colorectal cancer progression and maintenance of aggressive phenotype. We firstly evaluated UNR/CSDE1 expression in human colon cancer derived cell lines and patient samples. Subsequently, we performed functional experiments by UNR/CSDE1 downregulation. We also evaluated UNR/CSDE1 prognostic relevance in two independent sets of patients. Not only was UNR/CSDE1 expression higher in tumor samples compared to untransformed samples, but also in colonospheres and metastatic origin cell lines than their parental and primary cell lines, respectively. Downregulation of UNR/CSDE1 reduced cell viability and migration throughout a restrain of epithelial-to-mesenchymal transition and increases sensitivity to apoptosis. Interestingly, high UNR/CSDE1 expression was associated with poor prognosis and correlated positively with c-MYC expression in colorectal cancer samples and cell lines. Here, we show for the first time compelling data reporting the oncogenic role of UNR/CSDE1 in human colorectal cancer.
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1. Introduction


Colorectal cancer (CRC) is one of the most common gastrointestinal malignant tumors in the world and it has one of the highest rates of morbidity and mortality worldwide, with 78,500 new cases of CRC expected to be diagnosed in men and 67,100 in women in 2019 [1].



Moreover, it is the third leading cause of cancer death in both sexes, with 27,640 estimated deaths in male and 23,380 in women in the USA in 2019 [1]. CRC has higher incidence in industrialized countries and this incidence is lower in patients under 50 years, but it increases considerably with age. On the other hand, in developed countries, like the USA, incidence has begun to decrease due the use of early detection methods in clinical practice, such as sigmoidoscopy and colonoscopy with polypectomy [2].



According to the model of CRC carcinogenesis proposed by Fearon and Volgestein, the loss of genomic stability can drive the development of CRC and facilitates the acquisition of multiple tumor-associated aberrations [3]. Nevertheless, this model shows that carcinogenesis requires additional molecular alterations [4]. In this regard, RNA binding proteins (RBPs) play a key role since they are pivotal components in the determination of mRNA and miRNA via the regulation of mRNA splicing, translation, or stability [5]. Alteration in expression or activity of RBPs has been reported in several malignancies [6].



In the late 1980s, an active transcription unit called UNR (upstream of N-RAS) was described in the 5′ flanking region of the N-RAS gene [7]. Indeed, UNR down-modulates N-ras through mRNA accumulation in different tissues [8], although UNR expression is not affected by the activation of N-ras [9]. In vitro assays indicated that UNR could interact with cytoplasmic RNA in a sequence-specific manner. This fact was due to the presence of five cold shock domains in its protein structure which gave the name to the UNR gene sequence (CSDE1, cold shock domain containing E1) [10]. These domains allow UNR to bind internal ribosome entry segments (IRES) of mRNA acting as an RNA chaperone to change their structure into a more functionally competent for translation [11]. The focus of this interoperability has pointed how UNR is able to regulate expression of different oncogenes like c-FOS [12,13], c-MYC [11,14], VIM, or RAC1 [15]. To date, the role of UNR/CSDE1 has been studied in melanoma [15], breast [16], prostate [17], and pancreatic cancer [18]. Furthermore, the CSDE1 gene itself could be a target of proviral insertions of B-lymphomagenic virus Akv1-99, which led to an aberrant expression of the downstream N-RAS gene in B-cell lymphoma [9]. Despite the oncogenic functions of UNR/CSDE1, it plays a crucial role in cell development and homeostasis since homozygous knockout mice of CSDE1 have not been obtained due the embryonic lethal effect of the deletion [8].



The purpose of this study is to evaluate, for the first time, the role of UNR/CSDE1 in colorectal cancer carcinogenesis. A secondary aim of the study is to provide the clinical relevance of UNR/CSDE1 expression as a potential biomarker for CRC progression.




2. Experimental Section


2.1. Human Cell Lines


Ten human-derived CRC cell lines obtained from the American Type Culture Collection (ATCC number): DLD1 (CCL-221), SW620 (CCL-227), SW480 (CCL-228), RKO (CRL-2577), LoVo (CCL-229), WiDr (CCL-218), LS513 (CRL-2134), HCT15 (CCL-225), HCT116 (CCL-247), and HT29 (HTB-38) were cultured with RPMI supplemented with 10% FBS, penicillin (100 U/mL)/streptomycin (100 U/mL) at 37 °C with a 5% CO2 atmosphere. Colonosphere-derived cell lines from DLD1 and LS513 where isolated as described by Bitarte et al. [19].




