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Editorial on the Research Topic: 


Women in HPB Tumors: 2021


This editorial presents the inaugural Frontiers in Oncology ‘Women in HPB Tumors” series of article collections. The Research Topic collection highlights the diversity of research performed across the entire breadth of oncology research by women scientists pursuing STEM careers. Research articles published under this Research Topic aimed to present advances in theory, experiment, and methodology, with applications to compelling problems related to hepato pancreatic biliary cancers.

Exploring the tumor-immune interactions in the tumor microenvironment (TME) and identifying new prognostic and therapeutic biomarkers will assist in decoding the novel mechanism of tumor immunotherapy.

Clinical and in vitro work was done by authors contributing to articles published in the Research Topics using serum for ELISA, comet assay, qRT-PCR, IHC, Western, and genotyping, performed using allelic discrimination and confirmed by sequencing, or using various cancer cell lines followed by microscopy, assays for MTT, migration, colony and sphere formation, qRT-PCR, FACS, Western blot, tissue microarray, IHC and bioinformatics, and in silico analysis using the online databases.

The works explored by the research articles were based on in-silico and advanced bioinformatics analysis for evaluation of targets by The Cancer Genome Atlas (TCGA), which is a publicly available online database (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga).

The freely available online database resource KEGG (Kyoto Encyclopedia of Genes and Genomes (https://www.genome.jp/kegg/) was used for the selection of relevant biological functions and pathways with enrichment scores of P<0.05, and the liver hepatocellular carcinoma (LIHC) dataset was downloaded from the Broad Institute TCGA Genome Data Analysis Center, https://doi.org/10.7908/C11G0KM9.

Also, STRING database (http://string-db.org) was utilized to construct PPI networks of coexpressed genes with interaction scores > 0.4. For visualization, CytoHubba, a plugin from the open-source platform Cytoscape (version 3.8.2) (http://www.cytoscape.org/), was employed to analyze and calculate the network structure.

Several concepts have been demonstrated or proved in the published articles (i) standard-of-care diagnostic biopsies and (ii) personalized therapy, and more.

HCC was addressed in 5 articles, while one presented colorectal cancer, however, pancreatic cancer was studied in 4 articles, by 89 authors.

The emerging importance of cancer personalized treatment plans is addressed in 3 research articles. As each human tumor creates its own unique microenvironment, He et al. claimed that assessment of BGN expression represents a promising approach for identifying patients with the greatest potential to benefit from immunotherapy and is a new venture into personalized therapy for colon cancer patients. BGN (a typical extracellular matrix (ECM) protein, validated as a signaling molecule regulating multiple processes of tumorigenesis), could serve as a valid biomarker for diagnosis, prognosis, and immunotherapy response prediction in patients with colon cancer.

Lundy et al.'s study demonstrates proof-of-principle feasibility to molecularly screen patients with pancreatic ductal adenocarcinoma for targeted therapies, and confirms diagnostic endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) biopsies. Single agent panitumumab was safe and tolerable but led to no objective tumor responses in the population tested.

In another study, Ren et al. revealed the clinicopathological features and identified risk factors of prognosis among patients with pancreatic cancer bone metastasis (PCBM), to be six independent predictors of prognosis, including age, pathological type, chemotherapy, liver metastasis, lung metastasis, and marital status. Knowledge of these survival predictors is helpful for clinicians to accelerate clinical decision process and design personalized treatment for patients with PCBM.

The crucial role of non-coding microRNAs (miRNAs) in pathogenesis of different diseases, including cachexia of strong pro-inflammatory environments, occurring in pancreatic and non-small cell lung cancer patients, was studied by Yehia et al. Where high levels of miR-155 in the cachectic group lead to negative feedback inhibition of both SOCS1 and the transcription factor Foxp3 in both the pancreatic and NSCL cancer patients.

Studies are also included on the roles of exosomes (Exo) in cancer development via mediating communication between tumor and its microenvironment. Hedgehog ligands undergo complicated post-translational modifications that result in lipid attachment and multimerization. Mutations in Hedgehog pathway components or induced Hedgehog signaling pathway components including Shh are found during injury or severe stress, or HBV or HCV infection and in HCC, as Li et al.'s group studied. They found higher plasma cancer cell-derived Exo-Shh levels associated with higher recurrence, suggesting Exo-Shh could serve as a prognostic biomarker and points to the possibility of tumor-secreted exosome being a therapeutic target.

As the demand for potential molecular biomarker(s) that can effectively predict prognosis and progression of HCC has increased, Ouyang et al. studied the anti-silencing function 1B (ASF1B) expression and function in HCC. They provided multi-level evidence for the significance of oncogenic gene ASF1B in HCC development and could be a target for inhibiting HCC cell growth, via inducing apoptosis and cell cycle arrest, reduced the expression of proliferating cell nuclear antigen (PCNA), cyclinB1, cyclinE2 and CDK9. These findings proposed a potential target for the development of anti-cancer strategies in HCC.

One of the major risk factors for HCC is hepatitis C virus (HCV) infection. The epithelial cell adhesion molecule (EpCAM) is a stem cell marker involved in the tumorigenesis and progression of many malignancies, including HCC, and was studied by Motawi et al.Serum EpCAM levels may hold promise for HCC diagnosis and for improving the diagnostic accuracy of α-fetoprotein.

Currently, there is a lack of tumor-selective and efficacious therapies for HCC. Zhao et al. studied the effect of the new chemotherapeutic agent β-Lapachone (β-lap; ARQ761 in clinical form) as a novel NADPH:quinone oxidoreductase 1 (NQO1) bioactivatable drug, selectively kills HCC cells expressing NQO1, through inducing ROS and PAR formation, NAD+ and ATP depletion and lethal DNA damage. High NQO1:CAT ratios in HCC tumors but low ratios in normal tissues offer an optimal therapeutic window and an ideal therapeutic target for β-lap.

Jin et al. studied the role of response to antiviral therapies on survival of patients with intermediate-stage HBV-related HCC undergoing transarterial chemoembolization (TACE). They proved the importance of regular HBV DNA surveillance and durable viral suppression during antiviral treatment.

Finally, Bai et al. studied the combination of the well-tolerated modalities tumor treating fields (TTFields) with mild hyperthermia of 38.5°C, as a novel supporting therapy combination for pancreatic cancer, more effective than each single treatment, with greater efficacy results without increased toxicity.

Great potential and efforts in cancer prognosis and therapeutics still need to be worked on. Therefore, we still need to do more and more research for efficient predictive and prognostic molecular-biomarkers. Moreover, we still need to address (epi)genetic profiling for precision medicine implementation, and (epi)genetic new novel potential targets identification and characterization for cancer treatment and/or control. Let us move ahead with drug design and discovery as well as drug repurposing for HPB tumors, with special emphasis on nano-bio-medicine.
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Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related death globally. Currently there is a lack of tumor-selective and efficacious therapies for hepatocellular carcinoma. β-Lapachone (ARQ761 in clinical form) selectively kill NADPH: quinone oxidoreductase 1 (NQO1)-overexpressing cancer cells. However, the effect of β-Lapachone on HCC is virtually unknown. In this study, we found that relatively high NQO1 and low catalase levels were observed in both clinical specimens collected from HCC patients and HCC tumors from the TCGA database. β-Lapachone treatment induced NQO1-selective killing of HCC cells and caused ROS formation and PARP1 hyperactivation, resulting in a significant decrease in NAD+ and ATP levels and a dramatic increase in double-strand break (DSB) lesions over time in vitro. Administration of β-Lapachone significantly inhibited tumor growth and prolonged survival in a mouse xenograft model in vivo. Our data suggest that NQO1 is an ideal potential biomarker, and relatively high NQO1:CAT ratios in HCC tumors but low ratios in normal tissues offer an optimal therapeutic window to use β-Lapachone. This study provides novel preclinical evidence for β-Lapachone as a new promising chemotherapeutic agent for use in NQO1-positive HCC patients.
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Introduction

As the most common primary liver cancer and the second leading cause of cancer-related deaths worldwide (1), hepatocellular carcinoma (HCC) patients are usually diagnosed with advanced disease, resulting in only 15% of HCC patients being eligible for surgical resection or liver transplantation and the median survival time for HCC patients in intermediate to advanced stages being only 1-2 years (2). Moreover, chemotherapy against HCC has limited benefits because of the high resistance to currently available chemotherapeutic agents. Sorafenib, the first-line drug used for patients with advanced HCC, has been used for over 10 years, but the overall outcomes are unsatisfactory (3). These have led to more extensive research focusing on personalized medicine with increased selectivity and efficacy.

A growing body of data demonstrates that NADPH:quinone oxidoreductase 1 (NQO1), a phase II two-electron reductase that can bioactivate certain quinone molecules and shows a protective effect against natural and exogenous quinones, is abnormally upregulated in many solid cancers, such as lung, pancreatic, breast, prostate, and colon cancers (4–11). In liver cancer, it has been reported that NQO1 was increased 18-fold in HCC versus normal livers (12). Recently, NQO1 overexpression was reported to be a potent independent biomarker for prognostic evaluation of HCC (13) and enhanced apoptosis inhibition of liver cancer cells via the SIRT6/AKT/XIAP signaling pathway (14, 15). NQO1 overexpression in tumors has the advantage of preferentially killing cancer cells and sparing normal cells when anticancer drugs that are bioreductively activated by NQO1, such as β-Lapachone (β-lap), are used (5).

β-lap has gained increasing attention for its tumor-selective and antitumor effects in many cancers, including lung cancer, breast cancer, prostate cancer, pancreatic cancer, and leukemia (4–7, 9–11, 16, 17). Its toxicity is closely correlated with NQO1 expression and activity. Our studies suggest that NQO1 metabolizes β-lap through a futile redox cycle in which β-lap is converted into a highly unstable hydroquinone form and then spontaneously reacts with oxygen to revert back to the parent compound, causing rapid NAD(P)H oxidation. This process generates high levels of reactive oxygen species (ROS) (e.g., H2O2), resulting in genomic instability and DNA damage (6, 11). In addition, catalase (CAT) can bypass β-lap toxicity by neutralizing hydrogen peroxide produced by β-lap (18). We have previously reported that β-lap alone or combined with other inhibitors had profound toxicity in pancreatic cancer and non-small-cell lung cancer (NSCLC) (11, 19–21). However, the effect of β-lap on HCC is virtually unknown.

Here, we demonstrate that HCC patient samples have significantly elevated levels of NQO1 but concomitantly low catalase levels compared with associated normal tissues. HCC cells were efficiently killed by β-lap, along with increases in ROS production and PARP1 hyperactivation, severe NAD+/ATP depletion and DNA damage. NQO1-dependent HCC killing was confirmed in HCC cells with stable NQO1 overexpression and knockout. Furthermore, a human HCC subcutaneous xenograft mouse model exhibited efficient β-lap-induced control of tumor growth and prolonged mouse survival.



Materials and Methods


Human HCC Cell Lines and Clinical Samples

Human HCC cell lines (SNU-182, PLC/PRF/5, Huh7, Hep3B, HepG2, and Li7) were purchased from Guangzhou Cellcook Biotechnology Co., Ltd. (Guangzhou, China), and PLC/PRF/5 and SK-HEP1 cells were purchased from ATCC. The authentication of these cell lines was performed via comparisons with the STR database. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS; HyClone), 100 U/ml penicillin, and 100 U/ml streptomycin at 37°C and 5% CO2.



Reagents and Chemicals

β-lap, synthesized by Dr. Bill Bornmann (M.D. Anderson, Houston, TX) was dissolved in DMSO for in vitro experiments or 20% HPβCD for in vivo experiments, and the concentrations were verified by spectrophotometry. Hydrogen peroxide (H2O2) and dicoumarol (DIC) were purchased from Sigma-Aldrich. HPβCD (>98% purity) was purchased from Cydodextrin Technologies Development, Inc. The ROS-Glo™ H2O2 assay kit, NAD/NADH-Glo kit, and CellTiter-Glo® 2.0 kit for the ATP assay were obtained from Promega Corporation. An alkaline comet assay kit was purchased from Trevigen, Inc.



NQO1 Knockout/Knockin Cells

CRISP/Cas9 NOQ1 knockout PLC/PRF/5 cells and NQO1-overexpressing SK-HEP1 cells were generated by our lab. Vectors of guide RNA sensing human NQO1 or nontarget control (LV04) and Cas9 expression (CAS9NEO) were provided by Sigma-Aldrich, and the guide RNA targeting sequences were AGGATACTGAAAGTTCGCAGGG and CACAATATCTGGGCTCAGATGG. Vectors with NQO1 or empty control (EX-Z0563-Lv205, EX-NEG-Lv205) were purchased from Sigma-Aldrich, and transfection of SK-HEP1 with these vectors was performed with Lipofectamine 3000 reagent (Thermo Fisher) according to the manufacturer’s protocol.



Cell Survival Assay

A total of 10,000 cells/well were seeded on 48-well plates 24 h prior to treatment. Varying doses of β-lap dissolved in DMSO ± DIC were added and incubated for 2 h at 37°C and 5% CO2. After treatment, the media were replaced with fresh complete media and allowed to grow for 7 days. After 7 days, the cells were washed with 1x PBS, 200 μl of H2O was added, and the cells were frozen at -80°C for at least 2 h. After thawing, 200 μl/well TNE buffer (50 mM Tris–HCl (pH 7.4), 100 mM NaCl, 0.1 mM EDTA) with 1 μg/ml Hoechst 33258 was added and incubated for 1 h at room temperature in the dark. Cell growth was determined by absorbance at 560 nM with a multilabel plate reader (PerkinElmer). Percentage of cell growth = (100× (cell experimental – blank)): (cell control).



Antibodies

Antibodies used for immunofluorescence and western blotting included NQO1 (A180, Santa Cruz, La Jolla, CA), PARP1 (F-2, Santa Cruz), β-actin (C4, Santa Cruz), α-tubulin (B-7, Santa Cruz), PAR (Trevigen, Gaithersburg, MD), γH2AX (JBW301, Millipore, Temecula, CA), H2AX (938CT5.1.1, Cell Signaling, Danvers, MA), and catalase (12980S, Cell Signaling, MA).



Western Blotting Analysis

Cells were seeded on plates at approximately 70% confluence 24 h in advance and then treated with/without β-lap for 2 h. Next, the cells were lysed in lysis buffer. Approximately 40 μg of protein was resolved by SDS-PAGE, transferred onto PVDF membranes, and probed with antibodies. The protein-antibody complexes were detected by using Super Signal West Femto Substrate (Thermo Fisher, Waltham, MA) and exposure to film.



Real-Time PCR

Assays were performed as previously described (22). The primer sequences were as follows: GAPDH-sense: 5’-CTGCTGATGCCCCCATGTTC-3’; GAPDH- antisense: 5’-CATCCACAGTCTTCTGGGTGG-3’; NQO1-sense: 5’-GCCATGTATGACAAAGGA CCC-3’; NQO1-antisense: 5’-ACTTGGAAGCCACAGAAATGC-3’; CAT-sense: 5’-CTTCGACCCAAGCAACATGC-3’; CAT-antisense: 5’-GCGGTGAGTGTCAGGATA GG-3’. 2-ΔΔCt was used to calculate the fold change of mRNA expression.



NQO1 and Catalase Activity Assays

Extracts were obtained from different HCC cell lines. Then NQO1 and catalase enzyme activities were assayed by NQO1 Activity Assay (Abcam) and CheKine™ catalase Activity Assay Kit (Abbkine), respectively, according to the manufacturer’s manual.



ATP, NAD+ and Hydrogen Peroxide (H2O2) Assays

Cells were cultured (1 × 104 cells/well) 24 h in advance in 96-well white-walled clear-bottom tissue culture plates (Sigma) and treated with β-lap with or without DIC for 2 h. Then, ATP (CellTiter-Glo), hydrogen peroxide (H2O2) (ROS-Glo), and NAD/NADH (NAD/NADH-Glo) were assayed at the indicated time points after treatments using specific assays (Promega).



Comet Assay

Total DNA damage was measured by the alkaline comet assay (Trevigen) according to the manufacturer’s manual. Slides were stained with SYBR green, and images were acquired with a Leica DM5500 fluorescence microscope. Comet tail lengths were quantified by NIH ImageJ.



Immunofluorescence Staining of γH2AX

The treated cells were fixed with 4% paraformaldehyde for 30 min, permeabilized with 0.2% Triton-X 100 for 10 min at 4°C, blocked with 3% bovine serum albumin for 30 min at room temperature, and incubated overnight at 4°C with γH2AX antibody (diluted at 1:1000). Cells were washed 3 times for 5 min in PBS and then incubated for 2 h with AlexaFluor secondary antibody (diluted 1:1000 in blocking buffer). DAPI was used to stain nuclei. γH2AX foci were visualized with a laser scanning confocal microscope (LSM 510 Meta), and the number of H2AX foci per nucleus was quantified.



In Vivo Antitumor Study

All animal procedures were approved by the IU IACUC committee. For the in vivo xenograft model, PLC/PRF/5 cells (5×106) were subcutaneously inoculated into the right flank of nonobese diabetic/severe combined immunodeficiency (NOD/SCID) male mice (6~8 weeks old). Tumor volumes were measured with a caliper and calculated by the formula 0.5×length×width2. When tumor volumes reached ~150 mm3, mice were randomly divided into vehicle (n=7) and treatment (n=8) groups with no significant differences in tumor sizes. Then, the mice were treated with HPβCD or HPβCD-β-lap (12.5 mg/kg) by intratumor injection every other day for a total of five injections. When the tumor volume reached ~1200 mm3, the mice were sacrificed, and a survival curve was plotted.



Bioinformatic Analysis

The liver hepatocellular carcinoma (LIHC) dataset was downloaded from the Broad Institute TCGA Genome Data Analysis Center, https://doi.org/10.7908/C11G0KM9. Only samples with both tumor and matched normal samples were selected for further analysis of NQO1 and CAT levels. The differences in gene expression levels for individual genes or fold changes of two genes between normal and tumor tissues were identified by paired t test.



Statistical Analysis

All the experimental results were analyzed using two-tailed Student’s t tests for independent measures with Holm-Sidak correction for multiple comparisons if >1 comparison was performed. The minimum replicate size for experiment was n=3. Statistical analysis were performed in GraphPad Prism 8 (GraphPad Software, Inc. CA, USA). Images are representative of the results of experiments or staining repeated 3 times. Data are presented as the mean ± SD. The survival rate was analyzed by Kaplan-Meier survival curves. A p value of < 0.05 was considered statistically significant between the compared groups. *p < 0.05; **p < 0.01 and ***p < 0.001.




Results


High Expression of NQO1 in Hepatocellular Carcinoma Patients

Our previous studies and other reports have shown that NQO1 enzyme levels were elevated, whereas catalase (gene: CAT) levels were lower in NSCLC and pancreatic cancers than in associated normal tissues, suggesting that the NQO1/CAT ratios in tumor tissue versus associated normal tissue are an important and highly exploitable therapeutic window (8, 11, 23). To investigate whether the NQO1:CAT ratios are a potential therapeutic window in liver cancer, we analyzed NQO1 and CAT expression in liver hepatocellular carcinoma (LIHC) from The Cancer Genome Atlas (TCGA). Our analysis revealed that the mRNA levels of NQO1 were significantly elevated (Figure 1A, p = 1.5×10-7), while CAT levels were notably lower (Figure 1B, p = 7.8×10-8) in tumor tissues than in matched normal tissues. Consistently, markedly higher NQO1:CAT ratios were observed in these tumor samples than in normal samples (Figure 1C, p = 1.5×10-9). Moreover, we also found that patients with high NQO1 expression had a significantly lower overall survival rate than those with low NQO1 expression (Figure 1D, p = 0.0075). Together, these results indicate that the NQO1:CAT ratio is an ideal therapeutic window in liver cancer for NQO1 bioactivatable drugs.




Figure 1 | NQO1 and CAT expression profile in matched hepatocellular carcinoma patient samples (n = 50) in the TCGA cohort. (A) Left panel: NQO1 mRNA levels (FPKM, in log2 scale) in paired HCC tumor and normal liver tissues. The samples were sorted by NQO1 expression levels in tumors. Right panel: Distributions of FPKMs of NQO1 in liver tumor and normal tissues. (B) CAT gene expression in tumor and normal tissues (left panel) and FPKM distributions (right panel). (C) Left panel: The gene expression difference between two genes, NQO1 and CAT (fold change, FC, in log2 scale), for tumor and normal tissues, respectively. Right panel: Distributions of FCs in tumor and normal tissues. The orders of samples in (B, C) were exactly matched with that in (A). (A–C) patient samples are 50 total. (D) Kaplan-Meier survival analysis of all HCC patients (low NQO1, N=273; high NQO1, n=91) according to NQO1 mRNA expression in the TCGA database. Days to death: the number of days from the date of the initial pathological diagnosis to the date of death for the case in the investigation.





Elevation of NQO1 Expression and Enzyme Activity in Hepatocellular Carcinoma Patients and Cell Lines

To further confirm the above observations, we collected 62 pairs of clinical HCC patient samples and associated normal tissues to detect the mRNA levels of NQO1 and CAT. Indeed, 69.4% (43/62) of HCC patient samples showed relatively higher NQO1 mRNA levels than associated normal tissues (p = 0.0005, Figure 2A). In contrast, notably lower CAT mRNA levels (54/62 = 87.0%, p < 0.0001, Figure 2B) were observed in tumor tissues than in associated normal tissues. Concomitant high NQO1 and low CAT mRNA levels (high NQO1:CAT ratios (Figure 2C, p < 0.0001) in HCC tumor tissue offer an ideal target for NQO1 bioactivatable drugs. Consistently, our western blotting analysis revealed that NQO1 protein levels were obviously elevated in 43.8% (28/64) of HCC tumor tissues, while catalase levels were repressed significantly in most HCC tumor tissues (Figure 2D and Supplementary Figures S1A, B). These results confirm our above observations that the relatively high NQO1:CAT ratios in HCC patients might be an exploitable therapeutic target in liver cancer. On the other hand, similar to the analysis in HCC patient samples, we observed that the liver cancer cell lines HepG2, Huh7 and Li7 showed high NQO1 levels; PLC/PRF/5 cells exhibited moderate NQO1 expression; and Hep3B, SNU-182, and SK-HEP1 cells expressed low or undetectable NQO1 (Figure 2E). Consistently, the NQO1 enzyme activity assay exhibited similar NQO1 activity in these cell lines (Figure 2F). Meanwhile, relatively high catalase protein levels accompanied by relative high catalase enzyme activities were observed in HepG2, Huh7 and Hep3B liver cancer cells (Figures 2E, G).




