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Pancreatic ductal adenocarcinoma (PDAC) is among the leading causes of cancer mortality, and new therapeutic options are urgently needed. Long noncoding RNA H19 (H19) is known to promote PDAC progression, but the downstream genes of H19 are largely unknown. Five PDAC cell lines, nonmalignant pancreatic cells, TCGA, GEO-derived pancreatic tissues (malignant, n=413; nonmalignant, n=234), a pancreatic tissue array (n=96), and pancreatic tissues from our clinic (malignant, n=20; nonmalignant, n=20) were examined by a gene array, RT-qPCR, Western blotting, MTT, colony formation, wound-healing, siRNA-mediated gene silencing, bioinformatics, xenotransplantation, and immunohistochemistry assays. The cell cycle inhibitor, UHMK1, was identified to have the strongest correlation with H19. UHMK1 expression was enhanced in PDAC, and high UHMK1 expression correlated with tumor stage, and lower overall survival. siRNA-mediated UHMK1 downregulation inhibited progression signaling. siRNA-mediated downregulation of H19 or UHMK1 inhibited tumor proliferation and xenograft growth. Based on the correlation between UHMK1 expression and clinical parameters, we developed a nomogram that reliably predicts patient prognosis and overall survival. Together, we characterized UHMK1 as an H19-induced oncogene and verified it as a novel PDAC prognostic marker for overall survival.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the leading causes of cancer mortality worldwide and is characterized by late diagnosis, early metastasis, and high therapy resistance (1). Despite worldwide efforts, therapeutic options for PDAC are limited (2, 3), and improvement is urgently needed.

Long noncoding RNAs (lncRNAs) are noncoding RNAs that contain more than 200 nucleotides (4). LncRNAs epigenetically regulate gene expression by modulating transcriptional activities, posttranscriptional activities, genomic imprinting, and other biological processes (5). Recently, the lncRNA H19 (H19) has been identified as a cancer promotor in different cancer types (6–9). H19 is highly expressed in PDAC, and it promotes proliferation, migration, and metastasis (6, 10–12). We identified the innate anti-viral immunity gene APOBEC3G as a major H19 downstream gene (12, 13) and demonstrated that the downregulation of H19 or APOBEC3G by siRNA or the bioactive agent sulforaphane prevented H19-mediated PDAC progression features as demonstrated by assays for colony formation, migration, invasion, Smad2 phosphorylation and tumor xenograft growth (12). Nevertheless, the function of additional, yet unknown, H19 target genes needs to be clarified.

The U2AF homology motif kinase 1 (UHMK1) was initially identified as a regulator of cyclin-dependent kinase inhibitors and the cell cycle regulator, p27 (Kip1) (14). Moreover, a more ubiquitous role of UHMK1 in cellular signaling is known, e.g., as a regulator of splicing factors 1 (15, 16), and RNA-binding proteins (17). Recently, a function of UHMK1 in the progression of hepatocellular carcinoma (18), gastric cancer (19), and ovarian cancer (20) has been reported, but the function of UHMK1 in PDAC is unclear.

Here, we demonstrated a high correlation between H19 and UHMK1, because the siRNA-mediated downregulation of H19 resulted in strong inhibition of UHMK1 RNA and protein expression. We further explored the role of UHMK1 in PDAC and found that high UHMK1 expression correlated with a shorter overall survival of PDAC patients. siRNA-mediated knockdown of UHMK1 expression was associated with reduced viability, clonogenicity, and migration. The inhibition of both H19 and UHMK1 prevented PDAC xenograft growth. Using UHMK1 expression and clinical data, we constructed a prognostic nomogram with high accuracy, which provides a new clinical tool to predict the prognosis of PDAC patients and aid in the treatment decision-making process.



Results


UHMK1 Is Highly Expressed in PDAC, Which Can be Inhibited by SiRNA-Mediated Downregulation of H19

Recently it was shown that H19 is highly expressed in PDAC and we demonstrated that the siRNA-mediated downregulation of H19 inhibited progression features of PDAC (10, 12). To further investigate these promising results, the aim of the present study was to identify H19 mediators and to explore their function in PDAC progression. H19 expression was inhibited in MIA-PaCa2 cells by lipotransfection of two H19 siRNA constructs, whose functionalities were recently confirmed (12), along with a nonsense siRNA control. RNA was isolated 24 h after transfection, and gene array analysis was performed. Bioinformatics evaluation revealed 49 differentially expressed genes for siH19-1 and 30 differentially expressed genes for siH19-2 (Supplementary Figures S1A, B). Using the UpSetR R package, we selected six candidate genes associated with siH19-1 and siH19-2 as shown by volcano plots (Figure 1A) and a Venn diagram (Supplementary Figure S1C). At the top of the H19-downregulated candidate genes was UHMK1, closely followed by MIGA1, SERPINB9, and SGPL1, whereas ZNF56 and ZNF616 were upregulated by H19. Based on the online database TIMER 2.0, Pearson correlation analysis detected a positive correlation between UHMK1 and SGPL1, SERPINB9, and MIGA1 with R=0.524, R=0.296, and R=0.798, respectively, as presented by dot plots (Supplementary Figure S2A). By utilizing GEPIA online database, we figured out that each of these genes was significantly upregulated in PDAC patient tissues compared to nonmalignant pancreatic tissues (Supplementary Figure S2B). These results suggested that H19 drives the progression of PDAC not only through UHMK1 but also through several downstream genes simultaneously.




Figure 1 | LncRNA H19-induced UHMK1 is highly expressed in PDAC. (A) Volcano plot showing differentially expressed genes in MIA-PaCa2 cell line depleted for lncRNA H19 using the siRNAs siH19-1 (left panel) and siRNAs siH19-2 (right panel), in comparison with cells transfected with a nonsense siRNA control (NC). The threshold was set to a log2 (fold change) >1 and a P value <0.05. Vertical axis corresponds to the statistical significance level provided as the -Log10 P value. The horizontal dashed gray line shows the P-value cutoff (-log10 1.3 ≙ P = 0.05) with points above the line having P values <0.05. The vertical gray dashed line indicates 1-fold changes/doubling (log2-fold change of 1), The six most significantly differentially regulated genes were MIGA1, SERPINB9, SGPL1, ZNF616, ZNF56, and UHMK1. (B) UHMK1 mRNA expression in the PDAC cell lines BxPc-3, AsPC-1 and MIA-PaCa2 after depletion of lncRNA H19, compared with control cells (NC). (C) UHMK1 mRNA expression in CRL-4023 (CRL), and the PDAC cell lines BxPc-3, AsPC-1, MIA-PaCa2, PANC-1, and BxGEM, The data were normalized to the expression of CRL-4023 cells. (D) GAPDH served as a loading control. The protein sizes in kilodaltons (kDa) are shown on the right. The crude Western blot images are shown in Figure S2. (E) UHMK1 protein expression was detected in paraffin-embedded human tissue derived from PDAC (n = 20) or nonmalignant (normal) pancreata (n = 20) by performing immunohistochemistry. Cell nuclei were stained with hematoxylin. (F) Representative images of UHMK1 expression in PDAC and nonmalignant pancreatic tissues are shown. The scale bar indicates 200 µm. *P < 0.05, **P < 0.01, and ***P < 0.001.



To verify these results, we lipotransfected siH19-1 and siH19-2 along with a nonsense siRNA control into BxPc-3, AsPC-1, and MIA-PaCa2 cells. After 24 h, total RNA was extracted, and UHMK1 expression was examined by RT-qPCR. The RNA expression of UHMK1 was significantly downregulated after knockdown by both siH19 constructs in all cell lines examined (Figure 1B). Because siH19-1 was most potent in the downregulation of UHMK1 mRNA expression, we used siH19 for all subsequent experiments. Next, we studied UHMK1 mRNA expression by RT-qPCR in the nonmalignant pancreas cell line, CRL-4023, and five PDAC cell lines. Compared to CRL-4023 cells, there was significantly increased UHMK1 expression in four of the five PDAC cell lines (Figure 1C). We confirmed that knockdown of H19 decreased UHMK1 expression in protein level by Western blot analysis (Figure 1D and Supplementary Figure S3). To evaluate UHMK1 protein expression in PDAC tissue from patients, we performed immunohistochemistry on PDAC tissues (n=20) and nonmalignant pancreatic tissues (n=20), which were obtained from brain-dead donors (Table S1). The expression level of UHMK1 was quantified by counting the percentage of UHMK1-positive cells of 10 randomly chosen vision fields of each tissue by two independent researchers with experience in pancreas histology who were blinded to the conditions. High, medium, low, and no expression was scored as 3, 2, 1, and 0, respectively. We discovered higher UHMK1 expression in PDAC tissues compared to nonmalignant, inflamed pancreatic tissue (Figure 1E), which can be seem in the representative staining (Figure 1F).