2.2. Patient Samples


A total of 74 human CRC patients who underwent surgery from 2007 to 2013 at the General and Digestive Tract Surgery Department from Fundacion Jimenez Diaz University Hospital were assessed for eligibility. Fresh-frozen samples from tumor and their paired adjacent untransformed tissue were obtained from 36 CRC patients and were used for total protein evaluation and mRNA expression; formalin-fixed paraffin embedded (FFPE) tissues from 35 CRC patients were used for UNR protein evaluation by immunohistochemistry (IHC) and association with patient survival; and three different tumor samples from 3 different patients were taken immediately after surgical resection to carry out ex vivo experiments. In addition, two fresh-frozen untransformed samples from healthy mucosa were used as controls in protein evaluation by Western blot. To evaluate protein expression by IHC a tissue microarray (TMA) was constructed with 35 FFPE patient samples using the MTA-1 tissue arrayer (Beecher Instruments; Tartu, Estonia). Each core (diameter, 1 mm) was punched from pre-selected FFPE tumor regions. These tissue cores were then inserted in a recipient paraffin block.



The clinical features of the CRC patients included in the study are summarized in Table 1. Our cohort was mainly male patients (52%) with a median age of 64 years (range 37–83 years). The main localization of tumors was in sigma (32%) followed by rectum (23%) and right colon (17%). Pathologic diagnosis revealed 83% of tumors were pT3N0 or pT3N1 and synchronous metastatic disease was found in 66% of cases. Differentiation grade was moderate in 46% and well-differentiated in 26% of tumors. Molecular analysis showed that 82% of tumors were mismatch repair-proficient and RAS wild-type in 69% of tumors.




2.3. Ethics Statement


All human samples were kindly supplied by the BioBank of the Fundacion Jimenez Diaz—Universidad Autonoma de Madrid (PT13/0010/0012). All patients gave written informed consent for the use of their biological samples for research purposes. The institutional review board (IRB) of the Fundacion Jimenez Diaz Hospital evaluated the study, granting approval on 9 December 2014 with approval number 17/14. Moreover, fundamental ethical principles promoted by Spain (LOPD 15/1999) and the European Union Fundamental Rights of the EU (2000/C364/01) were followed. In addition, all patient´s data were processed according to Declaration of Helsinki (last revision 2013) and Spanish National Biomedical Research Law (14/2007, of 3 July).




2.4. Western Blot


Total protein from CRC cell lines and normal human mucosa tissues was extracted with RIPA buffer supplemented with protease inhibitor cocktail (Roche; Basel, Switzerland). Samples were fractionated by SDS–polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes (BioRad; Hercules, CA, USA), and proteins were detected using specific antibodies for UNR (ab96124 Abcam; Cambridge, UK), Actin (a1978, Sigma-Aldrich; St. Louis, MO, USA), and c-Myc (ab32, Abcam; Cambridge, UK). Horseradish peroxidase-linked sheep anti-mouse (NA931V) antibodies (GE-Healthcare; Chicago, IL, USA) were used as the secondary antibodies. Blots were developed with the Amersham ECL Prime Western Blotting Detection Reagent (GE-Healthcare; Chicago, IL, USA). Quantification of protein band densitometry was carried out using ImageJ 1.52a software (Wayne Rasband, NIH; Bethesda, MD, USA).




2.5. Quantitative Real-Time PCR


Total RNA was isolated from the cell lines and patient samples with TRIzol Reagent (Invitrogen; Waltham, MA, USA). cDNA was generated with the SuperScript-III reverse transcriptase enzyme (Invitrogen; Waltham, MA, USA) following the manufacturer’s instructions. Quantitative real-time PCR was performed in triplicate with TaqMan Universal PCR Master Mix (Thermo Fisher Scientific; Waltham, MA, USA) in the FAST 7500 Real Time PCR System (Thermo Fisher Scientific; Waltham, MA, USA). CSDE1 cDNA was amplified with the TaqMan Assay Hs00918650_m1 and the results were normalized to GAPDH (TaqMan Assay Hs02758991_g1) (Thermo Fisher Scientific; Waltham, MA, USA). All experiments were performed in triplicate.




2.6. RNA Interference


Two independent short interfering RNAs (siRNA) against csde1 mRNA were used (Silencer Select pre-designed siRNA s15373 and s15374 (Thermo Fisher Scientific; Waltham, MA, USA). UNR/CSDE1 downregulation was performed with 3.5 million cells from three different CRC cell lines, DLD1, SW620 and RKO, by transfecting 600 pmol of each siRNA or the Silencer Negative Control-1 siRNA (Thermo Fisher Scientific; Waltham, MA, USA) using Lipofectamine 2000 reagent (Invitrogen; Waltham, MA, USA). UNR protein expression was evaluated by Western blot the next 24 h and 48 h and by immunohistochemistry 24 h after downregulation.