Figure 2 | NQO1 and catalase expression in hepatocellular carcinoma patients and cell lines. (A–C) mRNA expression of NQO1 (A), CAT (B), and NQO1/CAT Ratio (C) in 62 pairs of HCC patient tumor samples and associated normal tissues. (D) Representative western blotting analysis of NQO1 and catalase protein expression in HCC patient tumor samples and adjacent normal tissues. N, Normal; T, Tumor; RI, Relative Intensity. Data were measured as relative intensity (RI) of NQO1/Actin, and catalase/Actin. The protein expression in normal tissues was defined as 1. (E) NQO1 and catalase protein expression in HCC cell lines. Data were measured as RI of NQO1/Actin, and catalase/Actin. The protein expression in PLC/PRF/5 (last lane) was defined as 1. (F, G) Relative NQO1 and catalase enzyme activities in various HCC cell lines were detected by the NQO1 and catalase activity assay kit respectively, all error bars are means ± SDs. ***p < 0.001, **p < 0.01, *p < 0.05 (t tests).





Selective and Effective Killing of Hepatocellular Carcinoma Cells by β-Lapachone

It has been reported that NQO1 is a promising therapeutic target in multiple solid tumors, and the anticancer efficacy of β-lap is mainly mediated and promoted by NQO1 (7, 11, 17). Based on our above findings, we hypothesized that β-lap could effectively control cell growth in NQO1+ HCC cells. To this end, we treated HCC cells with β-lap or β-lap + dicoumarol (DIC, an NQO1-specific inhibitor). As expected, HepG2, Huh7, Li7 and PLC/PRF/5 cells, which endogenously express different levels of NQO1 (Figure 2D), showed significant sensitivity to β-lap (Figures 3A–D), while SK-HEP1, SNU-182 and Hep3B cells, which have undetectable or very low NQO1 expression, were resistant to β-lap exposure (Figures 3E–G). Next, we established stable NQO1-expressing SK-HEP1 cells and NOQ1 knockout PLC/PRF/5 cells to examine the lethality of β-lap. Consistently, SK-HEP1 cells were rendered hypersensitive to β-lap treatment after NQO1 expression, and DIC spared lethality (Figure 3H). Stable NQO1 knockout PLC/PRF/5 cells were much more resistant to β-lap than parental PLC/PRF/5 cells (Figure 3I). NQO1 expression in SK-HEP1 or knockout PLC/PRF/5 cells was confirmed by western blotting analysis (inset, Figures 3H, I). Together, these results demonstrate that β-lap efficiently kills HCC cells in an NQO1-mediated manner.




Figure 3 | The cytotoxicity of β-Lapachone in hepatocellular carcinoma cells is NQO1-dependent. (A–F) HCC cells (HepG2 (A), Huh7 (B), Li7 (C), PLC/PRF/5 (D), SK-HEP1 (E), SNU-182 (F), and Hep3B (G), were exposed to β-lap (0-10 µM), ± dicoumarol (DIC, 50 µM) for 2 h, and then relative survival was assessed. (H, I) NQO1-overexpressing SK-HEP1 cells (H) and stable NQO1 knockout PLC/PRF/5 cells (I) were treated as in (A), and then cell viability was assessed. All error bars are means ± SDs. ***p < 0.001 (t tests). No addition, DMSO alone; DIC, dicoumarol; β-lap, β-Lapachone. Inset, NQO1 expression in NQO1-overexpressing SK-HEP1 and NQO1 knockout PLC/PRF/5 cells was confirmed by western blotting. %T/C, the mean of %Treated/Control.





β-Lapachone Induces NQO1-Dependent PARP1 Hyperactivation, ROS Formation and NAD+/ATP loss

Accumulating evidence suggests that exposure to β-lap causes DNA lesions in NQO1+ NSCLC, breast cancer, and pancreatic cancer cells, resulting in PARP hyperactivation in terms of the accumulation of poly(ADP-ribose)-PARP (PAR-PARP) posttranslational protein modification (11, 18, 24). To investigate whether PARP1 is involved in β-lap-induced cell death in HCC cells, we examined the effect of β-lap on poly(ADP-ribosyl)ated protein (PAR) accumulation, which is an indicator of PARP1 hyperactivation. First, β-lap-treated PLC/PRF/5 and Huh7 cells were analyzed for PAR formation using western blotting analysis. As shown, a lethal dose of β-lap (10 µM for PLC/PRF/5, 4 µM for Huh7 cells) significantly induced PARP1 hyperactivation, as indicated by a rapid rise in PAR formation and then an increase in DNA damage, as indicated by γH2AX expression over time (Figure 4A and Supplementary Figure S2A). To confirm that the β-lap-induced hyperactivation of PARP1 is NQO1-dependent, we next examined PAR formation in NQO1 knockout PLC/PRF/5 and NQO1-expressing SK-HEP1 cells. As expected, PAR formation was significantly inhibited by β-lap after NQO1 was stably knocked out in PLC/PRF/5 cells, accompanied by no detectable γH2AX expression (Figure 4B). A rapid increase and continuous level of PAR was detected after NQO1 re-expression in β-lap-resistant SK-HEP1 cells (Figure 4C). Consistently, DNA damage was observed in these SK-HEP1 cells. In addition, no significant change of catalase levels were noted in these β-lap-treated cells (Figures 4A–C). Taken together, these data indicate that β-lap induces PARP1 hyperactivation and DNA damage in NQO1+ HCC cells.




Figure 4 | β-Lapachone induces NQO1-dependent PARP1 hyperactivation, ROS formation and NAD+/ATP loss. (A–C) PLC/PRF/5 (A), NQO1 knockout PLC/PRF/5, (B) and NQO1-overexpressing SK-HEP1, (SK-HEP1 NQO1+) (C) cells were exposed to 10 µM β-lap for the indicated times. Cells were then harvested, and western blotting analysis was performed to detect the levels of PAR (PARP1 hyperactivation), PARP1, NQO1, catalase and γH2AX. The protein levels of PAR and γH2AX were quantified by Image J and normalized to α-tubulin, which was used as a loading control. (D–F) PLC/PRF/5 cells were treated with or without β-lap (4 or 8 µM) ± DIC (50 µM) for 2 h. Then, cells were subjected to measurement of H2O2 levels (D), NAD+ levels (E) and ATP levels (F). Data represent at least three independent sets of experiments. Error bars are means ± SDs. ***p < 0.001, **p < 0.01 (t tests). T/C, the mean of Treated/Control in (D) %T/C: the mean of %Treated/Control in (E, F). NS, Not Statistically Significant.



Intracellular ROS production is crucial for cancer cell death (25), and our previous studies show that NQO1 metabolizes β-lap in a futile redox cycle manner to generate ROS in other solid cancer cells (6, 26). Therefore, we investigated whether ROS are involved in β-lap-induced HCC cell death. We examined the levels of hydrogen peroxide (H2O2) as an indicator of intracellular ROS. After 2 h of exposure to a sublethal dose (4 or 8 µM) of β-lap, PLC/PRF/5 cells exhibited a significantly higher level of H2O2 (p < 0.001) than the untreated group (Figure 4D), while NQO1 KO cells showed no changes in H2O2 levels. Moreover, no obviously increase of H2O2 levels was observed in SK-HEP1 cells that have undetected NQO1 expression, while a significant increase of H2O2 levels was noted after reconstitution with NQO1 (Supplementary Figure S2B). Similarly, a significant increase in H2O2 levels in the β-lap-treated group was observed in NQO1+ Huh7 cells, and DIC blocked this increase (Supplementary Figure S2C). As reported previously by us and others (11, 27), β-lap-induced PAR-PARP1 formation consumes NAD+ and ATP, and together with our above results that PAR is induced rapidly and then decreases over time. Therefore, we examined NAD+ and ATP levels in β-lap-treated HCC cells. As shown in Figures 4E, F and Supplementary Figures S2D, E, dramatic NAD+ and ATP depletion was observed after NQO1+ cells were exposed to β-lap for 2 h. All these depletions were blocked in the NQO1 KO cells or DIC-treated group. When NQO1 expression was restored in SK-HEP1 cells, markedly increase of NAD+ and ATP levels were observed after treatment with β-lap (Supplementary Figures S2F, G). Together, these results demonstrate that β-lap induces cell stress in HCC cells by generating ROS, and disrupts essential metabolic nucleotides.



β-Lapachone Causes Dramatic NQO1-dependent Total DNA Damage and Double-Strand Breaks in Hepatocellular Carcinoma Cells

According to previous reports, ROS release can mediate and promote DNA damage (28, 29), and our above results show that β-lap generates ROS in HCC cells. Therefore, we investigated total DNA damage under β-lap treatment via an alkaline comet assay in PLC/PRF/5 cells. In NQO1-expressing PLC/PRF/5 wild-type cells, a sublethal dose of β-lap (4 μM) caused total DNA damage, as indicated by the comet tail, as early as 30 min, and a lethal dose of β-lap (10 μM) markedly increased DNA damage (Figure 5A). In contrast, when NQO1 was knocked out, no obvious DNA tails were observed even at a lethal dose of β-lap (10 μM) (Figure 5A). Consistently, quantification of the comet tail length confirmed these observations. On the other hand, our previous study suggested that when PARP hyperactivity is exhausted, cells attempt to replicate despite the damage to AP sites or the presence of SSBs, and the damage becomes hypersensitive to the oxidative stress caused by β-lap and then induces DSBs (21). In fact, we observed γH2AX expression after β-lap treatment in NQO1+ HCC cells, especially when PAR levels were exhausted (Figure 4). To further confirm whether β-lap induces DSBs in HCC cells, we examined γH2AX expression via immunofluorescence staining. As shown in Figure 5B, dramatic increases in DNA DSB formation were noted in the PLC/PRF/5 cells that were treated with a sublethal or lethal dose of β-lap compared to the untreated cells as early as 30 min. Even at a lethal dose of β-lap (10 µM), NQO1 knockout cells showed no obvious increase in γH2AX foci. The observations were confirmed by the quantification of γH2AX foci formation (Figure 5B). Taken together, these data suggest that exposure of NQO1+ HCC cells to β-lap results in cell death due to significant DNA DSBs.




Figure 5 | β-Lapachone induces NQO1-dependent DSB formation in hepatocellular carcinoma cells. Wild-type or NQO1 knockout PLC/PRF/5 cells were treated with a sublethal (4 µM) or lethal (10 µM) dose of β-lap for the indicated time (min), and then total DNA lesions were assessed using the alkaline comet assay. (A) Comet tail lengths were imaged under an immunofluorescence microscope. (B) DSBs were quantified by γH2AX foci/nuclei. Data represent the means ± SDs. Student’s t tests were performed. Scale bar = 10 µm, ***p < 0.001, *p < 0.05.





β-Lapachone Significantly Suppresses Tumor Growth and Prolongs Survival in HCC Mouse Models

Relatively high NQO1 and low catalase expression in various HCC patients and cell lines indicates a potent therapeutic window in liver carcinoma for β-lap, and our above data confirmed that β-lap efficiently represses tumor cell growth in vitro. To address the antitumor efficacy of β-lap in vivo, we established xenograft liver cancer models. First, 5×106 PLC/PRF/5 cells/mouse were implanted subcutaneously into NOD/SCID mice. When the tumor size reached 150 mm3, the mice were grouped and treated with vehicle (HPβCD, intratumor (i.t.)) or HPβCD-β-lap (hereafter referred to as β-lap, at 12.5 mg/kg, i.t.) every other day for a total of five injections. Tumor volume and survival were scored to monitor tumor growth and response (Figures 6A–C). Exposure to β-lap resulted in a dramatic decrease in tumor growth compared with vehicle group mice, confirmed by the quantification of tumor volume (Figures 6A, B). Moreover, overall survival also showed significant antitumor efficacy of β-lap (Figure 6C). This model suggests that β-lap is a good candidate agent to kill NQO1+ HCC in vivo.




Figure 6 | Antitumor efficacy of β-Lapachone in a mouse xenograft model. The subcutaneous xenograft tumor model was established by injection of 5×106 PLC/PRF/5 cells into male NOD/SCID mice. After 8 days, mice were treated with vehicle (HPβCD) or HPβCD-β-Lap (12.5 mg/kg) by intratumor injections every other day for five injections. (A) Representative tumors at day 21 post-treatment. (B) Tumor volume at the indicated time (days). (C) Kaplan-Meier survival curves. ***p < 0.001, **p < 0.01, *p < 0.05.






Discussion

Here, we show a potential antitumor effect of β-lap in HCC and reveal that β-lap efficiently killed NQO1-overexpressing HCC cells without affecting NQO1-low-expressing cells or tissues. As the most common type of primary liver cancer, HCC often occurs in people with long-term liver diseases and is generally diagnosed with advanced disease, leading to systemic therapy (30, 31). At present, there are only a few efficacious drugs for HCC treatment or the drugs cause severe side effects (32, 33). Thus, exploiting new drugs and identifying differences between carcinomas and healthy tissue are critical for HCC treatment. Previous reports suggest that β-lap is a competent tumor-selective agent against many NQO1+ solid cancers, such as NSCLC, pancreatic and breast cancers (6, 11, 34–36), while the antitumor effect of this drug in liver cancer is still unknown. Except the expression and activity of NQO1, the cytotoxicity of β-lap is also driven by ROS-metabolizing enzymes catalase and SOD1 expression and activity. catalase is an important resistance factor in β-lap-induced cytotoxicity and this resistance could be enhanced by superoxide dismutase (SOD) (37). The NQO1:CAT ratios are suggested to be a therapeutic window in NSCLC, pancreatic and breast cancers (11, 18). In our study, analysis of 64 clinical patient samples of HCC revealed that 43.8% of patients exhibited NQO1 overexpression, and the majority of patients showed low CAT levels in tumors compared with adjacent normal tissues. Moreover, LIHC data from TCGA demonstrated that patient overall survival significantly correlated with NQO1 expression. These results suggest that relatively high NQO1:CAT ratios in tumor tissues could provide a therapeutic window for using NQO1 bioactivatable drugs such as β-lap to kill HCC. In fact, cell viability showed that β-lap efficiently killed PLC/PRF/5, Huh7, and Li7 cells, which have high NQO1 expression, but did not affect NOQ1- cell growth (Figure 2).

β-lap was reported to induce cancer cell death via an NQO1-dependent programmed necrotic pathway, which caused robust ROS elevation and PARP1 hyperactivation (6, 38). In HCC cells, we observed β-lap-induced NQO1-selective elevated H2O2 and a rapid and transient increase in PAR formation, followed by DNA damage over time. On the other hand, PARP1 uses NAD+ as a substrate to perform PAR posttranslational modification of proteins, resulting in NAD+ and ATP losses (27, 39). Our β-lap-treated HCC cells indeed exhibited NQO1-dependent NAD+ and ATP depletion. Collectively, our investigation of clinical patient samples of HCC and in vitro results offer a therapeutic window and potential use of β-lap in HCC.

β-lap has an apparently broader NQO1-dependent therapeutic window in HCC. NQO1 is overexpressed in numerous human cancers, and our previous studies together with others demonstrate that β-lap has efficacy in tumor-selective cell growth control and produced promising preclinical results (6, 11, 19, 34, 36). Our preclinical model exhibited an efficient antitumor effect of β-lap in HCC in which β-lap-treated mice had dramatically decreased tumor growth and prolonged survival compared to control mice. Together with our in vitro results, we anticipate that β-lap would be an extremely efficacious tumor-selective therapy against HCC and other kinds of liver cancer. Furthermore, the data presented in this study reveal that NQO1 and the NQO1:CAT ratio could be used as biomarkers to examine the efficacy of NQO1 bioactivatable drugs in HCC or other kinds of liver cancers. In addition, our in vitro and in vivo data could translate our findings regarding β-lap in HCC to the clinic. Moreover, because β-lap alone induces tumor programmed necrotic cell death that could induce many cytokines or other side effects in vivo, our recent report revealed that low-dose β-lap combined with a PARP inhibitor switched the pathway to apoptosis (11), which implies that combination therapy between β-lap and other clinical drugs would be worth exploring. Finally, immunotherapy with immune checkpoint inhibitors such as PD-1 inhibitors has shown promise in HCC (40). Clinical data showed that only approximately 15-20% of HCC patients exhibited a response, and a fraction of HCC patients could benefit from this therapy (41, 42). We recently revealed that β-lap not only directly kills tumor cells but also increases tumor immunogenicity by triggering immunogenic cell death and overcoming immunotherapy resistance (43). Thus, we propose that β-lap could exert a synergistic effect with immune checkpoint inhibitors and enhance the antitumor immune response in HCC.

Taken together, our study demonstrated that β-lap, a novel NQO1 bioactivatable drug, selectively kills HCC cells expressing NQO1 through inducing ROS and PAR formation, NAD+ and ATP depletion and lethal DNA damage. High NQO1:CAT ratios in HCC tumors but low ratios in normal tissues offer an optimal therapeutic window and an ideal therapeutic target for β-lap.
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Supplementary Figure S1 | NQO1 and catalase expression in hepatocellular carcinoma patients. (A, B) Western blotting analysis of NQO1 and catalase protein expressions in 54 pairs of HCC patient tumor samples and adjacent normal tissues. N, Normal; T, Tumor.

Supplementary Figure S2 | β-Lapachone induces NQO1-dependent PARP1 hyperactivation, ROS formation and NAD+/ATP loss in Huh7 cells. (A) Huh7 cells were exposed to 4 µM β-lap at the indicated time, then cells were harvested and western blotting analysis was to detect the levels of PAR (PARP1 hyperactivation) and γH2AX. (B–G) SK-HEP1, SK-HEP1 NQO1+, and Huh7 cells were treated with or without β-lap ± DIC (50 µM) for 2 h. Then cells were measured for H2O2 levels (B, C),  NAD+ levels (D, F), and ATP levels (E, G). Data represent at least three independent sets of experiments. Error bars are means ± SD. ***p < 0.001, **p < 0.01, *p < 0.05 (t tests).
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Purpose

Hepatocellular carcinoma (HCC) accounts for more than 80% of primary liver cancers and is one of the leading causes of cancer-related death in many countries. Cancer cell-derived exosomes are shown to mediate communications between cancer cells and the microenvironment, promoting tumorigenesis. Hedgehog signaling pathway plays important roles in cancer development of HCC.



Methods

Exosomes were isolated from culture medium of HCC cell lines PLC/PRF/5 and MHCC-97H and were found to promote cancer cell growth measured with cell proliferation and colony formation assay. HCC cells cultured with cancer cell-derived exosome had increased cancer stem cell (CSC) population demonstrated by increased cell sphere formation CSC marker expressions. Hedgehog protein Shh was found to be highly expressed in these two HCC cell lines and preferably carried by exosomes. When Shh was knocked down with shRNA, the resulting exosomes had a reduced effect on promoting cancer cell growth or CSC population increase compared to normal cell-derived exosomes.



Results

The ability of PLC/PRF/5 cells to form tumor in a xenograft model was increased by the addition of the exosomes from control cancer cells but not the exosomes from Shh knocked down cancer cells. Finally, the higher plasma Exo-Shh levels were associated with later tumor stages, higher histological grades, multiple tumors, and higher recurrence rates.



Conclusion

This study demonstrated that HCC cells secreted Shh via exosome and promote tumorigenesis through the activated Hedgehog pathway.
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Introduction

Hepatocellular carcinoma (HCC), accounting for nearly 80% of the total number of liver cancers, is the fourth most common cause of death related to cancer (1). Surgical resection is still the primary choice for treatments. The nonoperative treatments include transcatheter arterial chemoembolization (TACE), radiofrequency ablation (RFA), and systematic administration of targeted therapy represented by sorafenib. However, despite the advancement in therapeutics, the median survival time for HCC is still only 6–20 months (2). Better understanding the biology of HCC and developing more therapeutic targets are still needed for improving the outcome.

The Hedgehog signaling pathway is a master regulator in animal development. First discovered in Drosophila, Hedgehog is a conserved morphogen secreted to regulate differentiation process in many metazoans. Subsequently, it is also found to play roles in maintenance of adult stem cells and in the progression of various diseases. The canonical Hedgehog pathway involves the binding of Hedgehog protein to a 12-transmembrane receptor PTCH1, releasing the G-protein-coupled receptor smoothened (SMO) from its inhibitory effect. Activated SMO in turn releases transcription factor GLI1 (glioma-associated oncogene family members) from its inhibitors SUFU and KIF7. The released GLI1 is translocated into nucleus and activates transcription of a number of genes, including GLI1, PTCH1, Cyclin D, Cmyc, and VEGF. In mammals, three homologs of Hedgehog proteins, sonic (Shh), Indian (Ihh), and desert (Dhh) have been identified, of which Shh is the most broadly expressed and asserts its function through paracrine or autocrine fashion.

Evidence for the role of Hedgehog signaling in cancer development has been revealed in many studies. Mutations in Hedgehog pathway components are often found in cancer. Ligand-independent activation of Hedgehog signaling due to inactivation mutations on negative regulator PTCH or hyperactivation of SMO or GLI1 was found in various cancers (3, 4).

Healthy adult hepatocytes do not express Hedgehog ligand. During injury or severe stress, liver epithelial cells would produce Hedgehog protein to activate the pathway. It was found that partial hepatectomy activates Hedgehog signaling in mice and that individuals with primary biliary cirrhosis have also upregulated signaling (5, 6). HBV or HCV infection would induce Hedgehog expression (7). The activated Hedgehog pathway is found associated with hepatocarcinogenesis (8). Aberrant activation of Hedgehog signaling pathway components including Shh, PTCH1, GLI, and SMO has been found in HCC (9–12). Shh is the most highly expressed Hedgehog ligand in HCC, expressed in about 60% of HCC patients and its presence is concentrated in and around tumor (13).

Extracellular vesicles (EVs) are lipid-bound particles derived from cells. They can be characterized into two types based on their size, content, biogenesis, and release pathways: microvesicles (MVs) and exosomes. MVs, usually at a diameter greater than 100 nm, are secreted by cells in the form of budding from the plasma membrane. Exosomes, usually at a diameter of 30–150 nm, are derived from intraluminal vesicles in polycystic bodies and are released by cells through the fusion of polycystic bodies and cell membranes. Both MVs and exosomes carry cargos including lipid, RNA, and proteins, and play important roles in regulating various biological processes.

Studies on the roles of EVs in cancer development have demonstrated its versatile functions in mediating communication between tumor and its microenvironment (14). EVs secreted by cancer cells have been subjects of studies as biomarkers and targets of therapy (15). In HCC, it has been found that exosome can induce various cellular biological changes in promoting cell proliferation, migration, angiogenesis, and immune suppression during tumorigenesis (16).

It is known that Hedgehog ligands undergo complicated post-translational modifications that results in lipid attachment and multimerization (17). It can be released in various forms, such as lipoproteins (17), or in association with extracellular vesicles (EVs) (18, 19). In the Drosophila model, the Hedgehog ligand carried on the surface of MV and exosome can activate the Hedgehog signaling pathway in promoting embryonic development (18).