Increased UHMK1 Expression Correlates With the Clinical Stage of PDAC

To examine UHMK1 expression in different cancer stages, we performed immunohistochemistry using a commercially available pancreatic cancer tissue array with 91 malignant tissues and 5 nonmalignant pancreatic tissues along with patient information on clinical stage and pathology grade (Table S2). UHMK1-positive cells were quantified by microscopy and the use of a scoring system (Figure 2A). Whereas the expression of UHMK1 was low to absent in normal pancreatic tissue, its expression was increased corresponding to malignancy as shown by representative images and a diagram (Figure 2B). Together, UHMK1 expression positively correlated with the clinical stage because the expression was lower in stage I, higher in stage II, and low to absent in nonmalignant pancreatic tissues. Unfortunately, we were unable to calculate the significance of advanced stages III/IV because only 6 tissues for these stages were available.




Figure 2 | UHMK1 expression is related to PDAC tumor stage. (A) UHMK1 expression was examined by immunohistochemical staining of a commercially available PDAC tissue microarray with paraffin-embedded pancreatic tissue, which contained 91 malignant tissues from stage I to IV and 5 normal pancreatic tissues. Four tissues of the microarray were necrotic or damaged and were therefore excluded from the evaluation, and these tissues are indicated by thick black crosses on the schematic. The expression of UHMK1 was evaluated by immunohistochemistry under 400× magnification. The expression level was quantified by counting the positive, dark-brown cells per tissue by two independent researchers with expertise in pancreas histology who were blinded by the conditions. UHMKI expression was scored based on the following scale: high UHMK1 expression, 3; medium UHMK1 expression, 2; low UHMK1 expression, 1; and no UHMK1 expression, 0. (B) Representative images of UHMK1 expression in normal pancreatic tissue and in tissues of different PDAC stages are shown. Because there were only four nonnecrotic tissues from the nonmalignant pancreas available in this tissue array, we included data from the 20 previously examined nonmalignant pancreatic tissues. The mean expression of UHMK1 according to the previously scored values is shown. The scale bar indicates 50 µm. **P < 0.01, and ***P < 0.001.





UHMK1 Is an Independent Marker for Overall Survival

To examine the impact of UHMK1 in PDAC, we screened TCGA and GTX online databases based on GEPIA for the presence of UHMK1 expression data in PDAC tissues. We found a significant upregulation of UHMK1 in PDAC tissues (n=179) compared to nonmalignant pancreatic tissues (n=171) (Figure 3A). These data were confirmed by extracting data from the GEO online database, demonstrating that UHMK1 was more highly expressed in PDAC tissues (n=63, n=24, and n=36) than in nonmalignant paracancerous tissues (n=36) (Supplementary Figure S4A). Similarly, in silico analysis using the GEPIA database revealed significant UHMK1 upregulation in malignant tissues of other tumor entities compared to adjacent nonmalignant tissues, including breast invasive carcinoma, cervical squamous cell carcinoma and endocervical adenocarcinoma, lymphoid neoplasm diffuse large B-cell lymphoma, esophageal carcinoma, skin cutaneous melanoma, stomach adenocarcinoma, and thymoma (Supplementary Figure S4B). The correlation between UHMK1 expression and overall survival was then evaluated by the Kaplan-Meier plotter online database. We divided the available mRNA expression data into high and low UHMK1 expression groups according to the best cutoff value and found a significant association between high UHMK1 expression and shorter overall survival of PDAC patients (Figure 3B). To investigate whether UHMK1 expression is an independent risk factor and appropriate for predicting the prognosis of PDAC, a statistical survival model was developed. By performing univariate Cox regression analysis, we examined survival with respect to a single variable and found that UHMK1 expression (P=0.027), age (P=0.019), grade (P=0.007), pTNM stage (P=0.037), and radiation therapy (P=0.014) significantly and independently predicted the overall survival of PDAC patients (Figure 3C). Because one variable influences the other, we investigated survival with respect to all identified variables simultaneously by multivariate Cox analysis, which identified UHMK1 (P=0.045), grade (P=0.004), and radiation therapy (P=0.01) as significant risk factors for the prediction of overall survival in PDAC. These data suggested that UHMK1 expression is an appropriate parameter for the prediction of the prognosis of PDAC patients.




Figure 3 | UHMK1 expression correlates with the survival of PDAC patients. (A) Using the GEPIA online database, available expression data of UHMK1 in human PDAC (n = 179) and normal pancreatic (n = 171) tissues were identified, and the expression levels with the means ± SD are shown in the diagram. *P < 0.05. Red columns represent PDAC tissue, and gray columns represent tissue from nonmalignant pancreatic tissues. (B) Kaplan-Meier analysis of UHMK1 in PDAC. The best cutoff was defined as followed: All possible cutoff values between the lower and higher quartiles are computed, and the best performing threshold is used as a cutoff. The cutoff value was 2390, and the expression range of the probe was 331–5779. The patient data were split according to the cutoff values <2390 = low UHMK1 expression (black line), including 74 patients, and >2390 = high UHMK1 expression (red line), including 103 patients. The Y-axis shows the survival probability, which is the proportion of units that survive beyond a specified time, which is given by the X-axis (Time/Months). The hazard ratio (HR) of 1.78 indicates a 1.78× higher risk of death for patients in the high UHMK1 expression group. The number at risk indicates the number of survivors at the corresponding time point. (C) PDAC patients’ clinical data were downloaded from TCGA database, and univariate and multivariate Cox regression analyses were performed in the R studio environment. The risk of death in PDAC patients is expressed as the hazard ratio (HR) according to application of radiation treatment, the tumor grade, the pathologically evaluated tumor/node/metastasis status (pTNM), sex, age, and the level of UHMK1 expression. HR=1 indicates lack of association. HR > 1 indicates an increased risk, and HR < 1 indicates a lower risk. The HR is represented by red diamonds on a scale from 0 to 2.





UHMK1 Is Associated With Cancer-Related Pathways

To highlight the biological function of UHMK1 expression, we analyzed PDAC samples with adjacent information from 19,590 genes, which were selected from TCGA-PAAD database using the TCGAbiolinks R package. Using the median UHMK1 expression in PDAC tissue as the threshold, data were divided into a group with high UHMK1 expression (n=88) and a group with low UHMK1 expression (n=89). These data were evaluated by gene ontology (GO) analysis based on GSEA and the databases “biological processes”, “cellular components”, and “molecular functions” were chosen respectively and the resulting top 5 items are shown according to NES. Regarding the dataset “biological processes”, cytokinesis, membrane protein intracellular domain proteolysis, regulation of DNA templated transcription initiation, regulation of protein export from nucleus, and regulation of translational initiation were found to be enriched (Figure 4A and Table S3). As for the dataset “cellular components”, cytoplasmic stress granule, early endosome, nuclear inner membrane, nuclear membrane and ribonucleoprotein granule were enriched (Figure 4B and Table S3). In terms of molecular functions, the double stranded RNA binding, phosphatidylinositol binding, protein serine threonine kinase activator activity, RNA polymerase binding and single stranded RNA binding were enriched (Figure 4C and Table S3).




Figure 4 | Functional analysis of UHMK1. GO analysis was performed in GSEA software. Top five items are shown. The number of permutations was set to 1000. The top 5 items are shown for each analysis based on the normalized enrichment score (NES). (A) Biological process. (B) Cellular component. (C) Molecular function. (D) Hallmark gene sets, which represent specific well-defined biological states or process, were chosen as related gene sets. The R package “GSVA” was utilized to perform GSVA analysis. A heatmap which presents the expression levels of Hallmark pathways relative to high and low expression of UHMK1 is shown. Red: high UHMK1 expression. Blue: low UHMK1expression within a scale from 2 to -2 as indicated. (E) mRNA expression of 177 samples was extracted from the TCGA-PAAD database. According to the median of the UHMK1 expression, two groups of high and low UHMK1 expression were split and uploaded to the R-Studio environment and examined by GSVA analysis and the use of the R package “limma”. The threshold was set to t value <2. Samples with high UHMK1 had some gene pathways upregulated (blue bars)/downregulated (green bars).



To further highlight the functional impact of high UHMK1 expression in PDAC, we performed GSVA analysis. A heatmap was created according to high and low expression of UHMK1. The heatmap was illustrated the enrichment level of each samples in hallmark pathways. Red represented high enrichment score, blue represented low enrichment score (Figure 4D). Finally, the differential gene expression between these two groups was evaluated by GSVA and the limma R package, and the results are presented as a bar plot (Figure 4E). Significant changes in cancer-related pathways occurred, and alterations were found in protein secretion, cell cycle progression, and signaling pathways, including the TGF-β, PI3K/AKT/mTOR, apoptosis, mTORC1, Notch, Myc, and p53 pathways.