2.7. Cell Viability and Apoptosis


Cell viability after UNR/CSDE1 downregulation was determined with a colorimetric reaction the 3-(4,5-dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reduction assay following the manufacturer’s instructions (Promega; Madison, WI, USA). Apoptosis was assessed with the Annexin-V-FITC Apoptosis Detection Kit (BD Biosciences; San Jose, CA, USA) according to the manufacturer’s protocol after UNR/CSDE1 downregulation alone or in combination of camptothecin for (SN38, IC50 = 50 nM) 24 h [20]. Cell cytometry was performed on a FACS Canto II (BD Biosciences; San Jose, CA, USA) and analyzed with FACS Diva software (BD Biosciences; San Jose, CA, USA). Three independent experiments were done and all experiments were performed in triplicate wells.




2.8. Invasion Assay


Invasion ability of tumor cells was estimated independently by wound healing and Boyden chamber assays. For wound healing assay cells lines were grown as a monolayer to complete or near confluence, and an artificial homogenous wound was done with a sterile plastic 10 μL micropipette tip. Images were captured at 0, 6, 12, 24, and 48 h during the experiment. The images were compared to quantify the invasion rate of the cells. Boyden chamber assay was performed in cell culture inserts with 8-µm pores in 24-well plates (Transwell, Costar, Corning; New York, USA) [21]. The migration index was determined as the migrated cells ratio relative to siRNA control transfected cells. Three independent experiments were done and all experiments were performed in triplicate.




2.9. Ex Vivo Assay


Three tumor samples from three different patients were taken immediately after surgical resection. Each sample was divided in two pieces, transferred onto a 12-well plate and cultured in DMEM (Dulbecco’s Modified Eagle Medium) (Gibco; Waltham, MA, USA) supplemented with 10% FBS (Fetal Bovine Serum), Penicillin (100 U/mL)/Streptomycin (100 U/mL). One of the tumor pieces was treated with camptothecin (SN38, 50 nM) (Sigma-Aldrich; St. Louis, MO, USA), whereas the other half remained untreated. After 24 h, the tissues were FFPE for IHC staining.




2.10. Immunohistochemistry


The procedure was conducted in 3 µm sections of tissues, TMA or FFPE cell lines. First, slides were deparaffinized by incubation at 60 °C for 10 min and antigen retrieval was performed on PT-Link (Dako; Glostrup, Denmark) for 20 min at 95 °C in a high pH buffered solution. To block endogenous peroxidase, holders were incubated with peroxidase blocking reagent (Dako; Glostrup, Denmark). Samples were then incubated for 20 min with a 1:50 dilution of UNR/CDSE1 antibody (ab96124, Abcam; Cambridge, UK), 1:100 of cleaved Caspase-3 (9664, Cell Signaling; Danvers, MA, USA), 1:150 of Ki67 (clone SP6, Master Diagnostica; Granada, Spain), 1:1 of Vimentin (Clone V9, Dako Omnis; Glostrup, Denmark) and 1:1 of Cytokeratin 20 (GA777, Dako Omnis; Glostrup, Denmark), 1:500 β-Catenin (610153, BD Biosciences; San Jose, CA, USA), 1:50 Pan TGF-β (AB-100-NA, R&D Systems; Minneapolis, MN, USA), 1:50 Snail (3879S, Cell Signaling; Danvers, MA, USA) and 1:50 Slug (9585S, Cell Signaling; Danvers, MA, USA) followed by incubation with the appropriate anti-Ig horseradish peroxidase-conjugated polymer (EnVision, Dako; Glostrup, Denmark) to detect antigen-antibody reaction. All primary antibodies and anti-Ig horseradish peroxidase-conjugated secondary antibody presented high specificity and no positiveness resulted from these antibodies individually. A human intestinal tissue was used as a positive control for UNR immunohistochemical staining (according to the Human Protein Atlas available at http://www.proteinatlas.org). Sections were then visualized with 3,3′-diaminobenzidine (DAB) as a chromogen and counterstained with hematoxylin. Photographs were taken with a stereo microscope (Leica; Wetzlar, Germany).



To evaluate the expression of all antigens, DAB intensity was quantified with Image J (Fiji) software according to Fuhrich et al. [22].



To quantify the UNR immunostaining, a semiquantitative HistoScore (Hscore) was calculated. The Hscore was determined by estimation of the percentage of cells positively stained with low, medium, or high intensity of staining, after applying a weighting factor to each estimate. The following formula was used: Hscore = (low %) × 1 + (medium %) × 2 + (high %) × 3 and the results ranged from 0–300. Quantification for each patient biopsy was calculated with the average of both cores by two independent researchers (J.M.-U. and M.J.F.-A.)