In this presented study, we investigated the effect of exosomes secreted by HCC cell lines and demonstrated the evidence that HCC released Shh through exosome to promote cell proliferation and tumor formation.



Materials and Methods

All human subjects involved in the study have signed informed consent for participation. The experimental protocol was reviewed and approved by the ethics committee of Fudan University. Peripheral blood samples were collected in tubes containing EDTA anticoagulation, stored at 4°C for no more than 8 h before centrifuging at 1,000 g for 10 min to obtain plasma. The plasma samples were stored at −80°C before further analysis. HCC tissue specimens were obtained during surgical resection. Samples were fixed in 4% paraformaldehyde and subjected to subsequent immunohistochemical analysis. Patients’ medical data were obtained through patients’ medical record with permission, and the post-surgical follow-ups were carried out in line with patients’ routine medical visit.


Animal

Male NOD/SCID mice age of 6 weeks were obtained from SLAC Laboratory Animal Corporation (Shanghai, China). All animal experiments were performed according to animal protocol approved by animal care ethic committee of Fudan University. The xenograft tumor model was established by inoculating PLC/PRF/5 with or without Exo treatment subcutaneously into the groin of mice. Animals were continually monitored for 4 weeks before being euthanized. Tumors were collected and fixed in 4% paraformaldehyde. The tumors were weighted and measured, and the volumes were calculated based on the formula: V = 0.5*long diameter*short diameter2.



Cell Lines

Hepatic carcinoma cell lines PLC/PRF/5 and MHCC-97H (abbreviated as PLC and 97H in figure label) and normal hepatic cell line L02 were obtained from Cancer Institute of Fudan University (Shanghai, China) and were maintained in DMEM cell culture medium (Gibco, New York, USA) supplemented with 10% FBS (Gemini, West Sacramento, USA) and 1% ampicillin and streptomycin in the incubator at 37°C with 5% CO2. The EV free FBS was obtained by centrifuging the purchased FBS at 120,000 g 4°C for 16 h, and filtering the supernatant through a 0.22-μm filter.



Reagents

Primary antibodies used in the Western blot studies are as follows: anti-human Grp75, CD9, OCT4 (CST, Danvers, USA), anti-human ALDH, CD44, CD133 (GeneTex, Irvine, USA), anti-human sytenin1 (Abcam, Cambridge, UK), anti-human CD64 (Proteintech, Wuhan, China), and anti-human GAPDH [Beyotime Institute of Biotechnology (Nanjing, China)]. HRP conjugated secondary antibodies are from Beyotime Institute of Biotechnology (Nanjing, China). Growth factors bFGF and EGF were purchased from Gibco. MicroBCA protein quantification kit was purchased from Thermo Scientific (USA). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Laboratories (Kumamoto, Japan).



Conditioned Medium

Cells grown to 60% confluency were washed three times with PBS before they are placed in the new medium supplemented with EV free FBS and continued to grow for another 24 h at 37°C with 5% CO2. The medium is collected and centrifuged at 300 g for 10 min, and the supernatant was further centrifuged at 2,000 g for 20 min. The resulting supernatant is the conditioned medium.



Exosome Purification

EV and subsequent Exo and MV isolation from CM are based on Kowal et al. (20). Briefly, CM was centrifuged at 10,000 g for 40 min at 4°C. After supernatant was removed, the pellet, which was the MV fraction, was washed with PBS and resuspended in 50–100 µl of PBS. The supernatant from previous centrifugation was centrifuged again at 100,000 g for 90 min at 4°C. After the supernatant was discarded, the pellet, which was the Exo fraction, was washed with PBS and resuspended in 50–100 µl of PBS.



Sphere Formation Assessment

A total of 250 PLC/PRF/5 or 500 MHCC-97H cells were seeded in 24-well plates in 1 ml of DMEM/F12 medium supplemented with 20 ng/ml epidermal growth factor (EGF), 20 ng/ml fibroblast growth factor (FGF), 2% B27, and 1% penicillin. The plate was shaken well before sealed with parafilm and cultured at 37°C, 5% CO2. Replenishment of the medium was made at 0.2 ml per well after 1 week of culture. Sphere count was carried out under the microscope after 2 weeks of culture. Each condition has three triplicate wells.



Cell Proliferation Assay

PLC/PRF/5 and MHCC-97H cells were seeded in a 96-well plate at 1,000 or 2,000/well respectively, and incubated at 37°C and 5% CO2 for 24 h before various stimulus conditions were applied. Cells were continued to culture for another 48 h before the Cell Counting Kit-8 (CCK8) working solution, made by diluting CCK8 reagent in culture medium at 1:9 ratio, was added at 100 μl/well. Absorbance at 450 nm was measured by a spectrometer after 2 h. Five replicates were included for each culture condition.



Clone Formation Assay

PLC/PRF/5 and MHCC-97H cells were seeded in 24-well plates at 125 or 250/well respectively, and incubated at 37°C, 5% CO2 for 24 h before various stimulus conditions were applied. Cells were continued to culture for another 10 days before the culture medium was removed. Cells were washed with PBS twice before fixed with 4% paraformaldehyde for 10 min and stained with crystal violet. After the plates were washed and air dried, the number of clones with more than 50 cells was counted.



Protein Analysis

Total protein levels of extracted samples were determined with the Micro BCA Protein Assay Kit (Thermo Scientific). Protein samples were resolved with SDS-PAGE and transferred onto PVDF membrane for Western blot analysis. Primary antibodies were diluted according to the manufacturer’s instruction and incubated with membrane at 4°C, overnight with constant agitation. Secondary antibody incubations were carried out at room temperature for 1.5 h. ECL was used for visualization. Shh ELISA (Abcam) was performed as specified by the manufacturer.



Lentivirus Infection

shRNA was introduced by shRNA carrying lentivirus made by GenePharma (Shanghai, China). The shRNA was cloned into GenePhama Supersilencing vector under CMV promoter/enhancer. The vector carries GFP gene for visualization and puromycin resistance gene for selection. Cells were grown in a six-well plate for 24 h to about 50% confluency. Cells were washed with PBS, and viral transfection solution was added together with 3 μl of Polybrene. Cells were incubated at 37°C, 5% CO2 for 24 h before changing into normal medium. Transfection efficiency was estimated by observing green fluorescence under a fluorescence microscope at 48 h post transfection. Puromycin were added at 48 h post transfection to maintain stable transfected cells. ShRNA sequences were as follows: Shh-shRNA1: GCTCGGTGAAAGCAGAGAACT, Shh-shRNA2: GCCAAGAAGGTCTTCTACGTG.



RNA Analysis

Total RNA was extracted from cells using Trizol/chloroform method, and precipitated with isopropanol. Reverse transcription was performed according to the manufacturer’s instruction (Takara, Japan). Primers for qPCR (Takara, Japan) are listed in Table 1.


Table 1 | Sequence of primers in quantitative PCR analysis.





Statistical Analysis

Statistical analysis was performed using SPSS 20 and GraphPad Prism 8 software. All experiments were performed with three biological replicates. Chi-square test was used in the comparison of the count data. Student’s t-test was used in the comparison of the measurement data between the two groups, while one-way ANOVA was used in the comparison of the measurement data among multiple groups. p-value < 0.05 indicates statistical difference, *<0.05, **<0.01, and ***<0.001.




Results


Exosome Purification

Exosome can be isolated based on its physical, chemical, and biological property, with methods mainly including ultracentrifugation, polymer precipitation, ultrafiltration, chromatography, and immunoaffinity capture. Among them, ultracentrifugation is more time-consuming. However, with relatively high purity in extraction, it is still a widely used method.

To understand whether EVs would play a role in HCC development, we extracted and separated EVs secreted by HCC cell lines PLC/PRF/5 and MHCC-97H, as well as the normal human liver cell line L02 using ultracentrifugation. Cells were cultured in DMEM supplemented with 10% exosome-free FBS before the isolation process. After a separation protocol containing ultracentrifugation at 10,000 g and 100,000 g, the EV was separated into MV and exosome (Exo) fractions.

The nanoparticle tracking analysis showed that the average particle sizes of the MV fractions from the three cell lines were between 135 and 150 nm in diameter, while the average sizes of the particles from the Exo fractions were between 99 and 114 nm in diameter (Figure 1A). Electron microscopy analysis showed that the extracted MV and Exo particles were in typical cup-shape morphology (Figure 1B). Analysis of particles and protein levels revealed that both PLC/PRF/5 and MHCC-97H cells secreted more particles as Exo than MVs, and these particles contained more protein in Exo than MVs (Supplementary Figure S1).




Figure 1 | Examine the extracellular vesicles (EVs) isolated from HCC cell lines PLC/PRF/5 and MHCC-97H, as well as normal hepatic cell line L2. (A) Nanoparticle tracking analysis of the sizes of the EVs isolated from the three cell lines. (B) Electron microscope images of isolated EVs isolated from the three cell lines. (C) Western blot analysis of extracellular vesicle markers on the EVs isolated from the three cell lines.



The purity of the fractions was analyzed by Western blot using protein markers specific for each fraction. It is shown that MV marker Grp75 was predominantly presented in the cell extract and MV fractions, while the Exo markers CD9, Syntenin-1, and CD63 were predominantly presented in the Exo fractions (Figure 1C). These results indicated that we successfully separated Exo and MV fractions through ultracentrifugation process, and this provided us the tools in studying the effect of Exo in subsequent experiments.



Exosome Effect on Cancer Cell Growth

To determine whether exosome secreted by cancer cells has any effect on cell growth, we cultured PLC/PRF/5 and MHCC-97H cells in the presence of additional exosome isolated from their respective culture medium. As shown in Figure 2A, addition of Exo into the culture medium promoted PLC/PRF/5 and MHCC-97H growth in a dose-dependent manner. When the Exo concentration was above 5 µg/ml, the cell proliferations were significantly increased. We then studied the colony formation ability. When Exo is added at a concentration of 10 µg/ml in culture medium, the numbers of colonies formed were significantly increased in both PLC/PRF/5 and MHCC-97H (Figure 2B). We then investigated whether the addition of exosomes could lead to an increased subpopulation of cancer stem-like cells in culture. The morphology of cells cultured in medium supplemented with Exo were compared with those cultured in normal medium, and we found that the number of spheres in culture increased significantly in both cell lines when isolated Exo was added into culture medium (Figure 2C). The expression levels of several cancer stem cell (CSC) markers, CD55, CD133, OCT4, and ALDH1 were also increased at both transcription and protein level (Figures 2D, E) when cells were cultured with additional cancer cell-derived exosomes. These findings suggested that the exosome secreted by cancer cells was responsible for promoting cell growth and inducing CSC.




Figure 2 | Effect of exosomes on HCC cell growth. (A) Proliferation of PLC/PRF/5 and MHCC-97H in the presence of various concentrations of exosomes isolated from culture medium of the same cell line as measured by CCK8 assay. (B) Colony formation assay and (C) count of sphere formed in PLC/PRF/5 and MHCC-97H with and without exosomes (10 μg/ml) isolated from the culture medium of the same cell line. (D) Quantitative PCR analysis of the mRNA levels, and (E) Western blot analysis of the protein levels of stem cell marker genes in PLC/PRF/5 and MHCC-97H cells cultured with and without exosomes (10 μg/ml) isolated from the culture medium of the same cell line. The data are presented as an average of three biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001.





Shh Signaling Is Responsible for the Effect Seen With Exosome

Several studies have shown that Hedgehog signaling pathway plays an important role in HCC growth and development. We decided to investigate whether the effect of exosome on cell growth was through the activation of the Hedgehog pathway.

Two inhibitors of the Hedgehog pathway, Gant-61, which inhibits GLI transcription factor, and Vismodegib, which inhibits SMO receptor, were added into the cell culture, and the effects of these inhibitors on Exo stimulation were studied. Both inhibitors, while themselves had minimal effects on cell proliferation or cell sphere formation, could significantly reverse the stimulating effects of the Exo on cell proliferation and sphere formation on both HCC cell lines (Figures 3A, B).




Figure 3 | The role of Shh and hedgehog signaling pathway in promoting cell growth. The effect of hedgehog inhibitors on the stimulating effect of Exo (10 μg/ml) on (A) sphere formation and (B) cell proliferation. The inhibitors were added at the concentrations of 5 μM for GANT61 or 10 μM for Vismodegib. (C) The expressions of hedgehog ligands in PLC/PRF/5 and MHCC-97H as analyzed by Western blot. (D) Electron microscope image of immunogold staining of Shh on MV and Exo of PLC/PRF/5 and MHCC-97H. (E) Quantitative PCR analysis of the mRNA levels, and (F) Western blot analysis of the protein levels of hedgehog signaling pathway target genes in PLC/PRF/5 and MHCC-97H cells cultured with and without exosomes (10 μg/ml) isolated from the culture medium of the same cell line. The data are presented as an average of three biological replicates. ***p < 0.001.



This promoted us to examine the expressions of Hedgehog protein in the two cancer cell lines. Two forms of Hedgehog proteins Shh and Ihh were expressed in these cell lines, with Shh being expressed at a higher level in both cells (Figure 3C). Hedgehog proteins were also found in EVs isolated from the cell culture, in which Exo contained much higher levels of both Shh and Ihh than MV. Both cancer cell lines expressed significantly higher Hedgehog protein in the secreted exosomes than the normal hepatocyte cell line L2 (S2), suggesting that the Hedgehog signaling was preferably activated in cancer development. Our results indicated that PLC/PRF/5 and MHCC-97H might use Shh as the main Hedgehog pathway ligand, and Exo would be the preferable way for the cells to secrete the protein.

We performed immunogold labeling with anti-Shh antibody on the exosomes isolated from PLC/PRF/5 and MHCC-97H cells, and as shown in Figure 3D, Shh was localized on the surface of Exo secreted by cancer cells. This indicated that Shh carried by exosome may directly interact with its receptor on cell membrane.

To study whether these Shh carrying exosomes can activate the Hedgehog pathway, we assess the expressions of the Hedgehog pathway target genes in cells stimulated with cancer cell-derived exosomes. We found that in both PLC/PRF/5 and MHCC-97H cells, the mRNA and protein levels of several target genes, including GLI1, PTCH1, Cmyc, and CyclinD1, were all elevated when Exo was added in the culture medium (Figures 3E, F).

To determine whether the Shh protein carried in these exosomes was responsible for the stimulating effect, we used shRNA to knock down the expression of Shh, and observed its impact. The Western blot analysis demonstrated that two different shRNA-containing lentivirus constructs successfully reduced the expression of Shh in both PLC/PRF/5 and MHCC-97H cells (Figure 4A). As a consequence, the Shh levels in the isolated Exo from respective culture medium were also reduced when shRNA-containing lentivirus was transfected into the cells. We isolated the exosomes from the Shh knockdown cells and compared their effect on the Hedgehog pathway and cell growth with the exosomes isolated from the Shh intact cells (vector transfected). As shown in Figures 4B, C, when the exosomes isolated from the Shh knockdown cells were added to the culture of the PLC/PRF/5 or MHCC-97H cells, they did not stimulate the expression of Hedgehog pathway target genes as the exosomes isolated from the control cells did in both mRNA and protein levels. Moreover, exosomes from the Shh knockdown cells had reduced ability in stimulating the cell proliferation, colony formation, and sphere formation, compared to the exosome isolated from the control cells (Figures 4D–F). These studies indicated that Shh played an important role in PLC/PRF/5 and MHCC-97H cancer development, and the cells secreted the protein into exosome to assert regulation.




Figure 4 | The effect of exosomes isolated from Shh knockdown cells. (A) Western blot analysis on the transfection of Shh shRNA lentivirus on the expression of cellular Shh and Exo Shh. (B) Quantitative PCR analysis of the mRNA levels, and (C) Western blot analysis of the protein levels of hedgehog signaling pathway target genes in PLC/PRF/5 and MHCC-97H cells cultured with exosomes isolated from the culture medium of the same cell line that were transfected with vector or shRNA containing lentivirus. (D) Cell proliferations as measured by CCK8 assay, (E) colony formation assay, and (F) count of sphere formed in PLC/PRF/5 and MHCC-97H cells cultured with exosomes isolated from the culture medium of the same cell line that were transfected with vector or shRNA containing lentivirus. The data are presented as an average of three biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001.





In Vivo Experiment

We demonstrated that PLC/PRF/5 and MHCC-97H could secrete Shh containing exosome to regulate the growth of cells. We decided to investigate whether these exosomes influenced tumor formation in vivo. PLC/PRF/5 was inoculated subcutaneously into NOD/SCID mice at various numbers mixed with PBS or 5 μg/ml of exosome from its own culture; the tumor formation was observed continuously for 4 weeks. The mice were then euthanized and tumors were removed, measured, and weighted. At the inoculation doses of 1 × 106/mouse and 3 × 105/mouse, tumor was formed in all five mice with cells co-injected with PBS or isolated exosomes. However, the average tumor volumes and weights formed by cells mixed with isolated exosomes were significantly higher than those formed by cells mixed with PBS (Figure 5A). At the lowest inoculation of 1 × 105/mouse, however, tumor only formed in 40% (2/5) of the mice when cells were mixed with PBS before injection, while it formed in 100% (5/5) of the mice when cells were mixed with cancer cell-derived exosomes (Figure 5A). Similarly, the average weight and volume of the tumors were significantly higher formed by cells mixed with exosome than those formed by control cells.




Figure 5 | Tumor formations in NOD/SCID mice by PLC/PRF/5. (A) The volume and weight of the tumor formed by PLC/PRF/5 subcutaneously injected into NOD/SCID mice with or without mixed with isolated Exo (5 μg/ml) from the same cell culture medium. (B) The volume and weight of the tumor formed by PLC/PRF/5 subcutaneously injected into NOD/SCID mice mixed with Exo (5 μg/ml) isolated from culture medium of the vector or Shh shRNA containing lentivirus transfected cells. *p < 0.05, **p < 0.01.



We then studied whether the exosomes isolated from cells with Shh knockdown would abolish the stimulating effect on tumor formation of the exosomes. We inoculated the NOD/SCID mice with PLC/PRF/5 cells mixed with either exosomes isolated from control or Shh knockdown cells. As shown in Figure 5B, at the inoculation doses of 1 × 106 and 3 × 105, PLC/PRF/5 mixed with either exosomes form tumor in all (5/5) mice tested. However, the average volume and weight of the tumors formed by cells mixed with exosomes isolated from untreated cells were significantly higher than those by cells mixed with exosomes isolated from Shh knockdown cells. When mice were inoculated with PLC/PRF/5 at 1 × 105, tumor formed in 60% (3/5) of the mice injected with cells mixed with exosomes derived from normal cells, but none (0/5) with cells mixed with exosomes derived from Shh knockdown cells.



Clinical Manifestation

Finally, we explored the clinical relevance of circulating Shh levels in HCC patients. We first compared the plasma Shh levels and plasma Exo-Shh levels from 30 HCC patients to 10 normal healthy donors. We found that the average plasma Shh and plasma Exo-Shh levels were both significantly higher in HCC patients than those in healthy donors (Figure 6A).




Figure 6 | (A) Levels of plasma Shh and Exo-Shh isolated from plasma from healthy donors and HCC patients as determined by ELISA. (B) Levels of Exo-Shh isolated from plasma of HCC patients grouped based on tissue GLI-1 and PTCH1 levels. (C) Levels of Exo-Shh isolated from plasma of HCC patients grouped based on cancer TNM stage, tumor numbers, and histological grade. (D) Recurrence of HCC after surgical sections grouped by the Exo-Shh levels. *p < 0.05, **p < 0.01.



To understand if there is a correlation between circulating Shh levels and the activation of the Hedgehog pathway in HCC, we performed immunostaining on the sections of the tumor tissue for the expression of GLI-1 and PTCH1. Based on the quantitation of the staining, we categorized them into a low-expression and a high-expression group (S3). We then studied correlation between plasma Exo-Shh levels and the expression levels of GLI-1 and PTCH1. As shown in Figure 6B, plasma Exo-Shh levels were significantly higher in patients with higher expression levels of GLI-1 and PTCH1 than those with lower levels.

We then analyzed the correlations between the plasma Exo-Shh levels with the clinical characteristics, in terms of TNM stages, number of tumors, and histological grades. As shown in Figure 6C, patients with later TMN stages of cancer, multiple tumors, or higher histological tumor grades had significantly higher levels of plasma Exo-Shh than patients with earlier stages of cancer, single tumor, or lower histological grade.

Finally, these 30 HCC patients were followed up for the tumor recurrence after surgery within 18 months. We found that patients with plasma Exo-Shh levels that were higher than 110 pg/ml (n = 15) had a recurrence rate of 46.7% within 18 months after surgery, while patients with plasma Exo-Shh levels lower than 110 pg/ml (n = 15) had a recurrence rate of 13.3%. Recurrence between the two groups reached a statistical difference at the time point of 14th month post-surgery (46.7% vs 6.7%) (Figure 6D).




Discussion

Exosomes, double-layer membrane-bound EVs, have been the subject of extensive study since its discovery because of its role in the biological process. Many studies have focused on its miRNA contents and their regulatory functions in biological processes and cancer development, including HCC (21, 22). A number of microRNAs (miRNAs), long noncoding RNAs (lncRNAs), and even messenger RNAs (mRNAs) have been shown to be carried by exosomes, asserting regulatory functions to neighboring cells, and can potentially serve as biomarkers for diagnosis and prognosis in HCC (21). Recent studies have also uncovered evidence that proteins can be transported through exosomes and play a role in HCC tumorigenesis. For example, exosomes released from metastatic HCC cell lines, such as MHCC-97L and HKCI-8, have been found to contain pro-tumorigenic RNAs and proteins, which can promote cell migration and invasion upon internalization by hepatocytes (23). Recently, it was reported that lysyl oxidase-like 4 was transferred by exosomes and promoted cell migration via the FAK/Src pathway (24). Another protein, alpha-enolase (ENO1), can be transferred by exosomes between HCC cells and upregulates integrin α6β4 through the FAK/Src pathway (25).

In this study, we focused our investigations on the effect of exosome secreted by HCC cells on tumor development through the Shh protein it carried. We demonstrated that HCC cell lines PLC/PRF/5 and MHCC-97H secreted Shh through EVs, preferably in exosome. The Shh containing exosome promoted cell growth, colony formation, and sphere formation. It upregulated the expression of a number of CSC markers. We found that the Hedgehog signaling pathway was activated when the culture medium was supplemented with additional cancer cell-derived exosomes. We demonstrated that when we reduced the Shh levels by shRNA knockdown, the exosomes derived from knockdown cells did not induce Hedgehog signaling pathway or promote cell growth, as the exosomes derived from the untreated cells did. We provided convincing evidence that Shh carried by exosomes was the main signaling molecule in activating the Hedgehog pathway in HCC cells. This is the first illustration of the role of exosome on Hedgehog signaling in HCC tumorigenesis.