Knockdown of UHMK1 Suppresses Viability, Migration, and Colony Formation

To evaluate the effect of UHMK1 on PDAC progression, we lipotransfected BxPc-3, AsPC-1, and MIA-PaCa2 cells with four different UHMK1 siRNA constructs and evaluated the expression of UHMK1 by RT-qPCR 24 h later. The expression of UHMK1 was strongly inhibited by all siRNAs in all PDAC cells compared to the siRNA control (Figure 5A). Among all siRNA constructs, siUHMK1-1 had the strongest and most significant inhibitory effect. Therefore, siUHMK1-1 was used for all subsequent experiments. To assess the impact of UHMK1 on cell viability, transfection of siUHMK1-1 and NC was followed by a MTT assay at 24, 48, and 72 h. The knockdown of UHMK1 significantly inhibited cell viability at all time points, but the effect was time-dependent and most pronounced at 72 h, the percentage ± standard deviation was calculated (BxPc-3: 74.8% ± 0.05; AsPC-1: 72.9% ± 0.06; MIA-PaCa2: 75.8% ± 0.07) (Figure 5B). Similarly, we evaluated the effect of UHMK1 on stem cell progression features by scratch and colony-forming assays. Upon UHMK1 knockdown and inhibition of proliferation by serum starvation, we found a significantly slower closure of the wounded region (Figure 5C), and UHMK1-deficient cells formed significantly fewer colonies (Figure 5D). Above all, MTT assay suggested UHMK1 affected cell viability, wound healing assay gave us a hint that UHMK1 involved in cell migration and colony forming assay indicated that UHMK1 influenced the capacity of colony forming. These results suggested that UHMK1 drives PDAC progression.




Figure 5 | Knockdown of UHMK1 suppresses tumor progression features. (A) Four different siRNA constructs of UHMK1 (siUHMK_1, siUHMK1_2, siUHMK1_3, and siUHMK1_4) along with a nonsense siRNA control (NC) were transfected into BxPc-3, AsPC-1, and MIA-PaCa2 cells. RNA was harvested 24 h later, and the expression of UHMK1 was detected by RT-qPCR. The UHMK1 expression levels were normalized to the β-actin housekeeping gene. The fold change of UHMK1 expression was normalized to that in the NC control group, which was set to 1. (B) BxPc-3, AsPC-1, and MIA-PaCa2 cells were transfected with siUHMK1 or a nonsense siRNA control (NC). Cell viability was detected by MTT assay at 24 h, 48 h, and 72 h after transfection. The NC control was set to 1. (C) Would healing assay. The closure of the wounded region was examined by microscopy 24 h after scratching. Representative images are shown, and the dotted line indicates the gap. The percentage of the gap area was evaluated by ImageJ, and the mean width ± SD is shown in the diagrams. (D) Similarly, 24 h after transfection, cells were seeded into 6-well plates at a low density of 400 cells/well and cultured in regular cell culture medium for 14 days. After washing with PBS and fixing with 4% PFA, cells were stained with 0.05% Coomassie blue, and representative images are shown. The number of colonies consisting of at least 50 cells per plate was counted, and the means ± SD are shown in the diagrams. The NC controls were set to 100%. *P < 0.05 and **P < 0.01.





Downregulation of H19 or UHMK1 Inhibits Tumor Growth

To evaluate the effect of UHMK1 on tumor growth, we lipotransfected MIA-PaCa2 cells with siH19, siUHMK1, or a control siRNA construct followed by xenotransplantation to the CAM of fertilized chicken eggs at day 9 of chick development. Tumors were resected at day 18, and the tumor volume was determined. Compared to the control, depletion of H19 or UHMK1 rendered smaller tumors in the resected xenografts (Figure 6A). Immunohistochemical staining of xenograft sections with Ki-67 demonstrated that proliferation was significantly inhibited by siH19 or siUHMK1 as evaluated by counting the percentage of positively stained cells, as shown in a diagram along with representative staining (Figure 6B). To verify the correlation of H19 and UHMK1 expression in vivo, we detected UHMK1 expression by immunohistochemistry in H19-deficient xenografts and found a significant downregulation of UHMK1 (Figure 6C). To exclude that siH19 or siUHMK1 might have reduced the tumor size by interference with chick development, we confirmed that the weight of each individual chick was not altered between the groups and that liver necrosis did not occur (Supplementary Figures S5A, B).




Figure 6 | Knockdown of H19 or UHMK1 inhibits tumor growth in vivo. (A) siH19, siUHMK1, and a nonsense siRNA control (NC) were transfected into MIA-PaCa2 cells. After 24 h, 106 cells of each group were transplanted onto the CAM of each egg (n = 15 eggs/group) on developmental day 9 of the chick embryo. Tumor xenografts were resected on day 18 of chick development, and representative images are shown on the left. The individual xenograft volumes and the mean volumes of each group are presented on the right. (B) The expression of the Ki-67 proliferation marker was detected by immunohistochemistry in frozen xenograft sections. Representative images using 400× magnification are shown, and the scale bar represents 50 µm. The percentage of Ki-67-positive cells was quantified by counting the dark red-stained cells in 10 randomly chosen vision fields of each tissue by two independent examiners who were blinded by the conditions. (C) The expression of UHMK1 was detected and the percentage of the positive UHMK1 signal was quantified. **P < 0.01.





UHMK1 Expression Is an Appropriate Nomogram Prediction Factor

Because nomograms are widely used in oncology to predict personalized prognosis and treatment (21, 22), we added the obtained UHMK1 expression data to a nomogram, containing the confirmed prognostic factors of “age”, “tumor grade”, and “radiation therapy” (Figure 7A), which were obtained from TCGA online database. The nomogram was constructed using the “RMS package” in the R studio environment. Scoring points were assigned to each parameter on the individual point scale axes. A total score was calculated by adding the individual points, then projecting the total points to the lower total points scale, which enabled prediction of the 1-, 3-, and 5-year overall survival rates. The allocation of scoring points per individual parameter in the nomogram model is shown in Supplemental Table S4. To control how accurately the nomogram predicts survival, we measured the AUC-ROC performance using R language as previously described (23). The AUC values predicted by our nomogram for the 1-, 3-, and 5-year overall survival rates were 0.718, 0.712, and 0.775, respectively (Figure 7B), suggesting that our nomogram is an acceptable prediction model (21, 22). Finally, we performed a DCA control experiment to identify the range of threshold probabilities in which the nomogram is of value, the magnitude of benefit, and if the nomogram is worth using in general (24). By DCA, we found that the standardized net benefit of the nomogram model (purple line) was higher than each single item, which gave us a hint that the constructed nomogram had superior clinical utility for PDAC patients (Figure 7C). These data indicated that the use of the constructed nomogram to predict prognosis is of greater benefit than using each individual parameter alone.




Figure 7 | The UHMK1 nomogram reliably predicts the survival probability of PDAC patients. (A) A nomogram was constructed using the “RMS package” in R studio software with specific codes. UHMK1 expression data from PDAC patients (n =129) with available clinicopathological parameters were downloaded from TCGA database. Based on univariate Cox regression analysis, a nomogram was established for the prediction of 1-, 3-, and 5-year overall survival. The single parameters of this nomogram were level of UHMK1 expression on a scale from 1.5 to 6.5, age on a scale from 35 to 85, pathologically evaluated tumor/node/metastasis status (pTNM) based on stages I to IV, grade based on G1 to G4 stages, and application of radiation. To estimate the survival probability, the points for each variable was read and summed. A straight line from the sum of all points on the total points axis was then drawn to the 1-, 3-, and 5-year survival axes to determine the respective survival rate. For example, a 60-year-old patient (31 points), who had UHMK1 expression level 5 (70 points), G2 tumor grade (31 points), and TNM stage III (25 points) but who did not undergo radiation therapy (51 points), received a total of 208 points. By drawing a vertical line (red) passing the total points scale at 208, the corresponding 1-, 3-, and 5-year overall survival rates for this patient are 72%, 30%, and 19%, respectively. (B) To confirm the predictive power of the nomogram, an “area under the curve” (ROC-AUC) analysis was performed using the “survivalROC”, “survival”, and “riskRegression” R packages in R studio software. The red line represents the nomogram model, and the black line is the reference line for random changes. (C) A “decision curve analysis” (DCA) was established to compare the clinical benefits of the nomogram. The “rmda” R package was used in R studio software with specific codes. The gray line represents the treat-all-patients scheme (All), and the black line represents the treat-none scheme (None). The single parameters of UHMK1 expression, age, pTNM, grading, radiation therapy, or all together (full model) were evaluated, and the results are presented in the diagram. The Y-axis represents the standardized net benefit, which is a positive constant quantifying the expected benefit of intervention for a case. The X-axis represents the high-risk threshold, which summarizes the costs and benefits of intervention. The cost:benefit ratio is a ratio of standardized net benefit with or without intervention.