2.11. Statistical Analysis


Nonparametric tests, Mann–Whitney U tests, or Kruskal–Wallis tests, were used to compare differences between two or more independent groups with small set of observations (n < 10) that are considered not normally distributed. To assess statistical analysis between UNR and c-MYC protein expression a ratio UNR vs. actin, and c-MYC vs. actin was assessed. Then, a Kolmogorov–Smirnov test confirmed that previous ratios were well-modelled by a normal distribution. Linear correlation between UNR and c-MYC ratios was evaluated and interpreted by Pearson’s r according to Cohen et al. [23]. Overall survival of CRC patients was defined as the interval between the dates of diagnosis and death from any cause. ROC (receiver operating characteristic) analysis was performed to identify the optimal cut-off point of UNR Hscore according to overall survival to separate into low- and high-risk CRC patients. The elected cut-off point presented the higher area under the curve (AUC) and an optimum sensitivity and specificity (Supplementary Figure S1). Survival curves were estimated using the Kaplan–Meier method and significant survival differences between groups were determined by the log-rank test. A p-value ≤ 0.05 indicated statistical significance. All statistics were performed with the IBM SPSS statistics 20.0 (Armonk, NY, USA).




2.12. TCGA-Colorectal Cancer Dataset Analysis


A TCGA dataset with 640 CRC patients was obtained from cBioPortal [24,25] and was used as an independent set of patients (cohort II). To assess survival analysis, only patients with available data of CSDE1 expression and overall survival (n = 222) or progression-free survival (n = 193) were included. For both progression-free and overall survival, ROC curves did not show a clear cut-off point (AUC = 0.552, p = 0.382; and AUC = 0.555, p = 0.278, respectively). Therefore, to identify low- and high-risk patients according to the CSDE1 Z-Score, the best cut-off point was determined by the 85th percentile of Z-score expression, considering the remaining 15% of patients with high CSDE1 expression levels.





3. Results


3.1. UNR/CSDE1 Is Overexpressed in CRC But Not in Untransformed Tissues


UNR protein levels were analyzed in a panel of nine human-derived CRC cell lines and compared with the expression in two untransformed mucosa tissues. All CRC-derived cell lines showed expression of UNR compared to mucosa tissues that showed a lack of expression. Indeed, almost all CRC-derived cell lines showed UNR overexpression, while two cell lines established from primary tumor presented the lowest expression (DLD1 and HCT116) (Figure 1A).



To verify UNR expression in human CRC samples, 21 tumor samples and their paired untransformed adjacent tissues before initiation of treatment were selected for protein evaluation. The 48% of tumors (n = 10/21) showed higher UNR expression than their untransformed adjacent tissues, while only 4% of tumors (n = 1/21) presented lower expression levels. The 48% of tumors (n = 10/21) showed no changes in UNR protein expression (Figure 1B). To verify this result, 20 independent samples (10 tumor samples and 10 paired untransformed samples) were analyzed by real-time PCR. Interestingly, we found CSDE1 mRNA upregulation in 9/10 tumor samples compared to their untransformed samples (Figure 1C). Samples were then grouped according to their tumor and untransformed origin, and statistical analysis revealed a significant upregulation of CSDE1 mRNA in tumor samples compared to their untransformed samples (p = 0.0004) (Figure 1D). These results support that high expression of UNR/CSDE1 is a common event associated to tumor cells.




3.2. UNR/CSDE1 Knockdown Decreases Invasive Phenotype of CRC by Regulation of Epithelial-to-Mesenchymal Transition


Noting previous results, we decided to study whether UNR/CSDE1 expression could be associated with initial stages or advanced tumors. To this aim, we quantified CSDE1 mRNA expression levels in stage II (n = 16), stage III (n = 11), and metastatic stage IV tumors (n = 7). Here, we observed that metastatic tumor samples presented higher expression levels of CSDE1 than stages II or III. Interestingly, CSDE1 expression associated significantly to metastatic disease in CRC (p = 0.039) (Figure 2A).



Since colonspheres are an appropriate 3D in vitro cancer model and have formerly demonstrated their association with tumor cell undifferentiated phenotype and aggressiveness [26], we decided to evaluate UNR/CSDE1 expression in different origin CRC derived cell lines. For this, CRC cell lines were analyzed for both protein and mRNA expression levels: two from primary origin (HT29 and SW480), two from metastatic origin (WiDr and SW620) and two colonspheres derived cell lines (DLD1 and LS513) with their parental cell lines (Figure 2B,C). UNR protein expression was not only higher in those cell lines from metastatic origin (WiDR and SW620) than those from primary origin, but also was higher in colonspheres derived cell lines (DLD1 and LS513) compared to their parental cell lines (Figure 2B). Subsequently, we evaluate CSDE1 mRNA expression of these CRC cell lines. Expression data from individual cell line were grouped according to their different origin and statistical analysis was assessed. Interestingly, we found statistical significant differences in CSDE1 expression between primary and metastatic cell lines (p = 0.004), and between parental and colonspheres (p = 0.004) (Figure 2C). Therefore, this result supports the fact that higher expression of UNR/CSDE1 is associated with a metastatic and undifferentiated phenotype.