Activating the Hedgehog pathway through overexpression of Shh in HCC tissues was confirmed by many studies (10, 26). Cancer cells secreting Hedgehog ligands to activate autocrine signaling of the pathway has also been found in lung cancer (27), prostate cancer (28), and gastrointestinal cancer (29). Some studies also found that cancer cells or stromal cells in cancer microenvironment can secrete Hedgehog protein to promote cancer development in a paracrine fashion (30, 31). Our study provided insights into how Shh can be transported within the tumor to confer its activity, i.e., cancer cells could secrete Shh via exosomes that may transport the signaling molecule to a site of greater distance to activate the pathway.

CSC theory has become more attractive in recent years. It is proposed that there exists a small population of tumor cells that carry the characteristics of somatic stem cells and are capable of evolved into different cell types within a tumor. These CSCs are capable of self-renewal, differentiation, metastatic dissemination, and are resistant to traditional therapy. The self-renewal of CSCs is tightly regulated by several signaling pathways, including Wnt/β-catenin, Notch, Hippo, and Hedgehog pathways, although they may be alerted to suit the need for malignancy (32). The origin of these CSCs is not well understood. One theory is that they may originate from a more differentiated cancer cell that acquires stem cell properties through an epithelial-to-mesenchymal transition (EMT) process (33). There is also evidence for a normal stem cell undergoing malignant transformation (34).

Our study showed that HCC cell lines PLC/PRF/5 and MHCC-97H, when cultured with additional Shh containing exosome, had increased sphere formation in cell culture. At the same time, expression levels of several CSC marker proteins also increased. These observations suggested that ligand-dependent activation of the Hedgehog pathway could lead to increased proportion of HCC cells that exhibit the property of CSCs, consistent with the model of cancer cell acquiring stem cell properties. Other studies have also found that activation of the Hedgehog pathway induces the expression of CSC marker CD133 and cytokine IL-6, contributing an important function in the liver acute phase response and in HCC development (35). This may explain the increased ability of PLC/PRF/5 to form tumor in the xenograft model when cells were inoculated with Shh containing exosome. Not only was the inoculation required to form a tumor in mice smaller when PLC/PRF/5 was injected with exosome, the volume and weight of the tumor formed with the same inoculations were also on average larger than those formed with cells injected without exosome.

Transforming growth factor (TGF)-β plays a critical role in the induction of EMT, and it has been found that its expression is elevated in 40% of human HCC tissues (36). A recent study has demonstrated that MHCC-97L and MHCC-97H cell-derived exosomes can induce EMT through the TGF-β/Smad signaling pathway (37). In fact, studies have shown that activated the Hedgehog pathway may induce EMT via a number of signaling cascades, including WNT, EGF/FGF, Notch, and TGF-β in a variety of tumors (38). It would be of future interest to investigate cross talk of Hedgehog signaling with other pathways in modulating HCC CSCs.

Lastly, we found that circulating Shh levels in HCC patients were significantly higher than those in healthy people. However, it is the plasma Exo-Shh levels, not total plasma Shh levels (data not shown), that had a positive correlation with the tumor stage and histological grade, as well as the expression levels of Hedgehog pathway components in tumor tissue. Higher plasma Exo-Shh levels were also associated with higher recurrence. These findings suggest that Exo-Shh could serve as a prognostic biomarker.



Conclusion

In summary, our study provided the first evidence that HCC cells secreted Shh through exosome and this exosome that carried Shh played an important role in HCC tumorigenesis. As shown in Figure 7, we proposed that HCC cells secrete Shh protein via exosome and Exo-Shh interact with cellular receptor PTCH and induce the activation of Hedgehog signaling in HCC cells to promote tumorigenesis. At present, two Hedgehog pathway-targeted drugs that act on SMO protein, Vimodji and Songyib, have been approved for clinical treatment of basal cell carcinoma. However, in ligand dependently activated tumors, such as gastric cancer, pancreatic cancer, and lung cancer, no clinical benefit has been achieved (39–41). Our findings may point to the possibility of tumor-secreted exosome being a therapeutic target.




Figure 7 | Diagram for the Exo-Shh activating Hedgehog signaling in HCC cells.



Future studies are needed to validate the clinical value of the plasma Exo-Shh as a biomarker for HCC prognosis. The complexity of cancer cell-derived exosomes also requires further analysis to better understand the cross talk of the Hedgehog pathway and other signaling pathways and their roles in tumor progression.
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Introduction

Role of response to antiviral therapies on survival of patients with intermediate-stage hepatitis B virus-related hepatocellular carcinoma (HBV-HCC) undergoing transarterial chemoembolization (TACE) remains unknown. We aimed to determine whether virological response (VR) or prolonged maintained virological response (MVR) to nucelos(t)ide analogues (NA) therapy could result in improved survival in HBV-HCC patients receiving TACE.



Methods

Between January 2012 and October 2018, data of patients with intermediate HBV-HCC who underwent TACE and started NA therapy within one week prior to TACE treatment at our institution were reviewed. Overall survival (OS) was compared using the Kaplan-Meier method with log-rank test between different VR status groups. Univariable and multivariable Cox regression analyses were used to determine the association between achievement of VR or MVR and OS. VR was defined as an undetectable HBV DNA level (<100 IU/ml) on two consecutive measurements during NA treatment. MVR was defined as a persistently undetectable HBV DNA level after achieving a VR.



Results

A total of 1265 patients undergoing TACE with a median follow-up time of 18 months (range, 2-78 months) were included in the analysis. Of 1265 NA-treated patients [1123 (88.8%) male, median (range) age, 56 (18-75) years], 744 patients (58.8%) achieved VR and the remaining patients (41.2%) did not. Patients with achievement of VR showed a significantly longer OS than those without VR (median OS: 21 vs 16 months; HR, 0.707; 95% CI, 0.622-0.804; P<0.001). Among patients with VR, MVR was present in 542 patients (72.8%), while the other 202 patients (27.2%) in the non-MVR group. The OS for the MVR group was significantly higher than the non-MVR group (median OS: 23.2 vs 18 months; HR, 0.736; 95% CI, 0.612-0.885; P=0.001). Additionally, patients with MVR status more than two years showed a better OS than those with just one-year (HR, 0.719; 95% CI, 0.650-0.797; P<0.001) or one-to-two-year MVR (HR, 0.612; 95% CI, 0.471-0.795; P=0.024). On multivariable analyses, splenomegaly and up-to-seven criteria were independent prognostic factors of OS in both VR and MVR cohorts.



Conclusions

In patients with intermediate-stage HBV-HCC, both VR to antiviral therapy and prolonged response are associated with prolonged OS after TACE, especially for those within up-to-seven criteria.
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Introduction

Hepatitis B virus (HBV) infection accounts for over 50% of hepatocellular carcinoma (HCC) which makes it the leading etiology of HCC (1–3). HBV can promote development of HCC both directly by integration of HBV DNA into the host genome or truncated HBV proteins and indirectly via chronic necro-inflammation, induced apoptosis, and regenerative activity (4). Antiviral therapy using oral nucelos(t)ide analogues (NAs) have changed the outcome of HBV infection by inhibiting HBV replication, thereby reducing instead of eliminating the risk of HCC in chronic hepatitis B patients (5, 6). For HBV-related HCC (HBV-HCC), NA therapy is significant in HBV DNA inhibition and liver function preservation for increasing the chance of treatment interventions.

According to the Barcelona Clinic Liver Cancer staging system, transarterial chemoembolization (TACE) has been recognized as a standard treatment for intermediate-stage HCC (7, 8). High viral replication of HBV indicated a poorer overall survival (OS) of HBV-HCC after anti-tumor treatment including radical hepatectomy, systemic chemotherapy and TACE (9–11). NA therapy has been shown to reduce tumor recurrence and improve survival outcomes after curative resection or radiofrequency ablation in patients with HBV-HCC in the large cohort study or randomized controlled trials (9, 12–15). In addition, HCC patients undergoing TACE can benefit from NA therapy as reported in the previous studies (16, 17). Recently, a large-scale study has revealed that prophylactic antiviral therapy is associated with better long-term survival among HBV-HCC patients undergoing TACE (18).

To date, achievement of virological response (VR) after antiviral therapy has been demonstrated to be associated with a reduced HCC risk in patients with chronic hepatitis B (19, 20). Furthermore, chronic hepatitis B cirrhotic patients with maintained undetectable HBV DNA levels after NA therapy had better transplant-free survival outcomes (21). These findings highlight the importance of VR status after NA therapy on survival outcomes of HCC patients with anti-tumor treatment, but only one recent research has proposed that survival differed with antiviral response in HBV-HCC patients after TACE (18). However, it remains less clear whether the status of maintained virological response (MVR) when compared to low-level viremia or persistent detectable HBV DNA level has benefits for postponing HCC progression after TACE. Therefore, the purpose of this study was to evaluate the impact of VR status and duration of MVR on survival of HBV-HCC in patients undergoing TACE.



Materials and Methods


Study Design and Participants

The Ethics Committee of Sun Yat-sen University Cancer Center approved this retrospective study (B2019061), and the requirement to obtain informed consent was waived. The study consists of 2915 patients with primary intermediate-stage HBV-HCC who underwent TACE at the Sun Yat-sen University Cancer Center between January 2012 and October 2018. The inclusion criteria were as follows: (a) aged 18 years or above; (b) with intermediate-stage HCC according to the Barcelona Clinic Liver Cancer staging system; (c) no previous antiviral or anti-tumor treatment; (d) underwent TACE as initial treatment and achieved complete response; (e) HBV DNA level ≥2000 IU/ml before TACE; (f) liver function scored by Child-Pugh A; (g) patients’ performance status scored by Eastern Cooperative Oncology Group: 0-1; (h) absence of simultaneous carcinoma. Among them, 1650 patients were excluded for the following reasons: HBV DNA levels <2000 IU/ml (n = 843), coinfection with hepatitis C virus or other viral hepatitis (n = 46) and human immunodeficiency virus (n = 16), presence of chronic alcohol intake (n = 89), metabolic syndrome (n = 13), Child-Pugh B or C (n=412), Eastern Cooperative Oncology Group performance status score >1 (n=153) and presence of simultaneous carcinoma (n = 78). The workflow of the present study was shown in Figure 1.




Figure 1 | Workflow chart of patient enrollment in the present study. ECOG, Eastern Cooperative Oncology Group; HBV, hepatitis B virus; HBV-HCC, hepatitis B virus-related hepatocellular carcinoma; HCV, hepatitis C virus; HIV, human immunodeficiency virus; MVR, maintained virological response; VR, virological response.





Study Variables and Definitions

HCC was diagnosed by imaging techniques according to the American Association for the Study of Liver Diseases guideline (8). Data of the following variables were collected at baseline before TACE treatment (within one week): age; sex; history of diabetes, arterial hypertension, obesity, viral hepatitis, and human immunodeficiency virus. Routine examination included complete blood count (white blood cells, hemoglobin, platelet count); serum liver function tests (alanine aminotransferase, aspartate aminotransferase, gamma-glutamyl transferase, albumin, total bilirubin) and kidney function tests; alpha fetoprotein; prothrombin time and serum HBV DNA level. Serum HBV DNA level was quantified using a real-time polymerase chain reaction assay with a limit of detection of 100 IU/ml. Thus, an HBV DNA level lower than 100 IU/mL was considered undetectable in our study.

According to the European Association for the Study of the Liver clinical practice guidelines (22), VR was defined as an undetectable HBV DNA level on two consecutive measurements during NA treatment. The VR group was allocated with patients who had achieved a VR after NA therapy throughout the follow-up period. Meanwhile, those who never achieved a VR were assigned to the non-VR group. MVR was defined as a persistently undetectable HBV DNA level after achieving a VR during the follow-up period (23). Non-MVR was defined as intermittent or persistent period of detectable HBV DNA levels after achieving a VR throughout the follow-up period.

Cirrhosis was clinically defined by ultrasonographical features, including small-sized liver, nodular liver surface or caudate lobe hypertrophy, and splenomegaly (by imaging) or by the presence of varices (by upper endoscopy or imaging test) (24). Tumor burden was evaluated by the up-to-seven criteria (25).



TACE Procedure and Nucelos(t)ide Analogues Administration

TACE was performed by 2 radiologists with at least 5 years of interventional therapy experience as described in the previous research (26, 27). Briefly, visceral angiography of the superior mesenteric and hepatic artery was performed to assess arterial blood supply of the liver and to confirm patency of the portal vein via inserting a selective catheter into the segmental or subsegmental tumor-feeding arteries. And 300 mg of carboplatin (Bristol-Myers Squibb, New York, NY) was used in hepatic artery infusion chemotherapy. Then, chemolipiodolization was conducted via using 30-50 mg epirubicin (Pharmorubicin; Pfzer, Wuxi, China) and 6-8 mg mitomycin C (Zhejiang Hisun Pharmaceutical, Taizhou, China) mixed with 5-20 mL lipiodol (Lipiodol Ultra-Fluide; André Guerbet Laboratories, Aulnay-Sous-Bois, France). Finally, embolization was performed using absorbable gelatin sponge particles of 1-2 mm in diameter (Gelfoam, Hangzhou Alc, China) or with polyvinyl alcohol particles of 350-560 μm in diameter (Alicon Pharmaceutical, Hangzhou, China) until achieving blood static for more than 10 successive cardiac beats. Angiography was conducted again to detect the extent of vascular occlusion and to evaluate blood flow in other arterial vessels after embolization. TACE therapies were performed until achieving complete response. Tumor response to TACE was evaluated 4-week after each TACE cycle. The modified Response Evaluation Criteria in Solid Tumors were applied at contrast-enhanced computed tomography or magnetic resonance imaging to evaluate treatment response (28). NAs using entecavir (0.5mg per day; Sino-American Squibb, Shanghai, China) were applied within 1 week prior to the first TACE treatment.



Follow-Up and Endpoints

Followed up assessments were performed every 3 months during the first 2 years, every 6 months for years 3-5 and then every 12 months thereafter. The follow-up examinations included the above-mentioned biochemical tests, HBV DNA level, alpha fetoprotein, ultrasonography and contrast-enhanced computed tomography or magnetic resonance imaging.

The endpoint of the study was overall survival (OS), which was measured from the date of initiation of TACE to the date of patient death or the last follow-up (December 31, 2020).



Statistical Analysis

The study variables were presented as median (range) for continuous data and numbers or percentage for categorical data. Differences in medians were compared using Mann-Whitney U test, and differences in percentages were evaluated by the Chi-square test. Survival rates were plotted using Kaplan-Meier method and differences between various VR status or MVR duration groups were analyzed using log-rank test. The associations between clinicopathological factors and survival outcomes were assessed by univariate and multivariate analyses using the Cox proportional hazard regression models. The variables significant on univariate analysis (P<0.05) were subjected in the multivariate Cox regression model. The proportional hazards assumption was checked based on the scaled Schoenfeld residuals. All statistical analyses were performed using Statistical Product and Service Solutions software version 19.0. A value of two-sided P<0.05 was considered statistically significant.




Results


Baseline Characteristics of Patients Receiving NA Therapy

A total of 1265 HBV-HCC patients treated with TACE receiving NA therapy were included in final analyses. The baseline characteristics of study patients were shown in Table 1. Overall, the median follow-up time was 18 months (range, 2-78 months) and the median cycles of receiving TACE was 3 (range, 1-6) for all subjects. VR was observed in 744 patients (58.8%), while the remaining 521 subjects (41.2%) did not achieve VR. For patients achieving VR, a total of 250 patients undergoing other treatment including sorafenib (n=174), radiofrequency ablation (n=38), hepatectomy (n=19), radiotherapy (n=13) and chemotherapy (n=6). While 151 patients received other treatment in non-VR group, including sorafenib (n=104), radiofrequency ablation (n=24), hepatectomy (n=11), radiotherapy (n=8) and chemotherapy (n=4). There was no significant difference in demographic and clinical characteristics, such as median age, sex, proportion of patients with cirrhosis, ascites, splenomegaly, or tumor capsule and percentage of participants beyond the up-to-seven criteria, as well as laboratory tests including blood routine examination and liver and kidney function tests, and other treatment after TACE between the VR and non-VR groups (P>0.05). As shown in Table 2, splenomegaly, up-to-seven criteria, alpha fetoprotein, total bilirubin, platelet count and sorafenib treatment after TACE were associated with OS in VR group. In the multivariable Cox regression analysis, splenomegaly (hazard ratio (HR), 1.340; 95% confidence interval (CI), 1.095-1.641; P=0.005), up-to-seven criteria (HR, 1.298; 95% CI, 1.048-1.607; P=0.017), total bilirubin (HR, 1.505; 95% CI, 1.104-2.052; P=0.010), platelet count (HR, 1.326; 95% CI, 1.088-1.617; P=0.005) and sorafenib treatment after TACE (HR, 0.605; 95% CI, 0.494-0.742; P<0.001) were identified as independent factors of OS in patients with NA therapy achieving VR.


Table 1 | Baseline characteristics of patients received NA therapy (VR versus non-VR).




Table 2 | Univariable and multivariable analysis of OS in the VR group.





Baseline Characteristics of Patients With VR

Among patients with VR, MVR was present in 542 patients (72.8%), while the other 202 patients (27.2%) were in the non-MVR group. No significant differences in baseline characteristics were found between the MVR and non-MVR groups (Table 3). Additionally, splenomegaly, up-to-seven criteria, sorafenib treatment after TACE and radical therapy after TACE were correlated with OS in the univariable Cox regression analysis. Similarly, in the multivariable analysis, the prognostic factors included splenomegaly (HR, 1.339; 95% CI, 1.059-1.692; P=0.015), tumor burden beyond up-to-seven criteria (HR, 1.430; 95% CI, 1.110-1.844; P=0.006), receiving sorafenib treatment after TACE (HR, 0.668; 95% CI, 0.533-0.838; P<0.001) and receiving radical therapy after TACE (HR, 0.586; 95% CI, 0.392-0.877; P=0.009) (Table 4).


Table 3 | Baseline characteristics of patients received NA therapy achieving VR (MVR versus non-MVR).




Table 4 | Univariable and multivariable analysis of OS in the MVR group.





Survival According to VR

For patients achieving VR, the 1-, 3-, and 5-year OS rates were 69.8%, 17.7%, and 13.6%, respectively. In comparison, in the non-VR group, the corresponding OS rates were 51.0%, 14.1%, and 8.0%, respectively (Figure 2A). Thus, patients in the VR group had better OS than patients in the non-VR group (median OS: 21 vs 16 months; HR, 0.707; 95% CI, 0.622-0.804; P<0.001). As shown in Table 5, without controlling for other factors, VR was associated with increased OS in patients undergoing TACE (P <0.001). After adjusting splenomegaly, up-to-seven criteria, alpha fetoprotein and platelet count as confounders, VR remained as an independent factor for OS in patients received NA therapy undergoing TACE (HR, 0.772; 95% CI, 0.615-0.916), P=0.003).




Figure 2 | OS of the patients receiving NA therapy. (A) OS comparison between the VR and non-VR groups. (B) OS comparison between the MVR and non-MVR groups. OS, overall survival; NA, nucelos(t)ide analogues.




Table 5 | Univariable and multivariable analysis of OS in patients with NA therapy.





Survival According to MVR

The 1-, 3-, and 5-year OS rates were 75.1%, 19.2%, and 15.3%, respectively, for the MVR group and 55.3%, 15.4%, and 11.2%, respectively, for the non-MVR group (Figure 2B). Thus, patients achieving MVR to NA therapy had significantly longer OS than patients in the non-MVR group (median OS: 23.2 vs 18 months; HR, 0.736; 95% CI, 0.612-0.885; P=0.001).

Moreover, survival analyses were separately performed for each subgroup of interest stratified by presence of splenomegaly and up-to-seven criteria for HCC. As a result, MVR again showed significantly improved OS than the non-MVR group, irrespective of patients with or without splenomegaly (HR, 0.758; 95% CI, 0.616-0.931; P=0.005 and HR, 0.553; 95% CI, 0.363-0.843; P=0.008, respectively) (Figures 3A, B). In addition, a consistent survival benefit of achieving MVR was observed among patients within the up-to-seven criteria. Among these patients with relative low tumor burden, the 1-, 3-, and 5-year OS rates for patients with MVR were 77.0%, 20.5%, and 16.9%, compared to 57.3%, 13.6%, and 0% among patients in the non-MVR group (HR, 0.707; 95% CI, 0.575-0.869; P=0.001). For patients beyond the up-to-seven criteria, there was no significant difference in OS between the MVR and non-MVR groups (median OS, 17.7 vs 11.5 months; HR, 0.906; 95% CI, 0.598-1.373; P=0.639) (Figures 3C, D).




Figure 3 | OS of the patients achieving VR based on (A, B) splenomegaly status and (C, D) up-to-seven criteria. (A) without splenomegaly, (B) with splenomegaly, (C) within up-to-seven criteria, (D) beyond up-to-seven criteria.





Subgroup Analysis of OS for Patients With MVR

In the MVR cohort, patients were classified into three subgroups (1 year, 1-2 years, ≥2 years) according to the duration of MVR status. There were 123 (22.7%), 190 (35.1%), and 229 (42.2%) patients in the above three subgroups, respectively. As shown in Figure 4 and Table 6, there was a significant difference in OS among different MVR duration subgroups (log-rank P<0.001). Particularly, patients with MVR status more than two years showed a better OS than those with just one-year (HR, 0.719; 95% CI, 0.650-0.797; P<0.001) or one-to-two-year MVR (HR, 0.612; 95% CI, 0.471-0.795; P=0.024). Meanwhile, patients in the one-to-two-year MVR duration subgroup had a significantly improved OS when compared to those did not achieve one-year MVR. Furthermore, in the MVR group, patients with high tumor burden showed obviously worse OS than those with low tumor burden, with respective OS at 1, 3 and 5 years (65.5%, 12.4%, 8.3% vs. 77.0%, 20.5%, 16.9%; HR, 1.491; 95% CI, 1.158-1.920; P=0.002). In addition, patients with splenomegaly had a worse OS compared to those without enlarged spleen (HR, 1.287; 95% CI, 1.109-1.626; P=0.034). The results of the subgroup survival analyses were summarized in Table 6.




Figure 4 | Subgroup analysis of OS in patients with MVR stratified by durations of MVR status.




Table 6 | Survival analysis by duration of MVR, tumor burden or splenomegaly in the MVR group.






Discussion

This large retrospective study has demonstrated that both achievement of VR status and prolonged MVR during NA treatment are associated with a prolonged survival time of patients with HBV-HCC undergoing TACE. The findings of the current study indicate that longer maintenance of undetectable HBV-DNA should be pursued for those with high viral load pre-TACE treatment.