Discussion

Here, we demonstrated that the UHMK1 nuclear kinase is induced by lncRNA H19 and showed that both UHMK1 and H19 are strongly involved in PDAC progression. We inhibited H19 expression and performed gene array and bioinformatics analysis along with functional experiments to verify UHMK1 as the top candidate of downregulated genes, closely followed by SGPL1, MIGA1, and SERPINB9. We further investigated UHMK1 expression in PDAC tissues and nonmalignant pancreatic tissues, and we correlated the results to associated clinicopathological data. Elevated UHMK1 levels correlated with advanced TNM stages and predicted the overall survival rate. We established a nomogram with the risk factor of UHMK1 expression and showed that UHMK1 is a reliable parameter and independent predictor of the overall survival of PDAC patients.

We focused on studying UHMK1 because it was at the top of the H19-downregulated candidate genes and because its function in PDAC was previously unknown. To define the role of UHMK1, we assessed the mRNA and protein levels of UHMK1 in PDAC and other tumor entities as well as in nonmalignant pancreatic tissues. We found low UHMK1 expression in nonmalignant pancreatic cells and tissues. In contrast, UHMK1 expression was remarkably increased in several PDAC cell lines and tissues. Furthermore, we detected a significant upregulation of UHMK1 expression in advanced breast cancer, cervical squamous cell carcinoma and endocervical adenocarcinoma, lymphoid neoplasm, diffuse large B-cell lymphoma, esophageal carcinoma, skin cutaneous melanoma, stomach adenocarcinoma, and thymoma. Our results are consistent with previous work, demonstrating enhanced UHMK1 expression in clinical PDAC specimens, PDAC cell lines (25), gastric cancer (19), liver cancer cells (18), and leukemia cells (26).

Our findings imply that depletion of UHMK1 expression inhibited cell viability by performing MTT assay. Meanwhile, we performed wound healing and colony forming assays to confirm our result. In vivo, by staining proliferation marker Ki-67 of xenograft tissue which were resected from CAM, we confirmed that the knockdown of UHMK1 expression suppressed the Ki-67 and thereby proliferation. By GSVA, we demonstrated that high expression of UHMK1 correlated with the enrichment of signaling pathways involved in the regulation of the cell cycle, including TGF-β PI3K-AKT-mTOR, Notch, p53 and others. Although the current knowledge about the cellular function of UHMK1 is limited, it is known that UHMK1 signaling is associated with DNA replication, spliceosome biology, and cell cycle regulation (18). A previous study has used FACS sorting to generate UHMK1-deficient cells, which have a reduced number of cells in the S phase and G2/M phases of mitosis (18). These data are in line with another report, confirming that UHMK1 expression leads to cell cycle progression (26). However, there are also contradictory data indicating that UHMK1 silencing does not affect cell cycle progression in U937 leukemia cells (27). The probable reason might be the different microenvironment between solid tumor and non-solid tumor. Finally, one report has indicated that COX5B regulates tumor growth by modulating the AMPK-UHMK1-ERK signaling cascade in hepatoma (28). Interestingly, UHMK1 promotes the progression of gastric cancer through reprogramming of nucleotide metabolism (19). Additionally, YAP-dependent induction of UHMK1 has been reported to support the nuclear enrichment of the MYBL2 oncogene, leading to the proliferation of hepatocellular carcinoma cells as demonstrated in YAP-deficient mice and human hepatocellular carcinoma tissues (18). UHMK1 has been detected as an autoantibody biomarker for serous ovarian cancer using an ELISA platform against a total of 153 serum samples (63 cases with 30 benign disease controls and 60 healthy controls) (20).

Therefore, the signaling pathways underlying the observed UHMK1-regulated progression of PDAC are quite complex and involve the regulation of UHMK1 by lncRNA H19 according to our findings. However, H19 is not the only lncRNA involved in UHMK1 regulation because Xu et al., 2021 stated that lncRNA EBLN3P regulates UHMK1 expression by sponging miR323a-3p, thereby promoting colorectal cancer progression (29). Although it is unknown whether the latter described mechanism is also involved in PDAC progression, our data were consistent with the notion that reduced expression of H19 inhibits PDAC metastasis, which involves the H19-mediated regulation of miR-194 and let-7 (6, 10, 30). Upon siRNA-mediated inhibition of H19 expression, we observed reduced cell viability, migration, invasion, and tumor growth as shown here and in our previous study (12). H19 may exert these effects by inducing several downstream genes. For example, the APOBEC3G tumor promoter is preferentially induced upon induction of H19 expression by the sulforaphane bioactive agent (12). In addition to UHMK1, we detected other strong H19-induced candidate genes, and the H19-mediated upregulation of SGPL1, MIGA1, and SERPINB9 may work together with UHMK1 as we detected a strong correlation of high expression of all of these genes in PDAC tissue but not in nonmalignant pancreatic tissue.

To confirm our results, we performed in vivo experiment using fertilized chicken eggs for tumor xenotransplantation. We understand that the mouse model is most common used in researches. However, our former studies illustrated that the pancreatic xenografts can grow fast in fertilized chicken eggs, and the morphology and the expression patterns, progression markers and PDAC markers were comparable with primary patient tissues and their xenograft copies (31). In addition, the tumor environment in chicken egg xenografts were similar compared to primary patient tumors and mouse xenografts (32). Furthermore, we would like to mention that both the subcutaneous xenografts in mouse model and chicken egg xenografts model have their limitations, and cannot entire reflect the pro-fibrotic nature, immunosuppressive tumor microenvironment of PDAC (33). Our constructed chick egg model was several used to successfully established tumor xenotransplantation to the CAM for measuring the tumor growth (12, 34–36). A major advantage of the chicken egg model is that it has natural immunodeficiency. At days 8-9 of chick embryonal development, the blood vessel network is dense enough to bear the growth of the tumor xenograft. On day 18, we resected the xenografts for the reason that the chick hatches on day 21. Therefore, the fertilized chicken eggs are well suited for the short-term studies. By the use of this model, we confirmed that knockdown of UHMK1 and H19 significantly inhibited PDAC xenograft growth but did not completely inhibit it. Likewise, immunohistochemistry confirmed that UHMK1 and Ki-67 expression in xenograft tissue were significantly but not completely reduced following siRNA-mediated knockdown of UHMK1 and H19. To ensure that the siRNA-mediated knockdown was lasting for several days, we transfected the siRNA constructs immediately prior to xenotransplanation. One may speculate that a complete knockout of UHMK1 or H19, e.g. by the use of CRISPR/Cas would have resulted in an even more pronounced inhibition of tumor xenograft growth.

By constructing a statistical survival model, we correlated high UHMK1 expression with a worse prognosis and shorter survival of PDAC patients compared to the parameters of pTNM stage, grading, age, and application of radiation therapy. Unfortunately, we could not compare UHMK1 expression to the effects of the standard chemotherapy regimens, gemcitabine, nab-paclitaxel, or FOLFIRINOX, because a significant number of patient data were not available in online databases.

Finally, we combined UHMK1 expression and clinical parameters to establish a novel prognostic nomogram that individually predicts the 1-, 3-, and 5-year overall survival rates of PDAC patients. To illustrate the reliability of our nomogram, we compared our AUC value to a PDAC nomogram that was constructed by Liu et al., 2021 (37), who reported AUC values of 0.713, 0.753, and 0.823 for 1-, 3-, and 5-year survival, respectively. Liu’s results suggested their constructed nomogram model had the superior predictive power with AUC value more than 0.7. Correspondingly, the AUC values in our nomogram model were 0.718, 0.712, and 0.775 for 1-, 3-, and 5-year survival, respectively. These data demonstrated the satisfactory prediction accuracy of our nomogram as well. According to the AUC and the clinical net benefit control experiments, our nomogram illustrated a better prediction of overall survival compared to the generally accepted prediction parameters of age, pTNM stage, grading, and application of radiation therapy. Nonetheless, before our nomogram can be used clinically, further validation by multicenter, large-scale clinical trials is necessary. Because we calculated online results from different online databases, it may have led to a batch effect, indicating that systematic technical differences can occur when samples are processed and measured in different batches (38).