To further study whether UNR/CSDE1 could be involved in cell survival and migration abilities we performed functional experiments with two different CRC cell lines, DLD1 and SW620. UNR expression was efficiently downregulated from both cell lines using two different small interfering RNAs for 24 and 48 h after transfection (Figure 2D). Cell viability was decreased significantly from 24 to 48 h after downregulation in DLD1 (p = 0.029), and after 48 h in SW620 (p = 0.042) that suggest the potential role of UNR to maintain tumor cell survival (Figure 2E). Wound healing assay revealed a delay in both cell lines from 12 h after silencing in DLD1 and after 24 h in SW620 compared to controls (Figure 2F). Migration assay performed by Boyden chamber assay confirmed these results and significant reductions in the migration ability of DLD1 (p = 0.049) and SW620 (p = 0.023) were observed (Figure 2G).



To study how UNR expression affects invasive capabilities of tumor cells, we evaluated the expression of different markers involved in epithelial-to-mesenchymal transition (EMT) in three different downregulated CRC-derived cell lines (DLD1, SW620, and RKO). Interestingly, protein expression of mesenchymal markers vimentin, β-catenin, and TGF-β reduced their expression after UNR downregulation. Only RKO did not express β-catenin, and no changes were observed after UNR downregulation. We also observed a reduced expression of EMT transcription factors snail and slug. However, expression of epithelial marker cytokeratin 20 increased after UNR downregulation in all tested CRC derived cell lines (Figure 3). These results highlight the crucial role that UNR/CSDE1 plays in the migration ability of CRC tumor cells through regulation of EMT.




3.3. UNR/CSDE1 Downregulation Increases Response to Apoptosis Mediated by Camptothecin


On the other hand, we wondered whether UNR/CSDE1 could be involved in response to apoptosis stimuli in CRC to identify its translational potential use. To evaluate apoptosis induction CRC derived cell lines were treated with camptothecin according to Wang et al. [27]. Then, logarithmically-growing DLD1 and SW620 cell lines were treated with IC50 dose of camptothecin (SN38, 50 nM). Statistical analysis revealed significant differences between groups of treatment not only in DLD1 (p = 0.017), but also in SW620 (p = 0.043) (Figure 4A,B). UNR downregulation per se increased significantly apoptosis of DLD1 cell line (p = 0.050), but it was not enough to produce significant apoptotic stimulus in SW620 cell line (p = 0.825). Nevertheless, when UNR downregulation was combined with camptothecin treatment apoptosis increased significantly compared to control or individual treatments in DLD1 cell line (p = 0.050). However, combination of treatments in SW620 only achieved statistical significance compared to the untreated control (p = 0.046) or compared to UNR downregulation (p = 0.050), but not when treated with camptothecin treatment (p = 0.184) (Figure 4A,B).



The link between UNR expression and apoptosis induction through camptothecin treatment was confirmed with three independent tumor samples cultured ex vivo. Fresh tumor samples were treated with camptothecin and stained for UNR, Ki67, and cleaved caspase-3 protein detection. UNR expression levels were similar between untreated and treated samples indicating that camptothecin did not affect its expression. A tumor sample showed a substantial reduction in Ki67 and an increase in cleaved caspase-3 expression after treatment (CRC1) (Figure 4C). Remarkably, this sample had the lowest UNR expression levels. The other two tumor samples showed higher UNR expression levels and we did not find differences in any of three analyzed markers (CRC2) (Figure 4C). These results suggest the potential use of UNR/CSDE1 downregulation in combination with chemotherapy to increase apoptosis of CRC tumor cells.




3.4. High UNR/CSDE1 Expression Levels Predict Poor Outcome of CRC Patients


We constructed and stained a TMA to detect UNR protein expression to determine its association with survival. All samples that stained positive for UNR exhibited a cytoplasmic expression pattern and membrane localization especially in some cases with high expression levels (Figure 5A right). Then, we stratified tumor samples into two groups, low- or high-UNR expression according to Hscore with the maximum AUC (0.45) (Supplementary Figure S1A) given by the ROC curve (Supplementary Figure S1B). Although no statistically significant association was found between UNR expression and overall survival of CRC patients, a high trend toward significance was observed (p = 0.071) (Figure 5B). Indeed, patients with high UNR expression presented shorter mean survival (52 months; 95% CI: 37–68 months) than patients with low expression (100 months; 95% CI: 76–124 months). Since the sample size of cohort I was too small (n = 35), we sought for a dataset of patients wide enough to validate the prognostic significance of high UNR expression. Therefore, an independent cohort was taken from The Cancer Genome Atlas (TCGA). Progression-free survival of patients with available CSDE1 expression data (n = 193) demonstrated that high CSDE1 expression levels presented shorter mean progression-free survival (30 months; 95% CI: 24–37 months) than patients with low CSDE1 expression (45 months; 95% CI: 42–49 months) (p = 0.016) (Figure 5C). Indeed, overall survival analysis with 222 patients supported previous results. Here, those patients with high CSDE1 expression levels showed shorter mean overall survival (31 months; 95% CI: 25–37 months) compared to those with low high UNR expression levels (45 months; 95% CI: 42–48 months) (p = 0.005) (Figure 5D). Altogether, the results obtained from cohort II support the malignant role of UNR/CDSE1 expression in CRC.