Antiviral therapy using NA has changed the outcome of HBV infection by inhibiting HBV replication and decreasing HBV DNA levels, thereby reducing instead of eliminating the risk of HCC in chronic hepatitis B patients via long-term NA treatment. TACE is a common form of locoregional therapy to treat intermediate HCC, which may induce HBV reactivation posttreatment in patients with HBV-HCC as reported in previous studies (29, 30). Another study has demonstrated that a high pre-TACE HBV DNA level has been correlated with poor OS and rapid disease progression after TACE (11), indicating the importance of long-term antiviral therapy for long-lasting suppression of HBV replication to prevent HCC progression. Furthermore, several studies have shown that NA therapy could reduce the risk of deterioration of hepatic function (16, 31, 32) or improve survival outcomes in patients with HBV-HCC undergoing TACE (17, 18).

Numerous studies have demonstrated that the achievement of VR to antiviral therapy is associated with improved clinical outcomes in patients with chronic hepatitis B, including reduced risk of liver disease progression and lower incidence of HCC (20, 33, 34). Additionally, achievement of sustained VR was reported to be important for the reduction of tumor recurrence and improvement of survival outcomes in patients with hepatitis C virus related HCC undergoing TACE treatment with complete remission (35). However, whether VR to NA therapy affects the clinical outcomes of patients with HBV-HCC undergoing TACE treatment is not well known. In the current study, we found that nearly 60% HBV-HCC patients with a high viral load pre-TACE achieved VR after NA therapy. Moreover, our findings suggest that NA therapy with achievement of VR improves OS after TACE for HBV-HCC, which is consistent with a recent study reported by Jang and colleagues (18).

Achieving maintenance of undetectable HBV DNA with NA therapy has been shown to significantly decreased the incidence of HCC in patients receiving entecavir treatment (23). In this study, according to the level of HBV-DNA during NA therapy, patients with VR achievement were further classified into MVR and non-MVR groups for evaluating the association between MVR status and OS. During follow-up period, 542 of 744 patients (72.8%) presented persistently undetectable HBV DNA levels (MVR), while the remaining subjects experienced episodes of detectable HBV DNA after achieving VR. Jang et al. (18) reported a maintained undetectable HBV-DNA level rate of 58.4% with antiviral therapy for TACE-treat HCC patients. The higher MVR rate of this study can be explained by the different antivirals and baseline characteristics. Only entecavir was used in the current study, while both low-potency NAs (lamivudine, telbivudine, clevudine or adefovir) and high-potency NAs (entecavir or tenofovir) were delivered for antiviral therapy in Jang’s study, which may cause a higher rate of drug resistance leading to the HBV reactivation or increase of HBV DNA levels during the period of NA treatment. This indicates the significance of regular HBV DNA surveillance in patients receiving NA treatment, monitoring changes in viral load for timely adjustment of antivirals.

We further evaluated factors correlated with OS. Splenomegaly, tumor burden, total bilirubin and platelet count were independently associated with OS in NA-treated patients therapy achieving VR. In addition, with splenomegaly and tumor burden beyond up-to-seven criteria were the only two adverse factors related to OS in patients achieving MVR based on the multivariable analysis. More importantly, in the subgroup analyses, patients with MVR showed a significantly improved OS than those not achieving MVR, regardless of splenomegaly. We also found that OS was significantly higher among those who achieved MVR than in those without MVR, with a significant VR effect observed in the subgroup of HCC within up-to-seven criteria (P =0.001), but not in those out of up-to-seven criteria.

Currently, there is lack of an evidence on the effect of MVR duration on survival of HBV-HCC patients receiving TACE. As reported in a Korean study, longer MVR was related to lower risk of HCC in HBV-related compensated cirrhosis patients with low viral load (36). Our findings above demonstrated that maintenance of VR conferred long-term clinical benefits for up to 5 years in HBV-HCC patients with NA therapy undergoing TACE. More importantly, achievement of longer duration of MVR under NA therapy was correlated with a better OS in patients with HBV-HCC following TACE. This highlights the importance of long-term NA therapy and durable viral suppression to improve survival of patients with intermediate HBV-HCC following TACE.

There are several limitations in the present study. First, this is a single-center retrospective study, which may cause inherent bias. Although the baseline characteristics and potential confounders were balanced with no obvious heterogeneity between the two comparison groups (VR and non-VR groups, MVR and non-MVR groups), a causal association between VR status or MVR duration and clinical outcomes of HBV-HCC treated with TACE cannot be directly inferred. On the other hand, few patients who died before achieving the second time of HBV DNA measurement were assigned to the non-VR group, which may lead to immortal time bias. Second, patients receiving TACE treatment with a pre-TACE HBV-DVA over 2000 IU/mL were included in the analysis. For those with a low viral load (baseline HBV-DNA level between 100 to 1999) or undergoing other anticancer treatments, the conclusions need further confirmed. Thus, findings in the present study need to be validated in the well-designed prospective studies.

In conclusion, both achievement of VR status and prolonged MVR receiving NA therapy are correlated with better OS in patients with intermediate-stage HBV-HCC undergoing TACE, indicating the importance of regular HBV DNA surveillance and durable viral suppression during antiviral treatment.
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Pancreatic ductal adenocarcinoma (PDAC) is a highly malignant tumor with poor prognosis and limited therapeutic options. Alternating electrical fields with low intensity called “Tumor Treating Fields” (TTFields) are a new, non-invasive approach with almost no side effects and phase 3 trials are ongoing in advanced PDAC. We evaluated TTFields in combination with mild hyperthermia. Three established human PDAC cell lines and an immortalized pancreatic duct cell line were treated with TTFields and hyperthermia at 38.5°C, followed by microscopy, assays for MTT, migration, colony and sphere formation, RT-qPCR, FACS, Western blot, microarray and bioinformatics, and in silico analysis using the online databases GSEA, KEGG, Cytoscape-String, and Kaplan-Meier Plotter. Whereas TTFields and hyperthermia alone had weak effects, their combination strongly inhibited the viability of malignant, but not those of nonmalignant cells. Progression features and the cell cycle were impaired, and autophagy was induced. The identified target genes were key players in autophagy, the cell cycle and DNA repair. The expression profiles of part of these target genes were significantly involved in the survival of PDAC patients. In conclusion, the combination of TTFields with mild hyperthermia results in greater efficacy without increased toxicity and could be easily clinically approved as supporting therapy.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) has an exceptionally poor prognosis, high therapy resistance, and high rates of early metastasis (1). Currently, surgery remains the only chance to cure pancreatic cancer; however, >90% of patients relapse and die of their disease without additional treatment (2). For resectable tumors, surgery followed by adjuvant chemotherapy (gemcitabine plus capecitabine) is the standard of care. In the metastatic setting, FOLFIRINOX and nab-paclitaxel–gemcitabine are standard treatment options for patients with good performance status; both combinations have shown a survival advantage over the previous standard of gemcitabine monotherapy (2).

Tumor Treating Fields (TTFields) were first described in 2004 (3) and are low-intensity, intermediate-frequency, alternating electric fields delivered through noninvasive transducer arrays placed locoregionally around the anatomic region of the tumor (4). TTFields selectively target tumor cells or rapidly proliferating cells but not slowly proliferating tissues or cell cultures. The advantage of TTFields is that (1) the electrodes are noninvasive; (2) mainly cancer cells are targeted; (3) a thermal effect is not described due to the low intensity; and (4) nerves and muscles are not stimulated because of the high frequency of TTFields (3, 5, 6). Mechanistically, TTFields inhibit tumor cell division (7) by impairing the polymerization of microtubules and septin filaments during mitosis (7–9) and extending the duration of mitosis by the formation of defective mitosis structures (3, 7). This leads to aneuploidy and genomic instability, termed mitotic catastrophe, followed by cell death and senescence (7, 10).

Currently, the NovoTTF-100 or Optune system developed by Novocure Ltd. was approved by the FDA and EU for the treatment of therapy-refractory cancer entities such as glioblastoma and mesothelioma (11), and in Germany, a reimbursement mechanism has been in place since March 2020 (12). Phase 3 studies are currently underway for brain, lung, pancreas and uterine tumors, and a phase 2 study is being conducted for liver tumors. In addition, promising experimental data are available for numerous tumor entities (13), including the effects of TTFields on the PDAC cell lines AsPC-1 (14), CFPAC-I and HPAF-II (15). Upon treatment with TTFields at 150 kHz for 72 h, the cell number and viability were reduced, and the gemcitabine or radiation efficacy increased (14, 15). The PANOVA-2 trial recently demonstrated that the combination of TTFields and systemic chemotherapy is safe and tolerable in patients with advanced PDAC (16). Based on these results, the randomized PANOVA-3 trial is currently testing the efficacy of TTFields generated by the NovoTTF-100L(P) System in advanced PDAC in combination with palliative chemotherapy (17). However, TTFields remain controversial, e.g., in glioblastoma therapy, where the uptake of TTFields is increasing but remains limited (12).

Hyperthermia in oncology was first reported 5,000 years ago in a case of breast cancer (18). Today, the efficacy of locally applied, mild, moderate or severe hyperthermia, in the range from 39°C to 43°C was proven to be clinically effective in combination with radiotherapy and chemotherapy (19–21). Several applications at different temperatures are in clinical use, such as whole-body heating, or loco-regional hyperthermia. The latter also includes intraoperative superficial heating, hyperthermic intraperitoneal chemotherapy (HIPEC) and non-invasive deep regional heating (22). Moderate hyperthermia temperatures are used clinically in the form of whole-body hyperthermia e.g. in pain therapy. For this purpose, patients are heated for a duration of up to 1.5 h in insulated heat cabins. Alternatively, local application of mild hyperthermia in the tumor region can be achieved by infrared or microwave heating of the tissue. Randomized phase 2 and 3 clinical trials demonstrated that hyperthermia sensitizes tumors to cytotoxic therapy and thereby improved the outcome of cancers of the lung (23), breast (24), cervix (25), head and neck (26), skin (27), gastrointestinal tract (28), ovary (29), and sarcoma (30). For PDAC, the efficacy of hyperthermia has been demonstrated in the preclinical setting, e.g., in xenograft models in rats and mice, where the combination of gemcitabine and hyperthermia was more effective than single therapies (31). Mechanistically, hyperthermia alters the blood flow and nutrient distribution in tumors, induces a heat shock response followed by cell death in cancer cells (32), causes DNA damage (33), inhibits DNA repair (34), and induces cell cycle arrest (33, 35). However, the effective delivery of hyperthermia is often limited, and moderate to severe hyperthermia can have complications (36).

Our present study investigated whether a combination of mild hyperthermia of 38.5°C and TTFields of less than 1 V/cm would be more effective than each single treatment alone. We found a synergistic effect in PDAC cancer cells, whereas nonmalignant cells were not affected, and we identified the underlying signaling chains.



Results


Hyperthermia Enhances TTField-Mediated Inhibition of Viability

To examine the effect of TTFields on the viability of PDAC cell lines, we cultured BxPc-3, BxGEM and AsPC-1 cells in specially manufactured 96-well culture plates with electrodes to induce TTFields at frequencies of 150 kHz by a generator (Figure 1A). The cells in these culture plates were incubated at 37°C or 38.5°C for up to six days. The plates were then evaluated daily by MTT assay, which measures the cellular metabolic activity as an indicator of cell viability, proliferation and cytotoxicity. The values of each group were set to 0 at the start of the experiment at day 1. Whereas the MTT signal of cells cultured at 37°C in the presence or absence of TTFields continuously increased, it was even higher when the cells were cultured at 38.5°C (Figure 1B). A pronounced inhibition of viability was only seen upon the combination of hyperthermia and TTFields. These results became even clearer upon setting the controls to 1 and presenting the data in bar charts. While TTFields tended to increase the viability at 37°C, they significantly decreased it at 38.5°C after 3 days (Figure 1C). After 6 days, however, TTFields largely decreased the viability even at 37°C and almost completely at 38.5°C. Representative images of the cell morphology under microscopic magnification confirm the above results (Figure 1D). Interestingly, mild hyperthermia paired with TTFields failed to substantially inhibit the viability of the nonmalignant pancreatic ductal cell line CRL-4023, even 6 days after treatment (Figure 1E).




Figure 1 | TTField-mediated inhibition of viability is enhanced by hyperthermia. (A) The scheme illustrates the treatment of PDAC cells with TTFields at a regular incubation temperature of 37°C or mild hyperthermia at 38.5°C. (B) The human PDAC cell lines AsPC-1, BxPC-3 and BxGEM were incubated at 37°C or 38.5°C in the presence (TTF) or absence (CO) of TTFields at 150 kHz and an intensity of less than 0.7 V/cm. To measure TTField effects as a function of treatment duration, PDAC cells were treated for 1 to 6 days in separate experiments. The examination of all 6 days together in one large experiment was not possible because the availability of the cell culture plates with antenna wires was limited. At the end of each single experiment, the viability was measured by MTT assay, the results were accumulated as a total curve for each cell line, and the values of each curve were normalized to start at 0 on day 1. (C) The cells were treated as described above, and the viability was analyzed 3 or 6 days later by MTT assay. The controls were set to 1. (D) The morphology of the cells, which were treated as described above, was microscopically examined at 100× magnification 6 days after treatment, and representative images are shown. The scale bar indicates 100 µm. (E) Likewise, the viability of the human, nonmalignant pancreatic duct cell line CRL-4023 was evaluated by MTT assay and microscopic evaluation at 100× magnification. Representative images of each treatment group of CRL-4023 cells 6 days after treatment are shown. Three independent experiments were performed at least in triplicate, and the data are presented as the means ± SD; *P < 0.05, **P < 0.01.





Hyperthermia Increases TTField-Mediated Inhibition of Cancer Progression

To obtain information on the influence of mild hyperthermia paired with TTFields on stem cell properties, we studied the ability to form colonies. BxPc-3, BxGEM and AsPC-1 cells were treated with TTFields at 37°C or 38.5°C for 72 h. Then, the cells were reseeded at clonal density in 6-well plates, and colony formation was evaluated 14 days later. Whereas TTFields at 37°C only marginally reduced colony formation, they strongly reduced it at 38.5°C (Figure 2A). In contrast, hyperthermia alone significantly increased colony formation. For examination of the long-term effect, the surviving cells of each group were collected and equal cell numbers were reseeded at clonal density without further treatment. The resulting, so-called “second-generation” colonies were analyzed 14 days later. TTFields at 37°C reduced colony formation to approximately 50% to 60%, and TTFields in the presence of 38.5°C nearly completely abolished colony formation. Additionally, hyperthermia alone did not enhance colony formation, as observed in the short-term treatment. Similar results were obtained when the cells were treated and grown as spheroids (Figure 2B). Under these conditions, the effects were more pronounced upon reseeding the cells for second-generation spheroid formation. Next, we examined the effect of TTFields combined with mild hyperthermia or of mild hypothermia alone on migration and performed scratch assays. The closure of the wounded region was examined 12 h and 24 h later. The gap was significantly larger upon combination of TTFields and 38.5°C compared to 38.5°C alone (Figure 3). In contrast, the same experiments at 37°C were largely ineffective (data not shown). This result suggests again that the combination therapy also inhibits migration more than each single treatment option alone.




Figure 2 | TTField-mediated inhibition of cancer stem cell features is enhanced by hyperthermia. (A) The cells were treated as described in Figures 1A, B, (B) After 3 days, the cells were detached from the cell culture plates by trypsinization and reseeded at clonal density (AsPC-1: 1,500 cells/well; BxPC-3 and Bx-GEM: 1,000 cells/well) in 6-well plates. The cells were cultured under regular conditions at 37°C without a medium change for 2 weeks, resulting in first-generation colonies (1st GEN). The number of colonies was evaluated by fixing and Coomassie staining, followed by counting colonies with at least 50 cells using a dissecting microscope. The survival fraction and representative images are shown on the left. For the formation of second-generation (2nd GEN) colonies, surviving cells from each group of first-generation colonies were collected, reseeded and analyzed as described above. (B) After treatment, as described in Figure 1A, the cells were seeded at a clonal density of 500 cells/well in ultralow-attachment 24-well plates in cell growth factor-supplemented serum-free culture medium to induce spheroid formation. Six days later, the first generation of spheroids developed, and the percentage of viable spheroids was evaluated by microscopy at 100× magnification and counting. Representative photographs and the means are shown on the left. For the formation of second-generation spheroids (2nd GEN), surviving cells were collected from each group of first-generation spheroids and reseeded and analyzed as described above. The data are presented as the means ± SDs. *P < 0.05, **P < 0.01.






Figure 3 | TTField-mediated inhibition of migration is stronger upon combination with hyperthermia. AsPC-1, BxPC-3 and Bx-GEM cells were seeded at a density of 4,000 cells/well in 96-well plates and grown to 90% confluency overnight. The cell layer was scratched with the tip of a 100-µL pipet, followed by treatment of the cells with TTFields at 38.5°C for 24 h. The controls (CO) were incubated at 38.5°C without exposure to TTFields. The closure of the wounded region was evaluated by microscopy at 0, 12 and 24 h after scratching. The gap width was measured using ImageJ. Representative images are shown on the left, and the means are shown in bar graphs on the right. The data are presented as the means ± SD. *P < 0.05, **P < 0.01.





Hyperthermia Increases TTField-Induced Differential Gene Expression

To further highlight gene expression changes, we treated BxGEM cells at 37°C and 38.5°C and used untreated cells cultured at 37°C as control. Seventy-two hours later, the RNA was harvested and a gene array analysis was performed. A heat map was generated and demonstrated well-separated gene clusters between the groups (Figure 4A). This finding was further highlighted by a volcano plot analysis of the array results, which exhibited a greater spreading of differentially regulated genes when TTFields plus were combined with 38.5°C compared to TTFields alone at 37°C (Figure 4B). Then, a KEGG enrichment analysis was performed, which led to the identification of 20 significantly up- or downregulated pathways closely related to tumorigenesis (Figure 4C and Table 1). Among the differentially regulated pathways were the ubiquitin proteasome system and autophagy, DNA repair, DNA replication, MAPK signaling and cell cycle regulation. Next, a GSEA analysis was performed and resulted in enrichment plots of autophagy, cell cycle and DNA replication (Figure 5A). The most significantly differentially regulated genes belonging to these pathways are shown in heat maps (Figure 5B). To identify the related signaling networks, the open source software platforms Cytoscape and String were utilized, which showed Tp53, PNCA, and MAD2L2 in the center of two cell cycle/DNA replication signaling networks and AKT1 in the center of an autophagy-related signaling network (Figure 5C). Thus, there is an interaction of the identified differentially regulated genes in biological signaling networks.


Table 1 | GSEA analysis based on KEGG biological processes.






Figure 4 | Gene array analysis demonstrates that hyperthemia enhances TTField-induced differential gene expression. (A) BxGEM cells were cultivated at 37°C in the absence (CO) or presence of TTFields (TTF) or were cultured at 38.5°C in the presence of TTFields (TTF+38.5°C) for 72 hours. Then, the mRNA was isolated, and gene array analysis was performed, followed by analysis of differentially regulated genes with a fold change of at least 1.5 and a significance of P < 0.05. Hierarchical cluster analysis was performed to organize the genes into clusters based on their expression similarities. Red: gene upregulation; Lilac: gene downregulation within a scale of 1.2 to -1.2. (B) Volcano plots were created and show the distribution of differentially expressed mRNAs in BxPc-3 cells cultured at 37°C in the absence (CO) or presence of TTFields (TTF vs CO) or at 38.5°C in the presence of TTFields (TTF+38.5°C vs CO). Red: (upregulated genes); Green (downregulated genes). The X-axis represents the expression profiles of multiple genes. The Y-axis represents the magnitude of gene expression changes. FC = 1.5, P < 0.05. (C) A KEGG enrichment analysis was performed to compare differentially regulated pathways between cells treated with TTFields + 38.5°C and control cells, which were cultivated at 37°C. The X-axis represents the rich factor, and the Y‐axis represents the KEGG terms. Rich factor: ratio of differentially expressed gene numbers annotated in this pathway term to all gene numbers annotated in this pathway term. The greater the Rich factor, the greater the degree of pathway enrichment. The size of the circles increases with the gene count. Different circle colors represent distinct Q values as indicated.






Figure 5 | GSEA suggests TTField plus hyperthermia-mediated regulation of autophagy, the cell cycle and DNA replication. (A) The biological pathways that are enriched in the gene array lists were identified by gene set enrichment analysis (GSEA). Differentially regulated genes in BxGEM cells cultivated at 37°C or at 38.5°C plus TTFields were evaluated. In this way, clustering of an autophagy-related gene set, which positively correlated with the treatment group, was detected (Normalized enrichment score (NES) = 1.3681, P = 0.037, False discovery rate (FDR) = 0.13). Likewise, the clustering of a cell cycle-related gene set was found to be negatively correlated with the treatment group (NES = -1.8359, p = 0, FDR = 0.005). Additionally, the clustering of a DNA replication-related gene set was found to be negatively correlated with the treatment group (NES = -2.0466, P = 0, FDR = 0.006). (B) The most relevant genes of each gene set are shown as heat maps. The name of genes, which were identified by a Cytoscape/String analysis in the following are enlarged and marked in red. (C) The mRNA array data were analyzed with the open source software platform Cytoscape, which resulted in the visualization of networks of co-expressed genes related to the cell cycle, DNA replication and autophagy. The sizes of the circles indicate the interaction degrees of proteins. The circle colors indicate different fold changes. Orange: upregulation, Lilac: downregulation within a scale from -1.3 to 1.3 as indicated.





Hyperthermia and TTFields Enhance Autophagy and Cell Cycle Signaling

For validation of our previous results, BxPc-3, BxGEM and AsPC-1 cells were treated with TTFields plus hyperthermia at 38.5°C, whereas cells cultured at 37°C without further treatment served as control. Seventy-two hours later, RT-qPCR was performed to examine the expression of the before identified target genes CyclinB, CDK1, GADD45B, MAD2L2, MCM6, TP53, ATG5, TSC1 and AKT1. The expression of each gene was normalized to the expression of GAPDH, and the gene expression of the TTField plus 38.5°C group was evaluated relative to the 37°C control, which was set to 1. GADD45B, TP53, ATG5 and TSC1 were significantly upregulated in all cell lines, whereas MAD2L2, MCM6 and AKT1 were significantly downregulated (Figure 6A). In contrast, the expression levels of CyclinB and CDK1 did not appreciably change. Most importantly, the expression patterns largely confirmed the expression data from the microarray assay, which is underlined by comparison of the results of both assays (Table 2).