In conclusion, we characterized UHMK1 as a new lncRNA H19-induced gene and highlighted the function of UHMK1 as a novel progression and prognostic marker and therapeutic target in PDAC. Moreover, the novel UHMK1-based nomogram model provides a more convenient and accurate prediction of the overall survival rate of PDAC patients.



Materials and Methods


Tumor Cell Lines

The established human PDAC cell lines, MIA-PaCa2 (RRID : CVCL_0428), BxPc-3 (RRID : CVCL_0186), PANC-1 (RRID : CVCL_0480), and AsPC-1 (RRID : CVCL_0152), as well as the nonmalignant pancreatic ductal cell line, CRL-4023 (RRID : CVCL_C466), were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Gemcitabine-resistant BxGEM cells were selected from parental BxPc-3 cells (RRID : CVCL_0186), as described (39). PDAC cells were cultured at 37°C in high glucose DMEM (Sigma, Deisenhoffen, Germany), 10% FBS (Sigma), and 25 mmol/L HEPES (Thermo Fisher, Dreieich, Germany). CRL-4023 cells were cultured in 75% DMEM without glucose, 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, and 25% M3 Base medium (Incell Corporation LLC, San Antonio, TX, USA). Mycoplasma-negative cultures were ensured monthly by PlasmoTest™ (In vivoGen, San Diego, CA, USA). All cell lines have been authenticated by SNP profiling (Multiplexion, Heidelberg, Germany).



Patient Tissues

Malignant pancreatic tissues from anonymous patients (n=20) and nonmalignant pancreatic tissues from anonymous brain-dead donors (n=20) were provided by the tissue bank of the European Pancreatic Cancer Center Heidelberg. According to the World Health Organization (WHO), conventional clinical and histological criteria established the clinical diagnoses (Supplementary Table S1).



SiRNA Transfection

PDAC cells were seeded at a concentration of 2×105/well in 6-well plates and cultured in serum-reduced OptiMEM® for 12 hours. AllStars Negative Control siRNA, FlexiTube siRNA siH19-1, FlexiTube siRNA siH19-2, and FlexiTube siRNA directed against human UHMK1 (QIAGEN, Hilden, Germany) were transfected at a concentration of 50 nM using Lipofectamine 2000 (Thermo Fisher Scientific, Dreieich, Germany) according to the manufacturer’s instructions. After 4 h of transfection, the supernatant was discarded, and regular cell culture medium was added. The cells were used for experiments after 24, 48 or 72 h of incubation.



mRNA Microarray Profiling

MIA-PaCa2 cells were lipotransfected with a nonsense siRNA control or specific siH19-1 and siH19-2 siRNAs (QIAGEN, Hilden, Germany) as described above. The RNeasy Kit (QIAGEN, Hilden, Germany) was used to isolate mRNA. Microarray analysis was performed at the Microarray-Analytic Center of the Medical Faculty Mannheim using the Clariom™ D Assay (Thermo Fisher Scientific, Dreieich, Germany). Heatmaps and volcano plots were created with R Studio (https://rstudio.com/products/rstudio/). The “limma” R package was applied to normalize the data and to identify differentially expressed genes between control cells and siH19-1 or siH19-2-transfected cells. Genes with a fold change >1 and a P value <0.05 were considered significantly differentially regulated genes. The results were prepared as heatmaps or volcano plots using the “ggplot2” R package.



mRNA Extraction and RT-qPCR

The RNeasy Mini Kit (QIAGEN, Hilden, Germany) was used to isolate mRNA. For reverse transcription, the High-Capacity RNA-to-DNA™ Kit (Thermo Fisher Scientific, Dreieich, Germany) was utilized according to the manufacturer’s instructions. DNA was amplified using PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific, Germany) by RT-qPCR. The following primer sequences were used: UHMK1 forward, 5´-AGAGAAACCATGGGCAGAAG-3´; UHMK1 reverse, 5´-CAAGCCATGAAACAGCATCT-3´; β-actin forward, 5´-AATCGTGCGTGACATTAAGGAG-3´; and β-actin reverse, 5´-ACTGTGTTGGCGTACAGGTCTT-3. The concentration of each primer was 500 nM. The gene expression levels were normalized to the β-actin housekeeping gene. The qPCR conditions were as follows: 40 cycles of denaturation at 95°C for 15 sec, annealing at 56°C for 15 sec, and extension at 72°C for 1 min. The results are presented as the relative expression value, which was calculated by the 2-ΔΔCt method (40).



Western Blot Analysis

After treatment, cells were lysed with RIPA lysis buffer (Abcam, Cambridge, UK), and total protein was purified by a standard protocol. Protein concentration was determined by the BCA Protein Assay Kit (Abcam, Cambridge, UK). Before SDS-PAGE separation, the samples were denatured by boiling for 5 min and then kept on ice. The separated proteins were transferred from the gel to a PVDF membrane by a semidry system. The membrane was blocked by incubation in 3% BSA solution, incubated with primary antibodies, washed, and incubated with IRDye® infrared dye-conjugated secondary antibodies (LI-COR Biosciences, Bad Homburg, Germany). The infrared intensity was measured with an Odyssey CLx Infrared Imaging System (LI-COR). Rabbit polyclonal antibodies against UHMK1 (PA550622, Invitrogen, Germany), GAPDH (Cell Signaling Technology, Danvers, MA, USA), and IRDye® 800CW goat anti-rabbit IgG secondary antibody (LI-COR) were used.



Immunohistochemical Staining

Immunohistochemistry on 6-µm frozen or paraffin-embedded tissue sections was performed as previously described (41). Primary antibodies included rabbit polyclonal antibodies against UHMK1 (PA550622, Invitrogen, Germany) and Ki67 (Abcam, Cambridge, UK). Goat anti-rabbit biotinylated IgG (Vector, Burlingame, CA, USA) was the secondary antibody. ImageJ was used to calculate the intensity of the signal emitted from positively stained cells.



Gene Expression Profiling Interactive Analysis (GEPIA)

GEPIA is an online database (http://gepia.cancer-pku.cn) that contains tumor data from The Cancer Genome Atlas (TCGA, https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga) and the Genotype-Tissue Expression (GTEx, https://gtexportal.org/home/) databases. GEPIA was used to analyze the expression of UHMK1 in tumor and normal tissue derived from PDAC and other tumor entities.



Tumor IMmune Estimation Resource 2.0 (TIMER 2.0)

TIMER (http://timer.cistrome.org) is a comprehensive resource for systematical analysis in diverse cancer types to explore immune association, cancer exploration, and immune estimation. Within the TIMER database, a Pearson correlation analysis was performed to compare the expression of UHMK1 with SGPL1, SERPINB9, and MIGA1.



Kaplan-Meier Plotter Survival Analysis

UHMK1 was identified as a survival biomarker by Kaplan-Meier survival analysis and the Kaplan-Meier plotter online database (https://kmplot.com/analysis/), which contains expression data from 54,000 genes with corresponding survival data from 21 different tumor entities, including PDAC. The Kaplan-Meier plotter database includes TCGA, GEO, and EGA. The purpose of this online database is to discover and validate survival biomarkers. The Kaplan-Meier plotter online database was used to detect the overall survival rate of patients with low or high UHMK1 expression in PDAC tissue samples. Auto select best cutoff was chosen in the analysis.



Cox Regression Analysis

The clinical data of PDAC patients were downloaded from the TCGA database, and univariate and multivariate Cox regression analyses were performed in the R studio environment. The risk of death in PDAC patients is expressed as the hazard ratio (HR) according to application of radiation treatment, the tumor grade, the pathologically evaluated tumor/node/metastasis status (pTNM), sex, age, and the level of UHMK1 expression. HR=1 indicates lack of association. HR>1 indicates an increased risk, and HR<1 indicates a lower risk.



Gene Set Enrichment Analysis (GSEA) and Gene Set Variation Analysis (GSVA)

GSEA 4.0.3 software was used for gene set enrichment analysis. GSEA is a computational method that determines whether an a priori defined set of genes shows statistically significant, concordant differences between two biological states (42). Gene Ontology (GO) analysis was conducted using the GSEA software, which was download from Molecular Signature Database (MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb). The GSVA R package was used for gene set variation analysis (GSVA) in the R Studio environment. The h.all.v7.1.symbols.gmt gene set database (https://www.gsea-msigdb.org/gsea/msigdb) was used for enrichment analyses. For the GSVA, the related gene sets, including c5.bp.v7.1.symbols.gmt, c5.cc.v7.1.symbols.gmt, and c5.mf.v7.1.symbols.gmt, were downloaded from MSigDB (https://www.gsea-msigdb.org/gsea/msigdb).