3.5. UNR/CSDE1 Expression Correlated with c-MYC Expression in CRC


Since UNR protein has the ability to bind c-myc RNA, which contributes to stimulate c-myc translation [11,14], we wonder whether c-MYC protein expression was linked to UNR expression in CRC. To test this hypothesis in vitro, UNR was downregulated from DLD1 and SW620 cells lines, then c-MYC expression was evaluated. Interestingly, we found a decrease in c-MYC expression gradually from 24 h in both CRC cell lines, and reached its maximum downregulation within 72 h after UNR knockdown (Figure 6A,B). To verify whether this connection occurs in vivo, UNR and c-MYC protein expression were evaluated in 26 fresh-frozen CRC patient samples (Figure 6C). Statistical analysis performed with both protein/Actin ratios exhibited a moderate significant positive correlation (Pearson´s r = 0.432; p = 0.028). These results support the notion that UNR/CSDE1 may promote the malignant phenotype through regulation of c-MYC proto-oncogen in CRC.





4. Discussion


Post-transcriptional gene regulation is a rapid and efficient way to adjust the proteome of a cell to environments in constant variation. Most RBPs, together with their targets, form complex networks that play crucial role in cell proliferation, differentiation, invasion, metastasis, and apoptosis [5]. Some of these RBPs which have been largely studied in cancer development are Sam68, eIF4E, or HuR. Sam68 promotes inclusion of exon v5 in the CD44 pre-mRNA, which encodes a cell surface protein involved in cancer [28]. Sam68 is overexpressed in prostate, breast, renal, and cervical human cancer [29,30]. EIF4E binds to the m7GTP-cap structure present at the 5′ end of mRNAs and is essential for mRNA translation [31]. It is also overexpressed in different tumor types, like colon, prostate, breast, lung, or gastric cancer [32], and eIF4E is often associated to poor prognosis and malignancy [33,34]. Perhaps the most studied RBP involved in cancer is human antigen R (HuR), a protein that regulates the translation and stability of cancer-related transcripts. Aberrant overexpression of HuR has been already reported in several types of tumors [35,36,37]. Here, we describe that the RBP UNR/CSDE1 is associated to cell survival, invasion, resistance to apoptosis, and poor prognosis in CRC through the regulation of EMT and c-MYC expression. Firstly, we observed UNR/CSDE1 overexpression in a series of CRC-derived cell lines and paired human colon biopsies that supported its oncogenic role. Subsequently, UNR/CSDE1 was found to be highly expressed in colonspheres compared to their parental cell lines. This result supports the role of UNR/CSDE1 in the regulation of cell differentiation that has been previously described in mouse embryonic stem cells [38]. Furthermore, our study highlights the invasive phenotype due the higher expression of UNR/CSDE1 in metastatic cell lines compared to primary cell lines, and the reduced migration abilities of cell lines after UNR downregulation. These functions of UNR/CSDE1, which involve invasive phenotype, are supported by a previous report in melanoma derived cell lines and tumors [15]. All these results demonstrate that UNR/CSDE1 expression is a crucial factor associated with the acquisition of molecular traits involved in invasiveness and metastasis.



It has been reported that UNR/CSDE1 downregulation induces apoptosis in untreated and gamma-irradiated cells [39]. Then, we aimed to evaluate whether UNR downregulation could influence apoptosis mediated by camptothecin [40]. Although UNR downregulation per se was not enough to produce significant apoptotic stimulus in both studied CRC derived cell lines, UNR downregulation potentiated the apoptotic effect of this drug. However, further studies are required to propose UNR/CSDE1 as a target for future drug design in cancer.



Finally, we then aimed to identify the prognostic value of UNR/CSDE1 in CRC patients. Although a high trend toward significance was found between UNR expression and survival, it did not achieve statistical significance. This result was reasonably expected due the scarce sample size of cohort I. We then assessed a second analysis in high number of CRC patients (cohort II), and a significant prognostic relevance of high levels of UNR appeared in both progression-free and overall survival analysis. However, the role of UNR/CSDE1 as a prognosis biomarker appears to be different depending on the type tumor [18]. From our experiments we can conclude that high expression of UNR/CSDE1 is associated to poor prognosis in CRC.