Figure 6 | Functional studies confirm TTField plus hyperthermia-mediated autophagy, the cell cycle and DNA signaling. (A) BxPc-3, BxGEM and AsPC-1 cells were cultivated at 38.5°C plus TTFields or at 37°C in the controls, followed by isolation of mRNA three days later and RT-qPCR analysis. The gene expression level of each gene was normalized to that of GAPDH, and the relative mRNA expression of hyperthermia/TTFields compared to control cells is shown. The primer sequences are given in Supplementary Table S1, and a comparison of the expression levels is provided in Table 1. The results are presented as relative gene expression. For calculation, the 2−ΔΔCt method of relative quantification given in the equation was used. (B) PDAC cells were seeded in 96-well plates and cultivated at 37°C in the absence (CO) or presence of TTFields (TTF) or were cultivated at 38.5°C plus TTFields (TTF+38.5°C) for 72 h. Then, the progression of the cell cycle was analyzed by staining the cells with propidium iodide, followed by flow cytometry. The results are shown as flow cytometry profiles (left) and cell cycle quantification in bar graphs (right). (C) The cells were cultivated at 37°C in the absence (CO) or presence of TTFields (TTF) or at 38.5°C plus TTFields, as indicated, and 72 h later, the proteins were isolated, and the expression of p62 and LC3 was examined by the use of specific antibodies and Western blot analysis. GAPDH served as the control for equal conditions. Three independent experiments were performed at least in triplicate, and the data are presented as the means ± SD; *P < 0.05, **P < 0.01.




Table 2 | Comparison of RT-qPCR and microarray results.



To investigate the effect of TTFields on the cell cycle, the cells were cultured at 37°C or 38.5°C in the presence or absence of TTFields. Seventy-two hours later, the cells were stained with propidium iodide and examined by flow cytometry. TTFields combined with mild hyperthermia led to an increase of the G2/M phase, and a decrease of the G1 phase, whereas a statistically significant S phase arrest was not observed (Figure 6B).

To examine the influence induction of autophagy, the cells were cultured at 37°C or 38.5°C in absence or presence of TTFields. Seventy-two hours later, the expression of the autophagic flux indicator p62 and the presence of the autophagy marker LC3-II were examined by Western blot analysis. Whereas p62 expression decreased upon TTField treatment at 37°C and 38.5°C, indicating autophagy signaling, LC3-II was only clearly visible after combining TTFields with mild hyperthermia, as shown by a representative Western blot, quantification by Image J and a diagram with the means and standard deviations; also, the crude Western blot images are provided (Figure 6C and Supplementary Figure S1, data not shown). These data indicate that autophagy signaling occurred and was strongest when TTFields were combined with mild hyperthermia.



Our Candidate Genes Are of Prognostic Relevance in PDAC

To demonstrate the clinical relevance of candidate genes, which we identified by gene array analysis, we utilized TCGA public database and identified the availability of expression data paired with clinical data for DDIT4/REDD1, which is involved in cell growth, proliferation and survival; TSC1, which acts as a tumor suppressor; MCM6, which is involved in the cell cycle and DNA replication; and ORC1, which is involved in the initiation of DNA replication. Kaplan-Meier plots were created to visualize the relevance of expression of these genes in PDAC tissue and the related clinical outcome of patients (Figures 7A, B). Whereas high expression levels of DDIT4, MCM6 and ORC1 were related to significantly shorter survival, high expression of the tumor suppressor TSC1 was related to significantly longer survival, as expected. Together, these data confirm the relevance of the identified TTField plus hyperthermia-induced candidate genes identified by gene array analysis.




Figure 7 | The expression levels of the candidate genes MCM6, ORC1, DITT4 and TSC1 correlate to overall and relapse-free survival in PDAC. (A) We searched the online database TCGA for existing data of the identified target genes and found PDAC-related expression and clinical data for MCM6, ORC1, DITT4 and TSC1. Using these online data, we performed Kaplan-Meier analysis of overall survival and (B) relapse-free survival in relation to gene expression (data from TCGA-PAAD, pH 000178, N = 185). HR, Hazard ratio and the significance P are given.






Discussion

Here we investigated the therapeutic effects of TTFields at a frequency of 150 kHz, mild hyperthermia at 38.5°C, or the combination thereof. We deliberately chose a temperature below 39°C to avoid side effects as far as possible. We found that the combination treatment of PDAC cells nearly completely abolished the viability, metabolism, clonogenicity, migratory capacity, cell cycle progression and induced autophagy, while each single treatment was largely ineffective. In contrast, a nonmalignant pancreatic duct cell line was less affected, as we found by examination of the viability by MTT-assay. Although the latter finding does not exclude sub-lethal toxicity of TTFields combined with mild hypoxia to non-malignant cells, we assume that this is rather improbable. It is true that alternating electric TTFields affect the electric dipole moments of molecules in both, malignant and non-malignant cells. However, the field strength of the applied TTFields is quite low. Thus, a selective damage to malignant cells can be achieved by appropriate adjustment of the TTFields frequency to control the cell geometry-dependent amplification of the electric field in the division furrow. Due to the different geometry of malignant and non-malignant cells and a higher division rate of malignant cells, TTFields are suggested to interfere mainly with the mitotic spindle apparatus of malignant cells (7–9), followed by extension of the duration of mitosis by the formation of defective mitosis structures (3, 7), aneuploidy and genomic instability, and finally cell death and senescence (7, 10). Together, non-malignant or resting cells are less affected, because the selective effect of TTFields on cancer cells depends on cell size, doubling time and the optimal high frequency of TTFields (3, 5–7). These facts may exclude a severe damage of the vascular system as a key in order to keep the homeostasis of oxygen tension. Whether our therapeutic approach may target cancer-associated angiogenesis and thereby the endothelial cell as a checkpoint for immunological patrolling, as described (37), is a matter of debate and future evaluation.

We used the optimal TTField frequency of 150 kHz for the treatment of PDAC cells as described before by Giladi et al. (14). The combination with mild hyperthermia seems to be important because we demonstrated that the single treatments were less effective or even induced tumor growth upon short-term treatment. Thus, the viability of BxPc-3 and BxGEM cells was significantly increased 3 days after treatment with TTFields at 37°C, but inhibited after 6 days. Transferred to the treatment of patients with TTFields, which are delivered by a head hood or abdominal belt, these results suggest, that within the first days the tumor viability/metabolism may be stimulated, whereas later it is inhibited. Such a scenario of stimulation of cell proliferation by electric fields is e.g. described in the context of alternating fields with frequencies in the range between 60 kHz and 448 kHz, which excited nerve cells and heart muscle tissue by targeted depolarization of the membrane potential (38, 39). Likewise, improved fracture healing and increased bone growth seem to be stimulated by low-frequency alternating fields (40). These frequencies overlap with the frequency range of TTFields (41). We suspect that the field strength used by us also induced proliferation at the beginning of the treatment, whereas it may have induced perturbations in cell division at later time points and as described (7–9), and thereby inhibition of proliferation. The question is why we observed a stimulation of proliferation at an early time point in BxPc-3 and BxGEM cells, but not in AsPC-1 cells. This observation may be due to the 2-dimensiol growth of BxPc-3 and BxGEM cells and the 3-dimensional, spheroid-like growth of AsPC-1 cells and the accordant mitotic spindle orientation exposed to TTFields.

In our experimental setting, the treatment duration was a crucial factor because the observed therapeutic effects of single or combined TTFields plus mild hypothermia increased with time. Our experimental system is different from the Inovitro™ system provided by Novocure Ltd., which uses switching mechanisms to change the field direction to increase the efficiency (3). Patients are encouraged to wear the Novocure Ltd. device daily on the abdomen at the level of the pancreas to treat PDAC (17) or, in the case of glioblastoma, as a cap on the head (12). The TTFields that we induced were in one spatial direction, with no interaction with dividing cells oriented perpendicular to the electric field direction. Additionally, we were not able to use an optimal higher power due to the heat generated by the antenna wires; as a result, the electric field strengths in the middle of the wells were slightly less than 1 V/cm. Studies by Kirson et al. showed that starting at 1 V/cm with increasing electric field strength, the effect on mitotic cells increases during treatment (42). Recently, Ravin et al. developed a novel device to deliver TTFields to cell and tissue cultures, which solved the problem of unwanted heat production by continuous thermal regulation (43).

An important observation made in our study is that TTFields plus mild hyperthermia strongly inhibited the self-renewal potential by reducing the colony and spheroid formation abilities. Similar results were recently obtained in glioma cancer stem cell-like cells (44). In terms of the cancer stem cell hypothesis (45), these data suggest that the combination of TTFields with mild hyperthermia prevents tumor recurrence and therapy resistance, at least in vitro. However, the colonies and spheroids were not totally eliminated, suggesting that TTFields combined with mild hyperthermia should be rather seen as supporting approach in addition to standard cytotoxic therapy.

According to our gene array results, the combination of TTFields and mild hyperthermia inhibited pathways and signaling chains involved in DNA replication. We supported the gene array results by qRT-PCR analysis, Western blot analysis of candidate genes related to autophagy, FACS-analysis of cell cycle progression, as well as online database analysis including KEGG enrichment analysis, GSEA analysis, Cytoscape/String analysis, and Kaplan-Meier Plotter-based detection of the clinical relevance of the identified target genes for overall survival and relapse-free survival of patients suffering from pancreatic cancer.

Alterations in DNA replication have already been described for severe hyperthermia at a minimum temperature of 43°C, which damages DNA repair, increases DNA breaks, and ultimately converges into cell death (46–48). Although the temperature of 38.5°C tested here is far below the temperatures of severe hyperthermia, we observed an altered distribution of cells in the cell cycle and an accumulation of the G2/M population. Our results are similar to the findings of Giladi et al. (14) and Voloshin et al. (7, 49). Also, mild hyperthermia has increased the described spindle fiber damage known to be induced by TTFields (3, 7–9), which usually activates the spindle assembly checkpoint and induces cell cycle arrest in the G2/M-phase (50). This assumption is supported by our gene array results, where we found alterations in the expression levels of MAD2L2, GADD45B, MCM5, MCM6 and PRKDC. All of these candidate genes indicate that the differential gene expression caused by TTFields in the presence of mild hyperthermia converges in the canonical pathways of cell cycle and DNA replication.

Moreover, we demonstrated that TTFields combined with mild hyperthermia induces autophagy in PDAC cells. This finding is consistent with published studies in glioblastoma cells (44, 51). However, autophagy is a double-edged sword and can induce cell death or prevent it, dependent on the cellular context, as we recently demonstrated in PDAC (52, 53). In the context of mild hyperthermia and TTFields, we found that the induction of autophagy supported cell death. Based on our gene array and in silico analysis, we speculate that the TTField-induced upregulation of autophagy is possibly dependent on the PIK3/AKT1 signaling pathway. This may be due to the cellular self-killing mechanism mediated by autophagy, or its protective effect in situations of cellular stress. Our data postulate that TTFields combined with mild hyperthermia induce DNA damage and delay DNA damage repair, which correlates with recent data showing that hyperthermia causes DNA damage (33) and/or interferes with DNA repair pathways (34). In this regard, hyperthermia has been reported to act as a radiosensitizer by interfering with DNA repair (54). Accordingly, we also observed alterations in important genes related to DNA repair, e.g., 53BP1, DNA-PK, MAD2L2, RAD51, H2A, LIG and DDB2, upon combined treatment with TTFields and mild hyperthermia. We noted that the expression profiles of the identified candidate genes MCM6, ORC1, DITT4 and TSC1 directly correlated with the overall and recurrence-free survival of patients diagnosed with PDAC. These candidate genes may therefore be seen as novel progression markers in PDAC.


Conclusion

We combined for the first time TTFields and mild hyperthermia of 38.5°C and demonstrate that this combination is more effective than each single treatment. Thus, the application of these two well-tolerated modalities may provide an efficient new treatment approach. A logical next step would now be the evaluation by in vivo experiments with mice, for which, however, the complex technical equipment would first have to be further developed. Then it would also have to be tested to apply the TTFields for quite short time in a repeated way with an interval time between repetitions of days, because such a protocol and its effects are interesting for the clinical application. As both individual treatments, TTFields and hyperthermia, are already in clinical use, their direct, combined application in patients, as co-treatment along with chemotherapy, would also be conceivable.




Materials and Methods


Cell Lines

The established human pancreatic cancer cell lines BxPc-3 and AsPC-1 and the human hTERT-HPNE immortalized nonmalignant pancreatic duct cell line CRL-4023 were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured as described (55). Gemcitabine-resistant BxPc-3 cells (BxGEM) were selected from parental cells by continuous gemcitabine treatment with increasing concentrations up to 200 nM for more than one year (56). Negative mycoplasma cultures were confirmed by monthly mycoplasma tests. The cell lines were recently authenticated by a commercial service (DSMZ, Braunschweig, Germany).



Generation of TTFields

Recently we developed in-house a device for applying TTFields to cells growing in 96-well flat-bottom plates and evaluated its functionality in control experiments (57). This TTField device enabled us to treat PDAC cells with an alternating voltage between two insulated wires. The antenna wires were arranged diametrically to each well within a 96-well plate and formed, together with a variable capacitor, the capacitive part of an electrical resonant circuit. The inductive part of the resonant circuit was the secondary coil of a transformer whose primary coil was connected to a function generator (HP 3310A, Hewlett Packard, USA) and a customized preamplifier. An alternating low-voltage signal with a fixed frequency between 100 and 300 kHz was generated in the primary coil, and the resonant circuit was tuned to resonance using the variable capacitor. At resonance, voltage amplitudes Ueff of up to 500 V were generated in the resonant circuit. We calculated the maximum value of the electric field strength in the area of the cells under highly simplified conditions. The antenna wires ended at the bottoms of the 96-well plates on which the cells grew. Considering only the 2-dimensional case on the bottom plane of the 96-well plates, the antenna wires can be approximated as point-like charges, and Coulomb’s law in equation (1) was used for the calculation.

 

In this equation, Q is the field-generating charge,   is the unit vector for the field direction, ϵ0 = 8.85 * 10–12As/Vm is the vacuum permittivity, ϵr is the relative permittivity and r is the distance to the charge. The total field is formed as a superposition of 2-point charges according to equation (1). The calculations were carried out only for the straight line connecting the two-point charges. The field effects of charges outside the calculation plane were ignored. With the applied voltage Ueff = 500 V, we calculated the charge Q with equation (2):

 

with the capacitance C of the antenna wires.

The total capacitance C was calculated according to equation (3), taking into account, that there were different dielectric materials between the antenna wires: air, plastic, and the saline cell medium.

 

Cair, CP, and CMed were calculated with equation (4):

 

with k = air, P, Med and A = πdwLw/2, dw = 0.5mm, Lw = 10mm.

Cair is the capacitance of the air gap between the antenna wire and the adjacent well wall using ϵair = 1 and dair = 3 mm, CP is the capacitance of the plastic well wall using ϵp = 2 and dP = 1 mm, and CMed is the capacitance of the cell medium using ϵMed = 75 and dMed = 5 mm. Depolarization factors due to the geometry of the various dielectrics were not taken into account.

For treatment of cell lines with TTFields, the cells were seeded in 96-well plates at a density of 2000-4000 cells/ml in 200 µl of medium per well. After installation of the antenna wires for the treatment with TTFields, the plates were placed in the incubator. The cell culture medium was not changed during treatment.



Examination of Viability/Metabolic Activity by MTT Assay

PDAC cell lines were resuspended at a concentration of 2 to 4x 103 cells/ml, and 200 µl per well of a 96-well microplate were seeded. We minimized the counting errors by continuous shaking of the cell suspension and the use of a multi-head pipette for cell seeding. Also, the different cell concentrations from 2 to 4x 103 cells/ml per batch enabled us to took those for evaluation in which the control group grew to nearly 100% density after 6 days. After treatment, 20 µL of the 5 mg/mL yellow MTT tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were added to each well. The plates were incubated for 3.5 h at 37°C. The principle of this assay is that viable, metabolically active cells, but not dead or dying cells, contain NAD(P)H-dependent oxidoreductase enzymes, which reduce the yellow MTT to purple formazan crystals. By microscopic inspection, we detected the formation of formazan crystals and subsequently the medium was carefully removed, 200 µL DMSO was added and the cells were agitated on a shaker for 10 min at 37°C until the formazan crystals were completely dissolved. Finally, the optical density of the purple colour, which reflects mitochondrial activity, was measured at 570 nm by the use of an ELISA reader.



Western Blot Analysis

Proteins were harvested by the use of RIPA Lysis Buffer and the protein concentration was determined by the use of the BCA Protein Assay Kit (both from Abcam, Cambridge, UK). After denaturation by boiling for 5 min, the samples were incubated on ice and then separated along with a commercial protein ladder by SDS-PAGE. A semi-dry system was used for the transfer of separated proteins in the gel to a PVDF membrane. The membrane was blocked by shaking in 3% BSA solution, followed by incubation with primary antibodies and thereafter with IRDye® infrared.

Dye-conjugated secondary antibodies (LI-COR Biosciences GmbH, Bad Homburg, Germany). The infrared intensity was measured by the use of an Odyssey CLx Infrared Imaging System (LI-COR Biosciences GmbH). The primary antibodies were rabbit polyclonal anti-LC3B and anti-P62 (Abcam, Cambridge, UK) and rabbit monoclonal anti-GAPDH antibody (Abcam).



Cell Cycle Analysis

Seventy-two hours after treatment with TTFields at 37°C or 38.5°C as described above, the cells were harvested, washed and 5 ml ice-cold 70% EtOH was added drop-by-drop while vortexing. Subsequently, the samples were incubated at -20°C overnight. After PBS-washing, the cells were resuspended in 0.5 mL of the PI/RNase Staining Buffer (Becton Dickinson, Heidelberg, Germany) and stored for 15 min at room temperature. The cell cycle was analyzed by flow cytometry and the use of a FACSCalibur™ device (Becton Dickinson). The measured data were assessed with FLOWJO software (FLOWJO, LLC, Ashland, USA) to determine the cell fractions in the G1, S, and G2+M phases of the viable cell population.



Colony-Forming Assay

Seventy-two hours after treatment with TTFields at 37°C or 38.5°C as described above, the cells were detached by trypsinization and reseeded at low density in 6-well plates (BxPc-3 and BxGEM, 1000 cells/well; AsPC-1, 800 cells/well) in six-fold approaches. The cells were incubated in a 37°C incubator for 10-14 days without changing the cell culture medium until considerably appropriate colonies were observed under the microscope in plates containing untreated control cells. Subsequently, the cells were washed with 10 mL PBS and 2 mL of 3.7% paraformaldehyde (PFA), was added for 10 min at room temperature. The fixation solution was removed, and 2 mL of 70% EtOH were added for 10 min. Finally, the cells were stained with 0.05% Coomassie blue, followed by washing with water. The plates were dried overnight. Colonies consisting of a minimum of 50 cells were counted under a stereomicroscope. The percentage of plating efficiency was evaluated by normalising the values obtained for treated cells to the values of non-treated cells. After normalisation, the value of non-treated cultures was set to 1. For the analysis of the second generation of colony formation, living cells were harvested and re-plated at low density in 6-well plates.



Spheroid Assay

Seventy-two hours after treatment with TTFields at 37°C or 38.5°C as described above, the cells were seeded at a density of 1x 103 cells/mL in 500 µL NeuroCult™ NS-A basal serum-free medium supplemented with 20 ng/mL hEGF, 10 ng/mL bFGF and 2 μg/mL heparin (STEMCELL Technologies Cambridge, US) per well in 24-well Sphera Low-Attachment Surface plates (ThermoFisher Scientific, Waltham, MA, USA) for spheroid formation. The spheroids were photographed after 5 days, and cell spheroids were identified according to their typical shape and size and the percentage of spheroids was calculated. To evaluate secondary spheroid formation, equal numbers of surviving cells of the first round of spheroid-formation were reseeded. For quantification of the percentage of spheroid forming cells, the cells were seeded at one cell per well in 96-well plates. Wells with more than one cell were excluded from evaluation.



Wound Healing/Scratch/Migration Assay

The cells (1x 103/well) were seeded in 96-well plates and grown to >90% confluence overnight. The cell layer was scratched with the fine end of a 10 μL pipette tip (time 0). Then the cells were exposed to TTFields at 37°C or 38.5°C. The closure of the wounded region was evaluated 12 h and 24 h later. Pictures were taken by the use of a Nikon Eclipse TS 100-F inverted microscope equipped with a camera. The images and the closure of the gap were analyzed with the computer program Image J (58).



Real-Time Quantitative PCR

Seventy-two hours after treatment with TTFields at 37°C or 38.5°C as described above, the cells were harvested and total RNA was isolated by the use of the RNeasy® Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The concentration was determined by the use of a Nanodrop 2000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA) and the RNA was stored at -80°C until use. A total of 100 ng mRNA were reverse transcribed using the High Capacity RNA to cDNA™ Kit according to the instructions of the manufacturer (ThermoFisher Scientific, Waltham, MA, USA). The cDNA was diluted in 200 µl RNAse-free water and 1 μL cDNA was used immediately as template for real-time PCR, which was performed with 1 μL of forward and reverse primers for the genes of interest and SSoAdvanced SYBR Green Supermix (Qiagen, Hilden, Germany). The primer sequences were created by the use of PrimerBank, available for free online (https://pga.mgh.harvard.edu/primerbank/), and the primer sequences for MAD2L2, GADD45B, MCM6, Cyclin B1 (CCNB1), CDK1, ATG5, TSC1, TP53 and AKT1 are shown in Table 3. The PCR conditions were 10 min 95°C as initial denaturation step, followed by 40 cycles of 15 s denaturation at 95°C, 1 min annealing at 60°C, followed by cooling down to 4°C. All reactions were run in duplicate. Melt curve analysis for each pair of primers and agarose gel electrophoresis of the PCR products ensured the specificity of the primers. The gene expression level of each target gene was normalised to that of GAPDH. The results are presented as relative expression value (REV) by using the 2−ΔΔCt method of relative quantification given in equation (6).

 


Table 3 | Primer Sequences used for RT-qPCR.



By referring to each REV value of the target gene, the fold change (FC) can be calculated using equation (7).

 



mRNA Microarray Analysis

mRNA was isolated from untreated or TTField-treated BxGEM cells grown at 37°C or 38.5°C using the RNeasy Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. Microarray analyses was performed at the Microarray-Analytic Center of the Medical Faculty Mannheim using Clariom™ D Assays (Thermo Fisher Scientific, Dreieich, Germany). Biotinylated antisense complementary DNA (cDNA) was prepared based on a standard Affymetrix labeling protocol with the GeneChip® WT Plus Reagent Kit and the GeneChip® Hybridization, Wash and Stain Kit. Thereafter, hybridization on the chip was performed in a GeneChip hybridization oven 640, staining was performed in the GeneChip Fluidics Station 450, and the chip was then scanned with a GeneChip Scanner 3000. The custom CDF version 22 with ENTREZ-based gene definitions was used to annotate the arrays (59). The raw fluorescence intensity values were normalized by applying quantile normalization and RMA background correction. One-way analysis of variance (ANOVA) was applied; a fold change of 1.5 was used for the selection of differentially expressed genes using commercial SAS JMP10 Genomics version 6 (SAS Institute, Cary, USA). A false positive rate/false discovery rate (FDR) <0.15 was considered to be the level of significance. The accession number of the gene array at ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) is #E-MTAB-10270 (BxGEM, control, TTF, TTF+hyperthermia 38.5°C).