Cell Viability Assay

Twenty-four hours after transfecting with siUHMK1, BxPc-3, AsPC-1 and MIA-PACA2 (5×104 cells/well) were seeded into 96-well microplates. After transfection of siUHMK1 at 24, 48, and 72h, 10 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added and incubated for 4 h. Depending on active NADPH-dependent cellular oxidoreductase enzymes, which are present in the functional mitochondria of viable cells, MTT was reduced to insoluble, purple formazan. Subsequently, the medium was carefully discarded, and 200 µL of DMSO was added to dissolve the formazan crystals by shaking on a plate shaker. The color intensity was quantified at a wavelength of 560 nm by spectrophotometry. The viability was evaluated by subtracting the DMSO background, calculating the mean values of each group (n=8), and calculating the standard deviations. The controls of each cell line were set to 100%.



Wound-Healing Assay

Twenty-four hours after lipotransfection, 5×105 cells/well were seeded in 6-well plates. Upon reaching a confluency of approximately 90%, a scratch was made with the tip of a 10-µL pipette in the middle of the cell layer, and this time point was set as 0 h. Cells were washed twice with PBS, and the width of the gap area was determined. Cells were then cultured in serum-free medium to stop proliferation. After incubation for 24 h and 48 h at 37°C, images were acquired using a Nikon Eclipse TS 100-F inverted microscope. The width of the gap area was measured with ImageJ (https://imagej.net/Downloads).



Colony-Forming Assay

Twenty-four hours after lipotransfection, 400 cells/well were seeded in 6-well plates and cultured without medium change for 14 days. Cells were then washed with 10 mL of PBS and fixed with 2 mL of 4% paraformaldehyde (PFA) for 10 min. The fixation solution was replaced with 2 mL of 70% EtOH, which was incubated for 10 min. Finally, cells were stained with 0.05% Coomassie Blue, washed with water, and dried overnight. The percentage of colonies was evaluated by normalizing the number of transfected cell colonies to the number of colonies obtained from cells transfected with the negative control siRNA.



Tumor Xenotransplantation

Fertilized chicken eggs were purchased from a local ecological hatchery (Geflügelzucht Hockenberger, Eppingen, Germany), and the eggs were prepared for transplantation as previously described (43). Before xenotransplantation, MIA-PaCa2 cells were transfected with siH19, siA3G, or negative control siRNA. At day 9 of chick development, 106 transfected MIA-PaCa2 cells/egg were transplanted onto the chorioallantois membrane (CAM) as previously described (43). At day 18 of chick development, the embryos were humanely euthanized by injection of 10 µL of a 25 mg/ml Ketanest® solution (Pfizer Pharma PFE GmbH, Berlin, Germany) into a CAM vessel followed by resection of the tumor xenografts. The tumor volume was measured 3-dimensionally by a USB microscope camera (eScope, Oitez, Hong Kong), and digital image editing was performed using a customized mount.



Construction of a UHMK1-Based Nomogram

Nomographical two-dimensional alignment charts (nomograms) are widely used for individual prediction of cancer prognosis (21). By using univariate Cox regression analysis, cancer-related variables can be filtered for nomogram construction (44). Based on the univariate Cox regression analysis of UHMK1 expression and clinical data in TCGA database, a nomogram was constructed to predict the 1-, 3-, and 5-year overall survival rates using the “RMS package” in R studio. To further confirm the superiority of the nomogram, the area under the curve (AUC) was implemented to evaluate the accuracy of prognostic prediction of the nomogram, while receiver operating characteristic (45) analysis was used to determine the sensitivity and specificity. Decision curve analysis (DCA) was used to compare the clinical benefits of the constructed nomogram. The “survivalROC”, “survival”, “riskRegression”, and “rmda” R packages were also used.



Data Extraction From GEO

Three independent datasets, GSE57495, GSE77435, and GSE15471, were downloaded from GEO (http://www.ncbi.nlm.nih.gov/geo/). The GSE57495, GSE77435, and GSE15471 datasets included 63 PDAC tissues, 24 PDAC tissues, and 36 PDAC tissues, respectively, with 36 matched normal paracancerous tissues, and they were analyzed for UHMK1 expression.



Statistical Analysis

The quantitative data are presented as the mean values and standard deviations from at least three independent experiments. The significance of the data was analyzed with Student’s t test, which was corrected for multiple comparisons with the Bonferroni-Holm method. A Pearson correlation analysis was performed to measure the linear correlation between two variables, including UHMK1 expression vs. SGPL1 expression, SERPIMB9 expression, or MIGA1 expression. JMP software (SAS, Heidelberg, Germany) was used to analyze the gene microarray data. R studio software version 4.0.3 was also used for statistical analyses. P<0.05 was considered statistically significant. In GSEA, a false discovery rate (FDR) of 5% was used to adjust for multiple testing. *P<0.05, **P<0.01, and ***P<0.001.




Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics Statement

Patient materials were obtained under the approval of the Ethical Committee of the University of Heidelberg after receiving written informed consent from patients. The diagnoses were established by conventional clinical and histological criteria according to the WHO and the anonymous patient data are provided. All surgical resections were indicated by the principles and practice of oncological therapy. Established tumor cell lines were xenotransplanted to fertilized chicken eggs. Since the chick embryo until day 18 of development is not considered as animal, an animal ethics statements is not required.



Author Contributions

IH and YL, conception and design. YL and SH, development of methodology. YL, SH, BY, HJ, LZ, and JG, acquisition of data. YL, BY, and IH, analysis and interpretation of data. YL and IH, writing, review, and revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the China Scholarship Council in the form of scholarships to YL and SH. IH was supported by grants from the German Research Council (DFG HE 3186/15–1), Karsten Burmeister - BIMAG Bau- und Industriemaschinen GmbH, Heidelberger Stiftung Chirurgie, Dietmar Hopp-Stiftung, and Klaus Tschira Stiftung.



Acknowledgments

We are grateful to C. de la Torre and S. Bauer for excellent technical support. We thank the PancoBank of our clinic (Medical Director: M.W. Büchler) for providing anonymous patient data (U. Hinz), and the collection and processing of pancreatic specimens supported by the team of the European Pancreas Center (N. Giese, B. Bentzinger, K. Ruf) and funded by the Heidelberger Stiftung Chirurgie, the Federal Ministry of Education and Research (BMBF 01GS08114), and the Biomaterial Bank Heidelberg/BMBH (P. Schirmacher; BMBF 01EY1101).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.834647/full#supplementary-material



Abbreviations

AUC, Area under the curve; CAM, Chorioallantois membrane; DCA, Decision curve analysis; ES, Enrichment score; FDR, False discovery rate; GEPIA, Gene expression profiling interactive analysis; GO, Gene Ontology; GSEA, Gene Set Enrichment Analysis; GSVA, Gene Set Variation Analysis; siH19-1, H19 siRNA No. 1; siH19-2, H19 siRNA No. 2; H&E, Hematoxylin and eosin; LncRNA, Long noncoding RNA; MSigDB, Molecular Signature Database; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; OS, Overall survival; PDAC, Pancreatic ductal adenocarcinoma; ROC, Receiver operating characteristic; UHMK1, U2AF homology motif kinase 1; NES, Normalized enrichment score.



References

1. Ferlay, J, Soerjomataram, I, Dikshit, R, Eser, S, Mathers, C, Rebelo, M, et al. Cancer Incidence and Mortality Worldwide: Sources, Methods and Major Patterns in GLOBOCAN 2012. Int J Cancer (2015) 136:E359–86. doi: 10.1002/ijc.29210

2. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2020. CA: Cancer J Clin (2020) 70:7–30. doi: 10.3322/caac.21590

3. Neoptolemos, JP, Kleeff, J, Michl, P, Costello, E, Greenhalf, W, and Palmer, DH. Therapeutic Developments in Pancreatic Cancer: Current and Future Perspectives. Nat Rev Gastroenterol Hepatol (2018) 15:333–48. doi: 10.1038/s41575-018-0005-x

4. Zhang, S, Qin, C, Cao, G, Xin, W, Feng, C, and Zhang, W. Systematic Analysis of Long Noncoding RNAs in the Senescence-Accelerated Mouse Prone 8 Brain Using RNA Sequencing. Mol Ther Nucleic Acids (2016) 5:e343. doi: 10.1038/mtna.2016.57

5. Fatica, A, and Bozzoni, I. Long non-Coding RNAs: New Players in Cell Differentiation and Development. Nat Rev Genet (2014) 15:7–21. doi: 10.1038/nrg3606