In order to explain the malignant phenotype conferred by UNR/CSDE1 expression in CRC, we evaluated other proteins that have been previously linked to UNR/CSDE1. It has been previously reported how UNR/CSDE1 regulates direct translation of vimentin in melanoma cells [15]. Vimentin expression is involved in acquisition of mesenchymal phenotype that induces cell migration, invasion and metastasis in cancer [41]. Other EMT proteins have been evaluated to verify the role of UNR in acquisition of mesenchymal phenotype and migration abilities of tumor cells. Slug and snail are a set of transcription factors involved in EMT induced by TGF-β [42,43]. Moreover, β-catenin expression has been associated to mesenchymal phenotype in CRC [44]. In contrast, cytokeratin 20 expression is a routine test to detect epithelial neoplasms [45]. Here, we showed downregulation of mesenchymal markers snail, slug, TGF-β and β-catenin, and upregulation of epithelial marker cytokeratin 20 after UNR downregulation. Moreover, downregulation of TGF-β after UNR downregulation goes in accordance with previous findings that reported the direct bind of UNR to TGFB1 [15]. These results support the role of UNR in EMT in this type of tumor.



Subsequently, from all related targets of UNR/CSDE1 described in the literature, we have focused in c-MYC. On the one hand, c-MYC is a proto-oncogen involved in tumor development [46,47,48]. On the other hand, not only is UNR/CSDE1 closely related to c-MYC, since UNR stimulates IRES-dependent translation of c-myc mRNA [11,14], but c-MYC is also able to repress UNR expression, which may explain the auto-regulatory feedback between both proteins [49]. In addition, the role of c-MYC has been also related to chemoresistance and anti-apoptotic effect in different tumor types against different treatments [50,51,52,53,54], and c-MYC expression has been directly related to mesenchymal shift during carcinogenesis [55]. In this study, we observed that downregulation of UNR led to a reduced c-MYC protein levels in vitro, and we found a moderate significant positive correlation between UNR and c-MYC expression in CRC patients. Consequently, mesenchymal reversion and the increased apoptosis after UNR downregulation could be explained with the regulation of c-MYC protein expression. Additionally, poor prognosis observed in CRC patients was associated with high UNR expression, which may be justified by the link between UNR and c-MYC, since c-MYC expression has been associated which poor prognosis in other types of tumors [56,57,58].



Since UNR/CSDE1 has an important role in tumorigenesis, and its expression levels could predict the outcome of CRC patients, UNR targeting constitutes a promising approach for drug discovery and development to be evaluated in future pre-clinical and clinical trials, both alone and in combination with other targeted therapies.