In Silico Analysis of the mRNA Microarray Results

The gene array-derived list of differentially expressed genes was further correlated for their biological function and involvement in signaling pathways. For the selection of differentially expressed genes, an absolute value of the logarithmic fold change (log FC) ≥1.3 and a cutoff of P<0.05 were chosen to identify statistically significant pathways.

Heat maps and volcano plots were created with the free software environment for statistical computing and graphics R (https://www.R-project.org/).

Gene set enrichment analysis (GSEA) was performed using the fgsea package available in the open-source software Bioconductor (https://bioconductor.org/packages/release/bioc/html/fgsea.html).

The freely available online database resource KEGG (Kyoto Encyclopedia of Genes and Genomes, https://www.genome.jp/kegg/) was used for the selection of relevant biological functions and pathways with enrichment scores of P<0.05.

The open source platform String 11.0 (https://string-db.org) was used to collect, score and integrate publicly available sources of protein–protein interaction data and to supplement it with calculations and predictions. By the use of the Cytoscape StringApp (http://apps.cytoscape.org/apps/stringapp), we visualized the identified protein-protein-interaction network based on the obtained differentially expressed candidate genes.



Evaluation of Target Genes by TCGA and Kaplan-Meier Plotter Analysis

The Cancer Genome Atlas (TCGA) is a publicly available online database (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga) with over 20,000 primary cancer and matched normal samples spanning 33 cancer types with matched molecular and clinicopathological data. TCGA was used for evaluation of the identified target genes DDIT4, TSC1, MCM6 and ORC1 by Kaplan-Meier analysis using the online available Kaplan-Meier Plotter (http://kmplot.com/analysis/index.php?p=service). mRNAs expression data of the above-mentioned target genes from human PDAC tumor tissue were available and used to analyze the overall survival (OS) and recurrence-free survival (RFS) of patients. The database divides patient samples into high expression groups and low expression groups according to the median values of mRNA expression and validates them by a Kaplan–Meier survival curve. Information on number of patients, median values of mRNA expression, 95% confidence interval (CI), hazard ratio (HR), and P-value can be found on the Kaplan–Meier Plotter web page (http://kmplot.com/analysis/index.php?p=service). A P-value <0.05 was considered as statistically significant. The log-rank test was used to calculate the statistical significance of the differences observed among the Kaplan-Meier curves.



Statistical Evaluation

Statistical analyses were performed using JMP14.0.0 (SAS Institute, Cary, USA) or Prism 7.0 (GraphPad Software, San Diego, California, USA). For most of the experiments, Dunnett’s tests were used to calculate the P values; nontreated cells at 37°C served as the control group. For cell migration, Student’s t-tests of independent samples were used to calculate the P values. All experiments were repeated a minimum of three times, and the data are presented as the mean ± standard deviation (SD). The null hypothesis was rejected when P <0.05 (*P <0.05 and **P <0.01).
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A Corrigendum on 


Establishment of Tumor Treating Fields Combined With Mild Hyperthermia as Novel Supporting Therapy for Pancreatic Cancer 
By Bai L, Pfeifer T, Gross W, De La Torre C, Zhao S, Liu L, Schaefer M and Herr I (2021). Front. Oncol. 11:738801. doi: 10.3389/fonc.2021.738801


In the original article, there was a mistake in Figure 2A as published. The representative images of colony formation “AsPC-1/CO/38.5°C, 1st generation” and “BxGEM/CO/38.5°C, 2nd generation” were mixed up by mistake. The corrected Figure 2 appears below.




Figure 2 | TTField-mediated inhibition of cancer stem cell features is enhanced by hyperthermia. (A) The cells were treated as described in Figures 1A, B, (B) After 3 days, the cells were detached from the cell culture plates by trypsinization and reseeded at clonal density (AsPC-1: 1,500 cells/well; BxPC-3 and Bx-GEM: 1,000 cells/well) in 6-well plates. The cells were cultured under regular conditions at 37°C without a medium change for 2 weeks, resulting in first-generation colonies (1st GEN). The number of colonies was evaluated by fixing and Coomassie staining, followed by counting colonies with at least 50 cells using a dissecting microscope. The survival fraction and representative images are shown on the left. For the formation of second-generation (2nd GEN) colonies, surviving cells from each group of firstgeneration colonies were collected, reseeded and analyzed as described above. (B) After treatment, as described in Figure 1A, the cells were seeded at a clonal density of 500 cells/well in ultralow-attachment 24-well plates in cell growth factor-supplemented serum-free culture medium to induce spheroid formation. Six dayslater, the first generation of spheroids developed, and the percentage of viable spheroids was evaluated by microscopy at 100× magnification and counting. Representative photographs and the means are shown on the left. For the formation of second-generation spheroids (2nd GEN), surviving cells were collected from each group of first-generation spheroids and reseeded and analyzed as described above. The data are presented as the means ± SDs. *P < 0.05, **P < 0.01.



The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way.
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Background

Cachexia is a frequent syndrome in pancreatic and non-small cell lung (NSCL) cancer patients. The storm of cancer-induced inflammatory cytokines, in particular TNF-α, is a crucial pathogenic mechanism. Among the molecular alterations accused of cancer-induced cachexia, TNF-α 308 G/A (rs1800629) and −1031T/C (rs1799964) are single-nucleotide polymorphisms (SNPs) within the gene encoding this pro-inflammatory cytokine. Recent studies have demonstrated the crucial role of non-coding microRNAs (miRNAs) in pathogenesis of different diseases including cachexia. Moreover, the mechanistic cytokine signaling pathway of miR-155, as a TNF-α regulator, supports the involvement of SOCS1, TAB2, and Foxp3, which are direct targets of TNF-α gene.



Aim

A case–control study (NCT04131478) was conducted primarily to determine the incidence of TNF-α 308 G/A (rs1800629) and −1031T/C (rs1799964) gene polymorphisms in adult Egyptian patients with local/advanced or metastatic pancreatic or NSCL cancer and investigate both as cachexia risk factors. The association of gene polymorphism with cachexia severity and the expression of miR-155 in cachectic patients were analyzed. A mechanistic investigation of the cytokine signaling pathway, involving SOCS1, TAB2, and Foxp3, was also performed.



Results

In both pancreatic and NSCL cancer cohorts, the mutant TNF-α variant of 308 G/A was positively associated with cachexia; on the contrary, that of 1031T/C was negatively associated with cachexia in the NSCL cancer patients. MiR-155 was higher in cachexia and in alignment with its severity in the cachectic group as compared with the non-cachectic group in both the pancreatic and NSCL cancer patients. Though TAB2 did not change to any significant extent in cachectic patients, the levels of SOCS1 and Foxp3 were significantly lower in the cachectic group as compared with the non-cachectic group.



Conclusion

Carriers of the A allele 308 G/A gene and high miR-155 are at greater risk of cachexia in both the pancreatic and NSCL cancer patients; however, the mutant variant of 1031T/C gene is protective against cachexia in the NSCL cancer patients. Finally, high levels of miR-155 in the cachectic group lead to negative feedback inhibition of both SOCS1 and Foxp3 in both the pancreatic and NSCL cancer patients.
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Introduction

Cachexia is a devastating, multifactorial syndrome that is observed in the majority of end-stage cancer patients (1–3). It is more acute in certain incurable malignancies, such as pancreatic and NSCL cancers (4–6). The current understanding of cancer cachexia indicates that factors secreted by tumors together with factors secreted as a result of the tumor–host interaction initiate systemic inflammation and metabolic disturbances, which in turn trigger muscle wasting. Thus, systemic inflammation is thought to be a major mediator of cancer cachexia (7). TNF-α is probably the most characterized cytokine in cachexia, as it promotes anorexia and skeletal muscle wasting mainly through the NF-κB pathway (8). In a feedforward loop, this cytokine functions in controlling the transcription factor nuclear factor kappa light chain enhancer of activated B cells (NF-κB), which helps in adjusting immune and inflammatory responses and consequently leads to the generation of specific cytokines that have a role in proteolysis and breakdown of myofibrillar proteins (9). Accordingly, TNF-α-mediated NF-κB activation promotes wasting of muscle that leads to bodyweight loss ending with cancer cachexia (10).

In the last few years, several functional single-nucleotide polymorphisms (SNPs) within cytokines’ genes have been identified and described as cancer-related genetic alterations. The most important ones seem to be SNPs located within the promoter of TNF-α because of their ability to regulate gene expression and, consequently, the expression of the TNF-α protein. Among frequently investigated SNPs, the 308 G/A (rs1800629) and −238 G/A (rs361525) are potentially involved in tumor aggressiveness, prognosis, and risk of malnutrition (11, 12). Notably, there are only few data concerning the role of TNF-α −1031T/C SNP (rs1799964) in the regulation of systemic inflammatory response; however, the latest studies have demonstrated the role of this SNP as cachexia-related genetic alteration (13, 14). Accordingly, the significant role of the systemic inflammatory response mediated by TNF-α in the etiopathology of cachexia encourages investigating SNPs of TNF-α as cachexia-related risk factors.

MicroRNAs (miRNAs) represent another class of molecules that may be involved in muscle wasting (15). Altered expression of microRNAs has been shown to be involved in skeletal muscle homeostasis in health and disease (16–19). Moreover, several lines of evidence demonstrate that miR-155 is overexpressed in a number of neoplastic diseases (20), where altered miRNA expression has been found in hematological malignancies, thyroid carcinoma breast and colon cancer (21); thus, it is considered to be a marker of poor prognosis (22). Additionally, many studies have highlighted the role of miRNAs in the pathophysiology of cancer cachexia (23) particularly Mir-155 (24).

Noteworthy, Jiang et al. (25) identified SOCS1 as a novel target of miR-155 in breast cancer cells (25). The suppressors of cytokine signaling (SOCS) protein family are described as direct regulators of janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling pathway in cancer. Overexpression of SOCS gene and consequently the SOCS proteins were observed in breast cancer; and a higher expression level was significantly associated with high-grade tumors (26). These data provide further evidence for the proto-oncogenic contribution of SOCS protein in cancer. Furthermore, the forkhead transcription factor is an immune regulator where the Foxp3 member is mainly expressed in CD4+ cells, which directly suppress the immune system through suppressing nuclear transcript abundant transcript 1 (NEAT1) and NF-κB and consequently repress interleukin-2 (IL-2) and T-cell cytokines (27). Recently, high expression levels of Foxp3, at genetic and protein levels, are significantly associated with tumor invasion in pancreatic ductal adenocarcinoma (PDAC) and lung adenocarcinoma (28). Moreover, transforming growth factor β binding activated kinase 1 protein 2 (TAB2) is an inflammatory mediator in cancer pathogenesis. Aberrant expression of TAB2 protein is significantly associated with cancer progression through activation of mitogen-activated protein kinase (MAPK) and NF-κB signaling pathway. A higher expression level of TAB2 was observed in ovarian cancer (29).

Genetic studies on cancer-associated cachexia remain highly controversial. Thus, the present study focused on two types of solid cancers with different pathological entities, pancreatic cancer “digestive system cancer” and lung cancer “respiratory system cancer.” Cumulative evidences have proven that TNF-α is a pro-cachectic protein; therefore, two SNPs of TNF-α gene, as well as miR-155 expression, have been investigated and correlated the gene genotype with risk of cancer-associated cachexia. The selection of SNPs was based on the global and European minor allele frequency (MAF): TNF-α 308 G/A (rs1800629) and −1031T/C (rs1799964) SNP. Finally, the involvement of SOCS1, TAB2, and Foxp3 as direct targets for TNF-α gene in both cancer types was assessed.



Patients and Methods


Study Design and Population

This case–control study was conducted at the Oncology Department, Faculty of Medicine, Ain Shams University (Cairo, Egypt). Pancreatic and NSCL cancer patients (n = 203) were recruited in this study; their mean age was 51.45 ± 9.7 and ranged at 20–77 years. They were divided into two subgroups according to the degree of depletion of energy stores, body mass index (BMI), and ongoing weight loss; the first subgroup includes 94 patients who represent the comparative control non-cachectic group. The second subgroup includes 109 cachectic cancer patients who were then classified into pre-cachexia, cachexia, and refractory cachexia according to the cachexia severity index (30) by comparing their current weight with their actual one recorded on first admission. Pre-cachexia is defined as a ≤5% weight loss with anorexia and metabolic change; cachectic patients present with weight loss of >5%, BMI < 20, and weight loss of >2% or sarcopenia and weight loss of >2%; they also often had reduced food intake and systemic inflammation. In refractory cachexia, the cancer is pro-catabolic and not responsive to treatment (1). According to the type of cancer, patients were additionally classified into two groups: 71% of cases were subclassified into cachectic (n = 69) and non-cachectic (n = 76) groups who received Xeloda (pancreatic cancer; n = 145), and 29% were also subclassified into cachectic (n = 40) and non-cachectic (n = 18) groups treated with Gem/Cis (lung cancer).



Approval and Ethical Considerations

The current study was approved by the Research Ethics Committee of Faculty of Pharmacy, Cairo University (Cairo, Egypt; PT-2387), as well as the Ethical Committee of the Oncology Department, Ain Shams University, and registered in ClinicalTrials.gov (trial registration number NCT04131478). The recruited patients provide the required informed consent.



Inclusion and Exclusion Criteria

Inclusion criteria were based on a thorough history taking, and clinical and pathological examinations. Patients were considered eligible if they meet the following criteria: a medical diagnosis of cancer (e.g., lung or pancreatic), locally, advanced, or metastatic cancer scheduled for first-line cytotoxic chemotherapy; starting or continuing chemotherapy at the time of screening for participants where the duration was set based on standard period of first-line chemotherapy; and age between 18 and 80 years.

On the other hand, patients with the following criteria were excluded from the study: if they planned to have surgical procedures at the time of recruitment, have underwent surgery during the study or in the month prior to the study, and did not have chemotherapy scheduled post-surgery. Also, patients with comorbidities that could affect the interpretation of study findings were excluded, e.g., HIV, Alzheimer’s disease, movement disorder, acute myocardial infarction within the last 3 months, hepatitis, open burn sites or infected wounds, esophageal cancer with a swallowing difficulty in mechanical nature, or an uncorrected mechanical digestive obstruction. Pregnant, nursing women or patients with disorders associated with change in miR-155 level (rheumatic arthritis, osteoarthritis, atopic eczema, Down’s syndrome, breast cancer, endometrioid adenocarcinoma, acute myeloid leukemia (AML), chronic lymphocytic leukemia (CLL), and papillary carcinoma thyroid tumors) were excluded too; and finally, patients with inflammatory and autoimmune diseases (multiple sclerosis, psoriasis, and systemic lupus erythematous) were excluded.



Study Outcomes

Primary outcomes: to detect the incidence of TNF-α 308 G/A (rs1800629) and −1031T/C (rs1799964) gene polymorphism and investigate both as cachexia risk factors in local/advanced/metastatic pancreatic or NSCL cancer in adult Egyptian patients; to determine the association of gene polymorphism with cachexia severity; to assess the expression of miR-155 in cachectic patients and its association with cachexia severity; and to verify the involvement of the cytokines SOCS1, TAB2, and Foxp3 signaling pathway in pancreatic and NSCL cancers.

Secondary outcomes: to measure the association between TNF-α 308 G/A (rs1800629) and −1031T/C (rs1799964) gene polymorphism in the selected patient groups and the development of cancer cachexia; and to analyze the correlation between miR-155 gene expression and SOCS1, TAB2, or Foxp3 in cachectic pancreatic or NSCL cancer patients.



Sample Collection and Genotyping Procedure

A venous blood sample (5 ml) was withdrawn from each participant under complete aseptic conditions and divided into two portions, as follows: 2 ml of blood was placed in an EDTA-containing tube for DNA extraction used for genotyping of the TNF-α gene polymorphism, and 3 ml of blood was left at room temperature for 30 min for spontaneous clotting, and then serum was separated by centrifugation at 3,000 rpm for 10 min. The serum samples were used for RNA extraction and for ELISA technique. Both samples were stored at −80°C until analysis.



Clinicopathological Assessments

Blood urea nitrogen (BUN), alanine aminotransferase (ALT), aspartate aminotransferase (AST), total serum bilirubin, and direct serum bilirubin were analyzed by spectrophotometric assay on fully automated clinical chemistry analyzer (Synchron LX® Systems; Beckman Coulter, CA, USA); and hemoglobin, platelets, and total leukocytic count are also measured by the AcT 5diff Cap Pierce hematology analyzer (Beckman Coulter hematology analyzer; CA, USA).



TNF-α Gene Polymorphism by Pharmacogenetics Analysis/Genotyping

Genomic DNA was extracted from peripheral blood leukocytes using the automated QIAcube device (Qiagen, Hilden, Germany) according to the manufacturer’s guidelines. The selected polymorphisms were then genotyped by TaqMan allelic discrimination method according to the manufacturer’s recommendations (Applied Biosystems, Thermo Fisher Scientific, MA, USA).



Amplification of MiR-155 Using qRT-PCR Technique

Total miRNA was isolated from patients’ sera by using the “miRNeasySerum/Plasma Kit” (Qiagen). MiR-155 was reversibly transcribed using miScript II RT Kit (Qiagen). In a reverse transcription reaction with miScript HiSpec Buffer, mature miRNAs are polyadenylated by poly(A) polymerase and converted into cDNA by reverse transcriptase with oligo-dT priming; and the cDNA was then used for real-time PCR quantification of mature miRNA expression. Relative miRNA expression levels for the candidate miR-155 were analyzed by miScript SYBR Green PCR Kit (Qiagen) and specific primers (Hs_miR-155_2 miScript Primer Assay [cat#: 218300], which target mature miR-155 (cat#: MS00031486; Qiagen) and Hs_SNORD68_11 miScript Primer Assay cat#: 218300) as housekeeper gene (HK), which targets SNORD68 small nucleolar RNA, C/D box 68 (cat#: MS000337). The amplification was done using 5 Plex Rotor Gene RealTime PCR Analyzer (Qiagen). The relative quantitation of miR-155 was calculated using the equation 2−ΔΔCt test control.



Quantification of SOCS1, TAB2, and Foxp3 Serum Levels Using ELISA Technique

Serum SOCS1 (cat#: SL3093Hu), TAB2 (cat#: SL3094Hu), and Foxp3 (cat#: SL2462Hu) were measured in patients’ sera using the corresponding human ELISA Kit (SunLong Biotech Co., Hangzhou, China).



Statistical Analysis

The sample size was calculated using G* program, version 3.1.9.4, setting alpha error at 5% and power at 95% and the allocation ratio for N1/N2 = 1. So assuming an effect size of 0.5 (Cohen’s f) between two groups produced a total sample size of not less than 184 subjects. Parametric data were presented as mean ± SD and range, while non-parametric data were presented as median and range; categorical variables were given as numbers (percentage). Data were checked for normality using the Kolmogorov–Smirnov test and homogeneity with chi-squared test, as appropriate. For parametric data, the comparison between the two groups was done by Student’s t-test, whereas for multiple comparisons, one-way ANOVA followed by Bonferroni’s post-hoc test was performed. For non-parametric variables, the Mann–Whitney test was adopted to compare the two groups, whereas the Wilcoxon Signed Rank test assessed the statistical significance differences between two dependent samples. Logistic regression analysis was used for the association between two SNPs and susceptibility to cancer-associated cachexia and was given as odds ratios (ORs) and corresponding 95% CI. The Hardy–Weinberg equilibrium (HWE) and the association between TNF-α gene polymorphisms and risk of cancer-related cachexia were calculated by SNPstats online software (http://www.snpstats.net/start.htm), which assessed the frequency distribution between cachectic and non-cachectic Egyptian adult cancer patients of four genetic models: codominant, dominant, recessive, and overdominant (31). Spearman’s correlation analysis was used between miR-155 gene expression and serum levels of SOCS1, TAB2, and Foxp3 in cachexia-related with pancreatic and NSCL cancers. The collected data were revised, coded, and tabulated using SPSS version 24 (IL, USA). All graphs were plotted by GraphPad Prism Software 8.4.2 (CA, USA). The level of significance is taken at a p-value of <0.05.



Bioinformatics Analysis of TNF-α Gene

In order to infer interrelationships among the TNF-α gene and cancer cachexia, the SNPs, and TNF-α (rs1800629) and (rs1799964), selection was based on global and European MAF published on the National Center for Biotechnology Information in collaboration with the National Human Genome Research Institute (dbSNP) accessed from https://www.ncbi.nlm.nih.gov/snp. The frequency of selected SNPs was double-checked from Pharmacogenomics Knowledgebase (Pharm GKB) accessed from https://www.pharmgkb.org.




Results


Clinical and Biochemical Features of Pancreatic and Non-Small Cell Lung Cancer Patients

The current study was conducted on 203 adult Egyptian cancer patients who were sub-classified into two main groups: the cachectic group (n = 109) and non-cachectic group (n = 94) where their baseline characteristics are given in Table 1. There was no difference between the cachectic and non-cachectic patients regarding the mean of age, distribution of gender, presence, and number of comorbidities with the majority having only one comorbid disease; the only difference was the type of cancer/chemotherapy. Significant associations existed between cachexia and non-cachexia subgroups for BUN and TLC in the pancreatic cancer patients (Table S1) and direct serum bilirubin in the NSCL cancer patients (Table S2).


Table 1 | Demographic characteristics in non-cachectic and cachectic cancer patients.





Distribution of TNF-α 308G/A or −1031T/C Polymorphisms and Genotypes Among Pancreatic and Non-Small Cell Lung Cancer Patients

In the pancreatic cancer group, 69 out of 145 patients were cachectic, whereas in the NSCL cancer group, 40 out of 58 were cachectic. According to the present allele frequency distribution data of all cancer patients, only 27 patients of 203 (13%) had the TNF-α 308G/A (rs1800629) mutation, whereas approximately seven times more patients carried the wild-type allele (176 patients, i.e., 87% of the total number). Of the 14 pancreatic cancer patients carrying the mutant TNF-α 308G/A (rs1800629) gene, 10 patients were cachectic (15%), and four patients were non-cachectic (5%), showing a significant positive association between TNF-α 308G/A gene mutation and cachexia (Figure 1A). In the NSCL cancer group, in a total of 13 patients, 11 patients who were cachectic (28%) and only two patients who were non-cachectic (11%) carried this allele, revealing also a significant positive association (Figure 1B). No significant association was observed between the polymorphism of TNF-α 1031T/C (rs1799964) in pancreatic cancer subgroups (Figure 1C), whereas a significant negative association (Figure 1D) was found between TNF-α 1031T/C gene mutation and cachexia in the NSCL cancer group. As expected, for an admixed population from Egypt, the frequency of the TNF-α 308G/A (χ2: 5.2, p = 0.001) and TNF-α 1031T/C (χ2: 3.8, p = 0.15) gene polymorphisms were higher than in Africans, Latin Americans, Asians, and Europeans (Table S3).