6. Yoshimura, H, Matsuda, Y, Yamamoto, M, Michishita, M, Takahashi, K, Sasaki, N, et al. Reduced Expression of the H19 Long non-Coding RNA Inhibits Pancreatic Cancer Metastasis. Lab Investig J Tech Methods Pathol (2018) 98:814–24. doi: 10.1038/s41374-018-0048-1

7. Han, J, Han, B, Wu, X, Hao, J, Dong, X, Shen, Q, et al. Knockdown of lncRNA H19 Restores Chemo-Sensitivity in Paclitaxel-Resistant Triple-Negative Breast Cancer Through Triggering Apoptosis and Regulating Akt Signaling Pathway. Toxicol Appl Pharmacol (2018) 359:55–61. doi: 10.1016/j.taap.2018.09.018

8. Li, P, Tong, L, Song, Y, Sun, J, Shi, J, Wu, Z, et al. Long Noncoding RNA H19 Participates in Metformin-Mediated Inhibition of Gastric Cancer Cell Invasion. J Cell Physiol (2018). doi: 10.1002/jcp.27269

9. Ren, J, Ding, L, Zhang, D, Shi, G, Xu, Q, Shen, S, et al. Carcinoma-Associated Fibroblasts Promote the Stemness and Chemoresistance of Colorectal Cancer by Transferring Exosomal lncRNA H19. Theranostics (2018) 8:3932–48. doi: 10.7150/thno.25541

10. Sun, Y, Zhu, Q, Yang, W, Shan, Y, Yu, Z, Zhang, Q, et al. LncRNA H19/miR-194/PFTK1 Axis Modulates the Cell Proliferation and Migration of Pancreatic Cancer. J Cell Biochem (2019) 120:3874–86. doi: 10.1002/jcb.27669

11. Ma, L, Tian, X, Guo, H, Zhang, Z, Du, C, Wang, F, et al. Long Noncoding RNA H19 Derived miR-675 Regulates Cell Proliferation by Down-Regulating E2F-1 in Human Pancreatic Ductal Adenocarcinoma. J Cancer (2018) 9:389–99. doi: 10.7150/jca.21347

12. Luo, Y, Yan, B, Liu, L, Yin, L, Ji, H, An, X, et al. Sulforaphane Inhibits the Expression of Long Noncoding RNA H19 and Its Target APOBEC3G and Thereby Pancreatic Cancer Progression. Cancers (2021) 13:827. doi: 10.3390/cancers13040827

13. Wu, J, Pan, TH, Xu, S, Jia, LT, Zhu, LL, Mao, JS, et al. The Virus-Induced Protein APOBEC3G Inhibits Anoikis by Activation of Akt Kinase in Pancreatic Cancer Cells. Sci Rep (2015) 5:12230. doi: 10.1038/srep12230

14. Boehm, M, Yoshimoto, T, Crook, MF, Nallamshetty, S, True, A, Nabel, GJ, et al. A Growth Factor-Dependent Nuclear Kinase Phosphorylates P27(Kip1) and Regulates Cell Cycle Progression. EMBO J (2002) 21:3390–401. doi: 10.1093/emboj/cdf343

15. Manceau, V, Swenson, M, Le Caer, JP, Sobel, A, Kielkopf, CL, and Maucuer, A. Major Phosphorylation of SF1 on Adjacent Ser-Pro Motifs Enhances Interaction With U2AF65. FEBS J (2006) 273:577–87. doi: 10.1111/j.1742-4658.2005.05091.x

16. Manceau, V, Kielkopf, CL, Sobel, A, and Maucuer, A. Different Requirements of the Kinase and UHM Domains of KIS for its Nuclear Localization and Binding to Splicing Factors. J Mol Biol (2008) 381:748–62. doi: 10.1016/j.jmb.2008.06.026

17. Pedraza, N, Ortiz, R, Cornadó, A, Llobet, A, Aldea, M, and Gallego, C. KIS, a Kinase Associated With Microtubule Regulators, Enhances Translation of AMPA Receptors and Stimulates Dendritic Spine Remodeling. J Neurosci: Off J Soc Neurosci (2014) 34:13988–97. doi: 10.1523/JNEUROSCI.1573-14.2014

18. Wei, T, Weiler, SME, Tóth, M, Sticht, C, Lutz, T, Thomann, S, et al. YAP-Dependent Induction of UHMK1 Supports Nuclear Enrichment of the Oncogene MYBL2 and Proliferation in Liver Cancer Cells. Oncogene (2019) 38:5541–50. doi: 10.1038/s41388-019-0801-y

19. Feng, X, Ma, D, Zhao, J, Song, Y, Zhu, Y, Zhou, Q, et al. UHMK1 Promotes Gastric Cancer Progression Through Reprogramming Nucleotide Metabolism. EMBO J (2020) 39:e102541. doi: 10.15252/embj.2019102541

20. Katchman, BA, Chowell, D, Wallstrom, G, Vitonis, AF, LaBaer, J, Cramer, DW, et al. Autoantibody Biomarkers for the Detection of Serous Ovarian Cancer. Gynecol Oncol (2017) 146:129–36. doi: 10.1016/j.ygyno.2017.04.005

21. Balachandran, VP, Gonen, M, Smith, JJ, and DeMatteo, RP. Nomograms in Oncology: More Than Meets the Eye. Lancet Oncol (2015) 16:e173–80. doi: 10.1016/S1470-2045(14)71116-7

22. Iasonos, A, Schrag, D, Raj, GV, and Panageas, KS. How to Build and Interpret a Nomogram for Cancer Prognosis. J Clin Oncol (2008) 26:1364–70. doi: 10.1200/JCO.2007.12.9791

23. Mandrekar, JN. Receiver Operating Characteristic Curve in Diagnostic Test Assessment. J Thorac Oncol (2010) 5:1315–6. doi: 10.1097/JTO.0b013e3181ec173d

24. Vickers, AJ, and Elkin, EB. Decision Curve Analysis: A Novel Method for Evaluating Prediction Models. Med Decis Making (2006) 26:565–74. doi: 10.1177/0272989X06295361

25. Idichi, T, Seki, N, Kurahara, H, Fukuhisa, H, Toda, H, Shimonosono, M, et al. Molecular Pathogenesis of Pancreatic Ductal Adenocarcinoma: Impact of Passenger Strand of pre-miR-148a on Gene Regulation. Cancer Sci (2018) 109:2013–26. doi: 10.1111/cas.13610

26. Nakamura, S, Okinaka, K, Hirano, I, Ono, T, Sugimoto, Y, Shigeno, K, et al. KIS Induces Proliferation and the Cell Cycle Progression Through the Phosphorylation of p27Kip1 in Leukemia Cells. Leuk Res (2008) 32:1358–65. doi: 10.1016/j.leukres.2008.02.012

27. Barbutti, I, Machado-Neto, JA, Arfelli, VC, de Melo Campos, P, Traina, F, Saad, STO, et al. The U2AF Homology Motif Kinase 1 (UHMK1) is Upregulated Upon Hematopoietic Cell Differentiation. Biochimica Et Biophysica Acta. Mol Basis Dis (2018) 1864:959–66. doi: 10.1016/j.bbadis.2018.01.004

28. Chu, YD, Lin, WR, Lin, YH, Kuo, WH, Tseng, CJ, Lim, SN, et al. COX5B-Mediated Bioenergetic Alteration Regulates Tumor Growth and Migration by Modulating AMPK-UHMK1-ERK Cascade in Hepatoma. Cancers (2020) 12:1646–69. doi: 10.3390/cancers12061646

29. Xu, XH, Song, W, Li, JH, Huang, ZQ, Liu, YF, Bao, Q, et al. Long Non-Coding RNA EBLN3P Regulates UHMK1 Expression by Sponging miR-323a-3p and Promotes Colorectal Cancer Progression. Front Med (Lausanne) (2021) 8:651600. doi: 10.3389/fmed.2021.651600

30. Ma, C, Nong, K, Zhu, H, Wang, W, Huang, X, Yuan, Z, et al. H19 Promotes Pancreatic Cancer Metastasis by Derepressing Let-7’s Suppression on its Target HMGA2-Mediated EMT. Tumour Biol (2014) 35:9163–9. doi: 10.1007/s13277-014-2185-5

31. Zhao, Z, Bauer, N, Aleksandrowicz, E, Yin, L, Gladkich, J, Gross, W, et al. Intraductal Papillary Mucinous Neoplasm of the Pancreas Rapidly Xenografts in Chicken Eggs and Predicts Aggressiveness. Int J Cancer (2018) 142:1440–52. doi: 10.1002/ijc.31160