5. Conclusions


This study has shown that UNR/CSDE1 is involved in the malignant phenotype of tumor cells by regulation of EMT and c-MYC expression. In this respect, UNR engrosses the currently small list of RNA binding proteins, including HuR, eIF4E, and Sam68, whose aberrant expression contribute to the cancerous phenotype.
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Figure 1. UNR/CSDE1 is overexpressed in CRC cell lines and tumor samples from patients. (A) UNR was overexpressed in all human derived colorectal cancer cell lines compared with two human untransformed mucosa tissues (NT1, NT2). (B) Seven representative pair of protein samples from 21 independent paired of patient tissues (P1–P7) were analyzed by Western blot, showing UNR overexpression in tumor samples (T) compared to their adjacent normal tissues (NT). (C) Ten independent paired of samples, tumor and untransformed tissues (NT) from patients diagnosed with CRC were analyzed by Real Time PCR. CSDE1 mRNA was overexpressed in most of tumor samples. (D) Samples were grouped by origin and statistical analysis was assessed (*** p < 0.001). 
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Figure 2. UNR/CSDE1 promotes metastatic phenotype in CRC. (A) CSDE1 mRNA expression of eight stage II tumor samples, 16 stage III tumor samples, and six stage IV tumor samples by qRT-PCR. (B) UNR protein expression of primary and metastatic CRC cell lines and parental and colospheres derived CRC cell lines. (C) CSDE1 mRNA expression of CRC derived cell lines from (B) grouped by origin. (D) Two different siRNAs of csde1 (si15373 and si15374) were used to downregulate UNR protein expression in DLD1 and SW620 CRC derived cell lines. We verified UNR expression levels by western blot at 24 and 48 h after transfection. (E) MTS assay showed that both DLD1 and SW620 cell lines decreased cell viability at 48 h after UNR downregulation. (F) Microscope images of wound healing assay showed a reduced cell migration after UNR downregulation in both cell lines. Representative images taken at 6, 12, and 24 h after scratching. Arrows represent distance between cell migration heads. (G) Cell invasion assays performed in Boyden chamber showed that UNR silencing decreased invasion ability of both cell lines. UNR/Actin ratio is represented under Actin protein bands. All assays were performed with two different siRNA sequences. (* p < 0.05; ** p < 0.01). 
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Figure 3. UNR is critical for the maintenance of epithelial-to-mesenchymal transition. Immunohistochemical staining for the expression of UNR, vimentin (VIM), β-catenin (β-CAT), TGF-β, snail, slug, and cytokeratin 20 (CK20) in DLD1, SW620, and RKO CRC derived cell lines before and after UNR/CSDE1 downregulation. Vimentin (VIM), β-catenin (β-CAT), TGF-β, snail, and slug decreased their expression after UNR downregulation, while Cytokeratin 20 (CK20) expression increased after UNR downregulation. Cells were stained 48 h after UNR downregulation. Percentages of DAB staining for each CRC derived cell line are reflected in the white boxes. Scale bars represent 500 µm. 
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Figure 4. UNR influence camptothecin response in CRC derived cell lines and patients. (A) Bar diagram shows the percentage of both early and late apoptotic cells stained positive for Annexin-V after different treatments. DLD1 and SW620 cell lines were UNR downregulated and/or treated with camptothecin (SN38). Combination of UNR downregulation and camptothecin treatment increased apoptosis compared to individual treatments in DLD1 (up) or SW620 (down). (B) Representative dot blots from flow cytometry acquisition after propidium iodide (PI) and Annexin-V stained DLD1 and SW620 cells lines treated as previously. (C) Immunohistochemical staining for UNR, Ki67, and cleaved caspase 3 expression in two representative ex vivo assays from colorectal cancer (CRC) fresh tumor samples with the lowest UNR expression (CRC1) and the highest (CRC2) UNR expression levels. Camptothecin treatment did not affect UNR expression, but a reduction in Ki67 and a substantial increase in cleaved caspase 3 expression were observed in CRC1 compared with CRC2. No changes on Ki67 or cleaved caspase 3 were evidenced in CRC2. (* p ≤ 0.05). Scale bars represent 100 µm. 
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Figure 5. UNR/CSDE1 expression predicts poor prognosis in CRC patients. (A) Representative micrographs of a low- (left) and high- (right) UNR expression tumors. Scale bars: 100 µm. (B) Kaplan-Meier curve for overall survival analysis of CRC patients that conforms cohort I. (C,D) Kaplan-Meier curves of cohort II for progression-free and overall survival analysis, respectively. p-value has been obtained by log-rank test. 
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Figure 6. c-MYC protein expression is associated to UNR protein expression in CRC derived cell lines and patients. (A,B) UNR and c-MYC protein expression in DLD1 and SW620 cell lines were evaluated at 24, 48, and 72 h after UNR downregulation. (C) Evaluation of UNR and c-MYC protein expression in 26 human CRC tumor samples (1–26). Protein bands’ quantification is shown under each band. 
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Table 1. Clinico-pathological characteristics of CRC patients from training set included in the study.
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	Characteristics
	N (%)
	Characteristics
	N (%)





	Median Age (range)
	64 years (37–83)
	Mestastasic disease
	



	Gender
	
	Synchronous
	23 (66%)



	Female
	13 (37%)
	Metachronous
	12 (34%)



	Male
	18 (52%)
	Differentiation grade
	



	N/A
	4 (11%)
	Well
	9 (26%)



	Family history of cancer
	
	Moderate
	16 (46%)



	No
	25 (72%)
	Poor
	3 (8%)



	Yes
	5 (14%)
	N/A
	7 (20%)



	N/A
	5 (14%)
	Inflammation
	



	Localization of primary tumor
	
	No
	11 (32%)



	Right
	6 (17%)
	Low
	14 (40%)



	Transverse
	2 (6%)
	Moderate
	4 (11%)



	Left
	2 (6%)
	N/A
	6 (17%)



	Sigma
	11 (32%)
	Vascular Invasion
	



	Rectum
	8 (23%)
	No
	25 (72%)



	Cecum
	3 (8%)
	Yes
	4 (11%)



	N/A
	3 (8%)
	N/A
	6 (17%)



	pT
	
	MMR
	



	T1
	2 (6%)
	Deficient
	3 (9%)



	T2
	2 (6%)
	Proficient
	29 (82%)



	T3
	29 (82%)
	N/A
	3 (9%)



	T4
	1 (3%)
	RAS status
	



	N/A
	1 (3%)
	wild-type
	24 (69%)



	pN
	
	Mutated
	6 (17%)



	N0
	18 (52%)
	N/A
	5 (14%)



	N1
	11 (31%)
	UNR
	



	N2
	5 (14%)
	High
	14 (40%)



	N/A
	1 (3%)
	Low
	21 (60%)







N: number of patients; pT: tumor infiltration; pN: lymph node involvement; MMR: mismatch-repair gene status; N/A: not available.
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