32. Naumann, P, Fortunato, F, Zentgraf, H, Buchler, MW, Herr, I, and Werner, J. Autophagy and Cell Death Signaling Following Dietary Sulforaphane Act Independently of Each Other and Require Oxidative Stress in Pancreatic Cancer. Int J Oncol (2011) 39:101–9. doi: 10.3892/ijo.2011.1025

33. Yu, M, and Tannock, IF. Targeting Tumor Architecture to Favor Drug Penetration: A New Weapon to Combat Chemoresistance in Pancreatic Cancer? Cancer Cell (2012) 21:327–9. doi: 10.1016/j.ccr.2012.03.002

34. Liu, L, Salnikov, AV, Bauer, N, Aleksandrowicz, E, Labsch, S, Nwaeburu, C, et al. Triptolide Reverses Hypoxia-Induced Epithelial-Mesenchymal Transition and Stem-Like Features in Pancreatic Cancer by NF-kappaB Downregulation. Int J Cancer (2014) 134:2489–503. doi: 10.1002/ijc.28583

35. Aleksandrowicz, E, and Herr, I. Ethical Euthanasia and Short-Term Anesthesia of the Chick Embryo. ALTEX (2015) 32:143–7. doi: 10.14573/altex.1410031

36. Yin, L, Xiao, X, Georgikou, C, Yin, Y, Liu, L, Karakhanova, S, et al. MicroRNA-365a-3p Inhibits C-Rel-Mediated NF-kappaB Signaling and the Progression of Pancreatic Cancer. Cancer Lett (2019) 452:203–12. doi: 10.1016/j.canlet.2019.03.025

37. Liu, X, Chen, B, Chen, J, and Sun, S. A Novel Tp53-Associated Nomogram to Predict the Overall Survival in Patients With Pancreatic Cancer. BMC Cancer (2021) 21:335. doi: 10.1186/s12885-021-08066-2

38. Leek, JT, Johnson, WE, Parker, HS, Jaffe, AE, and Storey, JD. The Sva Package for Removing Batch Effects and Other Unwanted Variation in High-Throughput Experiments. Bioinf (Oxford England) (2012) 28:882–3. doi: 10.1093/bioinformatics/bts034

39. Fan, P, Zhang, Y, Liu, L, Zhao, Z, Yin, Y, Xiao, X, et al. Continuous Exposure of Pancreatic Cancer Cells to Dietary Bioactive Agents Does Not Induce Drug Resistance Unlike Chemotherapy. Cell Death Dis (2016) 7:e2246. doi: 10.1038/cddis.2016.157

40. Livak, KJ, and Schmittgen, TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25:402–8. doi: 10.1006/meth.2001.1262

41. Kallifatidis, G, Labsch, S, Rausch, V, Mattern, J, Gladkich, J, Moldenhauer, G, et al. Sulforaphane Increases Drug-Mediated Cytotoxicity Toward Cancer Stem-Like Cells of Pancreas and Prostate. Mol Ther (2011) 19:188–95. doi: 10.1038/mt.2010.216

42. Subramanian, A, Kuehn, H, Gould, J, Tamayo, P, and Mesirov, JP. GSEA-P: A Desktop Application for Gene Set Enrichment Analysis. Bioinf (Oxford England) (2007) 23:3251–3. doi: 10.1093/bioinformatics/btm369

43. Nwaeburu, CC, Aleksandrowicz, E, Bauer, N, Zhao, Z, and Herr, I. MicroRNA In Vivo Delivery to Human Pancreas Tumor Xenografts on Chicken Eggs. Protocol Exchange (2017) doi: 10.1038/nprot.2017.126

44. Wu, M, Li, X, Zhang, T, Liu, Z, and Zhao, Y. Identification of a Nine-Gene Signature and Establishment of a Prognostic Nomogram Predicting Overall Survival of Pancreatic Cancer. Front Oncol (2019) 9:996. doi: 10.3389/fonc.2019.00996

45. Owen, KL, Brockwell, NK, and Parker, BS. JAK-STAT Signaling: A Double-Edged Sword of Immune Regulation and Cancer Progression. Cancers (2019) 11:2002–28. doi: 10.3390/cancers11122002




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Luo, Han, Yan, Ji, Zhao, Gladkich and Herr. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-834647-g007.jpg
a0 AR
Y ——
———1
ied [ ——]
Radaton g,
B e N M I )
eyearsuriarate

%5 05 _of o7 0d03 6aua
3-yearsurvia e 05 o7 o ed 0k oh a2 1
-yearsurharate o5 uvwsmivuunkln

Nomogrammodel _ Rference s Ranom changes

PR s Sy
i

Zu

. e nue ave
3] s | Pampsrosss |7 anspsra

& w3 0% o7 1 6 0% 0% 078 1 6 0% 0% 08 1
-specitcry

L nr—
e

N

§703 o4 08 43116 6 03 04 ok 0b 10 ¢ 03 04 0§ 08 16
Hoh R Theshold

SEPFISSIP I IS o323 3¢






OEBPS/Images/fonc-12-834647-g002.jpg
o

10
2
s
g

W
Qs @ o

‘501095 13N

7
b
g

& smen

Py e —

Non-malignant

SRREC expreselon In » pancreds Seove amvey: 10 MONGAST Hooues, $ novmel tieeees

P ———






OEBPS/Images/fonc-12-834647-g005.jpg
»
g
4 =
g - 1
: 3 siUHMK1_3
3 2z s 2
: 3 o s
¢ _ewes sz
P .1

%lu l !HH
o ot os
3
£33 ool [T o
2o e byl
2o o
50z o o2
3% B o

TE WU O RE uMMKT O R SonnT
o e .

NG SR NE - sURMKS

ek
2

o o
T L L e

n






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        UHMK1 Is a Novel Marker for Personalized Prediction of Pancreatic Cancer Prognosis

      

        		

          Introduction

        



        		

          Results

        

          		

            UHMK1 Is Highly Expressed in PDAC, Which Can be Inhibited by SiRNA-Mediated Downregulation of H19

          



          		

            Increased UHMK1 Expression Correlates With the Clinical Stage of PDAC

          



          		

            UHMK1 Is an Independent Marker for Overall Survival

          



          		

            UHMK1 Is Associated With Cancer-Related Pathways

          



          		

            Knockdown of UHMK1 Suppresses Viability, Migration, and Colony Formation

          



          		

            Downregulation of H19 or UHMK1 Inhibits Tumor Growth

          



          		

            UHMK1 Expression Is an Appropriate Nomogram Prediction Factor

          



        



        



        		

          Discussion

        



        		

          Materials and Methods

        

          		

            Tumor Cell Lines

          



          		

            Patient Tissues

          



          		

            SiRNA Transfection

          



          		

            mRNA Microarray Profiling

          



          		

            mRNA Extraction and RT-qPCR

          



          		

            Western Blot Analysis

          



          		

            Immunohistochemical Staining

          



          		

            Gene Expression Profiling Interactive Analysis (GEPIA)

          



          		

            Tumor IMmune Estimation Resource 2.0 (TIMER 2.0)

          



          		

            Kaplan-Meier Plotter Survival Analysis

          



          		

            Cox Regression Analysis

          



          		

            Gene Set Enrichment Analysis (GSEA) and Gene Set Variation Analysis (GSVA)

          



          		

            Cell Viability Assay

          



          		

            Wound-Healing Assay

          



          		

            Colony-Forming Assay

          



          		

            Tumor Xenotransplantation

          



          		

            Construction of a UHMK1-Based Nomogram

          



          		

            Data Extraction From GEO

          



          		

            Statistical Analysis

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2022.834647_cover.jpg
, frontiers
in Oncology

UHMK1 Is a Novel Marker for
Personalized Prediction of
Pancreatic Cancer Prognosis





OEBPS/Images/fonc-12-834647-g001.jpg
S ——e

Coga Faa Change)

< COINC MmsiH1o1 EsH1S2
15 . .

1

OV 6xpes T ASPCTT MAPS

5

Fold change UHMK

UHMKA Scores m 0,,:
)






OEBPS/Images/fonc-12-834647-g006.jpg
L3

SIUHM _siH19

Ne

Tumor volume (cm’)

H

588k






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-12-834647-g003.jpg
J = w PR
3 logrank P = 0.0093
L o
" K
3 Jos
s 5 g oo
3 i< 3o 1.
8, E 3 e s
< 04 oh =
3 R N
o
b
TR P S
o eyt P
-ty Time (Wonths)
o
S T
Visble  vatue HR (95%CI) Puvalue_ HR (95%C1)
R R N R R
N I
Y i R
[T
oo oow e | om 1memr-ien
i) i RS W] ok 0N

T

pULL





OEBPS/Images/fonc-12-834647-g004.jpg