Figure 1 | Frequencies of TNF-α 308 G/A (rs1800629) wild and mutant alleles among (A) pancreatic (B) NSCL cancer patients and TNF-α T/C 1031 (rs1799964) wild and mutant alleles among (C) pancreatic and (D) NSCL cancer patients. Comparison between wild and mutant alleles as performed by chi-square test at *p < 0.05. **Significant difference at p ≤ 0.01. NSCL, non-small cell lung.



The genotype distribution of TNF-α 308G/A polymorphism in each cancer type is presented in Figure 2. In the cachectic pancreatic cancer, the heterozygous GA genotype (49%) showed the highest frequency among the three, whereas the homozygous GG genotype (62%) was the most frequently distributed among the non-cachectic group; and the homozygous AA genotype was more frequently distributed in cachectic (15%) than non-cachectic (5%) patients (Figure 2A). In the cachectic NSCL cancer patients, the heterozygous GA genotype (55%) showed the highest frequency among the three, whereas the homozygous GG genotype (61%) was the most frequently distributed among the non-cachectic group; and the homozygous AA genotype was more frequently distributed in cachectic (28%) compared with non-cachectic (11%) patients (Figure 2B). Similarly the genotype distribution of TNF-α 1031T/C is presented also in Figure 2. However, the TNF-α 1031T/C genotype was not associated with cancer-related cachexia in pancreatic cancer patients (Figure 2C). In contrast, in the cachectic NSCL cancer patients, the homozygous CC genotype (45%) showed the highest frequency among the three, whereas the homozygous TT genotype (61%) was the most frequently distributed among the non-cachectic group; and the heterozygous TC genotype was more frequently distributed in cachectic (33%) than non-cachectic (17%) patients (Figure 2D).




Figure 2 | Frequencies of TNF-α 308 G/A genotypes among (A) pancreatic and (B) NSCL cancer patients and TNF-α 1031 T/C genotypes among (C) pancreatic and (D) NSCL cancer patients. Comparison between all genotypes was performed by chi-square test at *p ≤ 0.05. *Significant difference at p ≤ 0.05. **Significant difference at p ≤ 0.01 and *** at p ≤ 0.001. NSCL, non-small cell lung.





Impact of TNF-α 308G/A or −1031T/C Gene Mutation Frequency on Cachexia Severity Score Among Pancreatic and/or Non-Small Cell Lung Cancer Patients

In both pancreatic (Tables 2 and S4) and NSCL (Tables 3 and S5) cancer patients, no significant association existed between TNF-α 308G/A or TNF-α 1031T/C mutant alleles as well as their allelic genotypes and the severity of cachexia. Similarly, no significant association was reached between TNF-α 308G/A or TNF-α 1031T/C allelic genotypes and the cachexia severity, regardless of the cancer type (Table S6).


Table 2 | Distribution of TNF-α gene alleles among cachectic pancreatic cancer patients considering the cachexia severity.




Table 3 | Distribution of TNF-α gene genotype among cachectic NSCL cancer patients considering the cachexia severity.





Impact of TNF-α 308G/A or −1031T/C Single-Nucleotide Polymorphisms on Susceptibility to Cancer-Associated Cachexia

After correction for multiple comparisons, both rs1799964 and rs1800629 showed a significant association with cachexia regardless of cancer type. In the unconditional logistic regression analysis, individuals with TNF-α 308G/A mutant genotypes had a significantly increased risk of cachexia as compared with those with the wild genotype. On the other hand, individuals with TNF-α −1031T/C mutant genotypes had a significantly decreased risk of cachexia as compared with those with the wild genotype. Moreover, the dominant and recessive models were analyzed, and the genotypic models for both SNPs were tested as follows (GG vs. GA and AA) for the SNP rs1800629 and (CC versus TC and TT) for the rs1799964: significant associations with both pancreatic cancer and NSCL cancer-associated cachexia were reached (Table 4).


Table 4 | Risk factors for cachexia associated with cancer by binary logistic regression analysis.





Serum MiRNA-155 Is Associated With Cachexia and Its Severity in Patients With Pancreatic or Non-Small Cell Lung Cancer

Circulating miRNAs have recently emerged in cancer cachexia and are a promising class of biomarkers. In the present study, a significant positive association of serum miR-155 expression level between cachectic and non-cachectic patients existed, where miR-155 is increased by 424-fold in the cachectic patients compared with the non-cachectic group in pancreatic cancer (Figure 3A); and also in NSCL cancer, miR-155 was upregulated to 4.5-fold with cancer-associated cachexia (Figure 3B). This means that patients with cancer who have high miR-155 have an increased likelihood of developing cancer cachexia than those with low miR-155. Overexpression of miR-155 was even higher in cachectic patients with increasing phases (pre-cachexia, cachexia, refractory cachexia) in both pancreatic (Figure 3C) and NSCL (Figure 3D) cancers.




Figure 3 | Serum expression of miR-155 in (A) pancreatic and (B) NSCL non-cachectic and cachectic cancer patients and its expression in different grades of cachexia severity in (C) pancreatic and (D) NSCL cancer patients. Comparison between cachectic and non-cachectic groups was performed by chi-square test at *p < 0.05. **Significant difference at p ≤ 0.01 and *** at p ≤ 0.001. Comparison between all cachexia grades was performed by ANOVA test followed by Bonferroni’s post-hoc test; at *p < 0.05. **Significant difference at p ≤ 0.01 and *** at p ≤ 0.001. NSCL, non-small cell lung.





Serum Level of SOCS1, TAB2, and Foxp3 in Patients With Pancreatic and Non-Small Cell Lung Cancer

In pancreatic cancer patients, a significant negative association was recorded between serum SOCS1 and Foxp3 with the presence of cachexia. Lower levels of SOCS1 (Table 5) and Foxp3 (Table 5) were observed in the cachectic group as compared with the non-cachectic one. On the other hand, there was no association between TAB2 and the presence of cachexia (Table 5). Regarding the association between the SOCS1, TAB2, and Foxp3 with the severity of cachexia, no significant association was detected except for Foxp3, where lower levels were significantly associated with higher severity of cachexia in patients with pancreatic cancer (Table 5).


Table 5 | Serum SOCS1, TAB2, and Foxp3 level in cachectic and non-cachectic pancreatic and NSCL cancer patients and cachexia severity.



Regarding the NSCL cancer patients, significantly lower serum levels of SOCS1 and Foxp3 were noted in cachexia as compared with non-cachexia. The median serum level for SOCS1 was 10.9 in the non-cachectic patients and nearly half this value at 5.8 in cachectic patients (Table 5). Similarly, Foxp3 was 8.8 in the non-cachectic patients compared with 6.8 in the cachectic patients (Table 5). In contrast, no significant association was detected between the TAB2 and the presence of cachexia in the NSCL cancer patients (Table 5). Moreover, there was no association between SOCS1, TAB2, and Foxp3 with the cachexia severity in NSCL cancer (Table 5).



SOCS1 Correlates Positively With Foxp3 in Cachexia Associated With Pancreatic Cancer

Correlation analyses (Table 6) revealed a strong positive correlation between SOCS1 and Foxp3 in the cachectic pancreatic cancer patients. On the other hand, no significant correlation was detected between serum miR-155 and any of the targeted proteins (SOCS1, TAB2, and Foxp3) or between TAB2 and Foxp3 levels. Similarly, for the NSCL cancer patients with cachexia, no significant correlation was detected among the serum miR-155 and any of the three targeted proteins (Table 6).


Table 6 | Correlation analysis between miR-155 gene expression and SOCS1, TAB2, and Foxp3 in cachectic pancreatic or NSCL cancer patients (Spearman’s correlation).





Serum MiRNA-155 Is Associated With the Severity of Cachexia in Cancer Patients Regardless of the Type of Cancer But Not With SOCS1, TAB2, and Foxp3

A significant positive association was detected between serum miR-155 level and the severity of cachexia in cancer patients regardless of the type of cancer where miR-155 was increased by approximately sixfold in patients with refractory cachexia compared with cachectic patients, and it was also upregulated to around ninefold in cachectic patients compared with pre-cachectic patients (Table 7). In contrast, the severity of cachexia was not associated with the expression of SOCS1, TAB2, and Foxp3 (Table 7).


Table 7 | Expression level of miR-155, SOCS1, TAB2, and Foxp3 in cancer cachectic patients considering the cachexia severity, regardless of the cancer type.






Discussion

Cancer cachexia is a polygenic complex syndrome in which a dysregulated inflammatory response partakes in its development (32). In this study, we first identified the genetic variants of TNF-α 308G/A (rs1800629) and TNF-α 1031T/C (rs1799964) and their association with cachexia in pancreatic and lung cancer Egyptian patients. To the best of the authors’ knowledge, the genotypic and allelic associations of TNF-α 308G/A and TNF-α 1031T/C gene polymorphisms with cachexia in pancreatic and NSCL cancers have not been unveiled before, especially in the Egyptian population. TNF-α 308G/A (rs1800629) gene polymorphism was a significant predictor for cachexia in both the lung and pancreatic cancer patients rather than that of TNF-α 1031T/C (rs1799964) gene, which was associated with lower risk of cachexia in the NSCL cancer patients. Of note, the homozygous GG genotype (wild) was mainly distributed among the non-cachectic group, and the homozygous AA (mutant) genotype was more frequently distributed in the cachectic than non-cachectic patients with pancreatic cancer. Regarding TNF-α 308G/A gene polymorphism in the NSCL cancer group, the heterozygous GA genotype was frequently detected in patients of the cachectic group, followed by the homozygous AA genotype with the least percent carrying the homozygous GG genotype. Secondly, we attempted to examine the involvement of miR-155/SOCS1/Foxp3/TNF-α signaling and TAB2 in the pathogenesis of cachectic cancer patients. In this context, higher serum miR-155 expressions were correlated with susceptibility to cachexia and were in parallel with its severity in both cancer types. Meanwhile, lower protein expression of SOCS1 and Foxp3 was only evident in both cachectic cancer groups without any association between TAB2 protein expression and the presence of cachexia. Moreover, lower protein expression of Foxp3 was significantly associated with higher severity of cachexia in patients with pancreatic cancer.

Cancer cachexia is a devastating multifactorial and often irreversible syndrome that affects approximately 50%–80% of cancer patients, depending on tumor type. It leads to substantial weight loss, primarily from loss of skeletal muscle and body fat (32, 33). Genetic variations are likely to contribute to the susceptibility or resistance to developing cancer cachexia. The role of TNF-α, one of the important genetic variants of genes encoding pro-inflammatory cytokines, has been reported in cancer cachexia (34). More than 100 gene variants that are linked to development of cachexia in cancer patients have been identified (35). SNPs, the most common type of heritable and evolutionarily stable genetic variations in the population, seem to be an attractive option for the selection of patients with high risk of cachexia (35). The TNF-α 308 G/A polymorphisms is one of the most frequently related with risk of malnutrition and tumor aggressiveness (33). A study on Tunisian population demonstrated a positive association between the TNF-α (-308 G/A) polymorphism and breast cancer susceptibility (36). Results of the study of Ahmad et al. (37) among an Indian population, suggest that TNF-α-308G/A polymorphism showed significant association with breast cancer patients (37). Our results show that the mutant TNF-α variant of 308 G/A was significantly associated with increased risk of cachexia in both the pancreatic and NSCL cancer patients. On the contrary, that of 1031T/C was significantly associated with reduced risk of cachexia in the NSCL cancer patients. Notably, Barber et al. (38) have demonstrated that the A allele positivity in 308 gene loci confers approximately to a 3.0-fold increased susceptibility to malnutrition and cachexia in patients with end-stage renal disease (38), to consolidate the present data regarding TNF-α 308G/A gene polymorphism in both the pancreatic and NSCL cancer patients. Actually, the findings of the present study showed that the heterozygous GA genotype was detected in 55% of the lung cancer patients of the cachectic group, followed by the homozygous AA genotype (28%) with only 17% carrying the homozygous GG genotype. As for TNF-α 308G/A gene polymorphism in pancreatic cancer patients, the heterozygous GA genotype was frequently distributed (49%) in the cachectic group, whereas the wild homozygous GG genotype was frequently distributed (62%) among the non-cachectic group, and the homozygous AA genotype was more frequently distributed in cachectic (15%) than non-cachectic (5%) patients with pancreatic cancer.

Few data are available regarding the association of TNF-α −1031T/C genotype variant with cancer-related cachexia or inflammation. Nourian et al. (39), one of the recent studies, studying the role of genetics in Iranian patients with inflammatory bowel diseases (IBDs), reported that CC haplotype was associated with genetic risk of IBD (14). A previous study, however, found no association between the TNF-α polymorphisms at position −1031 and susceptibility to IBD (39). Moreover, in a study conducted on head and neck cancer patients, Powrózek et al. (35), investigating the potential role of TNF-α 1031T/C SNP as a risk factor for cachexia after radiotherapy, demonstrated that the C allele represents the unfavorable allele that is significantly associated with higher risk of cachexia, lower BMI, and shorter overall survival as compared with the TT or TC genotype carriers. Besides, the CC genotype carriers had a 9.7- to 13.2-fold higher risk of cachexia with the highest level of plasma TNF-α that directly reflects the alternation in patients’ nutritional status due to the underlying inflammatory response (35). In alignment, our results revealed that in the NSCL cancer patients, the homozygous CC genotype of TNF-α 1031T/C constitutes 45% of the cachectic patients, 33% for the heterozygous TC, and 22% for the homozygous TT genotype, contrary to pancreatic cancer patients where the homozygous TT is the most frequent genotype constituting 63% of the cachectic patients, followed by the homozygous CC genotype constituting 20% of cachectic patients and 17% for the heterozygous TC.

Our finding on the frequency of genetic polymorphisms in Egyptian pancreatic and NSCL cancer patients reported herein does not match that of Africans, Latin Americans, Asians, or Europeans (Table S3). This supports previous reported data related to Egyptians and non-Egyptians (40–43). Indeed, previous studies also revealed such a discrepancy among Asian and non-Asian ethnicity regarding the TNF-308 G/A polymorphisms in hepatocellular carcinoma risk (12). This could be explained by different factors attributed to the unmatched ethnic population and different pathological nature of the disease.

Skeletal muscle metabolism plays a crucial role in the pathogenesis of cachexia in cancer patients (44), where miRNAs are abundantly expressed in skeletal muscles and are involved in cancer cachexia. Numerous miRNAs are known to modulate skeletal muscle and adipose tissue turnover; therefore, the potential of miRNAs as predictor biomarkers and their clinical relevance in cachexia have been previously suggested (45). Indeed, their aberrant expression is associated with impaired myogenesis, consequently promoting the development of cachexia (13, 46). MiRNAs are also involved in the pathogenesis of different diseases including cancers and autoimmune diseases (47). MiR-155 gene was found to be overexpressed in several solid tumors, such as thyroid carcinoma as well as breast and colon cancer (21). Moreover, altered miRNA expression has been found in several types of lymphoma and leukemia (19), and their role in cancer-associated cachexia has been earlier documented (47). In the current study, the levels of miR-155 were significantly higher in the cachectic groups as compared with the non-cachectic groups, which was in alignment with the cachexia severity in both the pancreatic and NSCL cancer patients. This is in accordance with the observations that higher expression of miR-155 was significantly associated with cancer progression and accelerates the development of cachexia in breast cancer patients (32, 48, 49). Consistent with our results, Wu et al. (50) have demonstrated that tumor-originated exosomal miR-155 promotes the differentiation and remodels the metabolism of adipocytes in breast cancer (50).

The findings of the present study show lower levels of SOCS1 and Foxp3 together with higher expression of miR-155 in the cachectic patients of both pancreatic and NSCL cancers in contrast to non-cachectic patients. Of note, the oncogenic role of miR-155 in several cancer types has been previously addressed (51, 52). Regarding signaling pathway of miR-155, SOCS1 has been identified as a direct functional target of miR-155 (53) by enhancing TNF-α expression via SOCS1 suppression (54), hence elevating TNF-α cellular levels (55, 56). Therefore, these data delineate SOCS1 reduction in cachectic cancer patients in the present study.

Since miRNAs can often feedback to inhibit the transcription factor required for its induction (57), they might function as important epigenetic switches required for the functional maintenance of the cell type (58, 59). In this context, Foxp3, a transcription factor that is required for the maintenance of regulatory T cells (Treg), was shown to drive the high level of miR-155 expression found in these cells to be followed by miR-155-mediated feedback inhibition of its target Foxp3 (58) via an indirect mechanism (60). This can afford a reasonable explanation for the low levels of Foxp3 with a high expression of miRNA-155 in cachectic patients of the present study. Additionally, Foxp3 serum level indirectly correlates with cachexia severity only in the pancreatic cancer patients. Such an effect is in alignment with Gerriets et al. (61) who showed that conditions such as inflammation resulting from cachexia provide signals that increase glycolysis and expression of glucose transporter 1 (Glut1) levels in Treg. These metabolic changes directly modify Treg-cell function to downregulate the transcription factor Foxp3 (61). Moreover, there is a significant correlation among SOCS1 and Foxp3 protein in cachectic patients with pancreatic cancer. Similarly, the results of Collins et al. (62) results strongly suggest that SOCS1 contributes to the stability of the Foxp3+ Treg peripheral population under conditions of strong pro-inflammatory environments (62).

Apart from SOCS1 and Foxp3 involved in the oncogenic inflammatory machinery, TAB2 is a signaling molecule downstream of TNF receptor-associated factor 6 (TRAF6) that activates MAPKs (63). Intriguingly, Ceppi et al. (64) supported that TAB2 is considered a direct protein target of miRNAs in TLR signaling pathway (64). On the contrary, our results showed no significant association between the TAB2 protein and the presence of higher serum levels of miR-155 or cachexia in both cancer groups. Since SOCS1, Foxp3, and TAB2 are components of several other TLR signaling pathways, hence, once one TLR is triggered, miRNA-mediated targeting of common signaling proteins could silence signaling through multiple TLRs (54, 58).

The authors are aware that the study was conducted on small scale of population that represents the main limitation. Another limitation was the lack of non-treated groups; the current study was also not longitudinal, and it was therefore not possible to follow up the progression of cachexia in the patients. Despite these limitations, this case study shows that carriers of the A allele 308 G/A gene and high miR-155 are at greater risk of cachexia in both the pancreatic and NSCL cancer patients; however, the mutant variant of 1031T/C gene is protective against cachexia in the NSCL cancer patients. Nonetheless, further studies should be carried out on the two TNF-α SNPs on larger scale of patients in order to confirm their predictive/prognostic significance. Finally, high levels of miR-155 in the cachectic group lead to negative feedback inhibition of both SOCS1 and Foxp3 in both the pancreatic and NSCL cancer patients.
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Background

Pancreatic ductal adenocarcinoma (PDAC) is a leading cause of cancer death and lacks effective treatment options. Diagnostic endoscopic ultrasound-guided fine-needle aspiration (EUS-FNA) biopsies represent an appealing source of material for molecular analysis to inform targeted therapy, as they are often the only available tissue for patients presenting with PDAC irrespective of disease stage. However, EUS-FNA biopsies are typically not used to screen for precision medicine studies due to concerns about low tissue yield and quality. Epidermal growth factor receptor (EGFR) inhibition has shown promise in clinical trials of unselected patients with advanced pancreatic cancer, but has not been prospectively tested in KRAS wild-type patients. Here, we examine the clinical utility of EUS-FNA biopsies for molecular screening of KRAS wild-type PDAC patients for targeted anti-EGFR therapy to assess the feasibility of this approach.



Patients and Methods

Fresh frozen EUS-FNA or surgical biopsies from PDAC patient tumours were used to screen for KRAS mutations. Eligible patients with recurrent, locally advanced, or metastatic KRAS wild-type status who had received at least one prior line of chemotherapy were enrolled in a pilot study (ACTRN12617000540314) and treated with panitumumab at 6mg/kg intravenously every 2 weeks until progression or unacceptable toxicity. The primary endpoint was 4-month progression-free survival (PFS).



Results

275 patient biopsies were screened for KRAS mutations, which were detected in 88.3% of patient samples. 8 eligible KRAS wild-type patients were enrolled onto the interventional study between November 2017 and December 2020 and treated with panitumumab. 4-month PFS was 14.3% with no objective tumour responses observed. The only grade 3/4 treatment related toxicity observed was hypomagnesaemia.



Conclusions

This study demonstrates proof-of-principle feasibility to molecularly screen patients with pancreatic cancer for targeted therapies, and confirms diagnostic EUS-FNA biopsies as a reliable source of tumour material for molecular analysis. Single agent panitumumab was safe and tolerable but led to no objective tumour responses in this population.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) ranks as the seventh most lethal cancer worldwide but has been predicted to become the second leading cause of cancer death by 2030 (1, 2). Most patients present with advanced disease, and only 15-20% of tumours are amenable to surgery (3). While the incidence of PDAC continues to steadily increase, the prognosis remains extremely poor with a 5-year survival rate of just 10% (4). For the majority of patients who have unresectable or metastatic disease at diagnosis, treatment options are limited, and median survival is just 6-12 months (5).

Gemcitabine plus nab-paclitaxel and FOLFIRINOX are well established as the first line chemotherapy regimens of choice in patients with advanced PDAC with a good performance status, leading to median survival times of 9-11 months (6, 7). However, recommendations for treatment beyond first line therapy are limited by only a select few phase III clinical trials demonstrating clinical benefit in this setting, and limited head-to-head comparisons using current standards of care (8, 9).

Given the modest effect of chemotherapy in unselected PDAC patients, the prospect of applying precision therapy based on molecular profiling holds great appeal. Unfortunately, clinical trials of targeted therapies in PDAC to date have proved challenging, due to both patient factors (e.g. poor performance status, propensity to rapid clinical deterioration) and practical factors (e.g. poor quality biopsy specimens, delays in processing tissue for molecular analysis, and reliance on surgical biopsies which are not available in the majority of patients) (10, 11). A 2011 review in the US estimated that only 4.5% of patients with PDAC enrolled onto a clinical trial in that year, and identified poor study design, inadequate recruitment, lack of access to suitable trials, and patient factors impeding eligibility to clinical trials as potential barriers to inclusion (12). However, clinical benefit can be demonstrated if actionable molecular alterations are identified and treated with appropriate therapies, such as poly ADP ribose polymerase (PARP) inhibitors for BRCA mutant tumours (13).

To overcome the challenges of profiling the molecular and genomic landscape of PDAC in patients from all tumour stages (i.e. I-IV), we have demonstrated the feasibility of endoscopic ultrasound-guided fine needle aspiration (EUS-FNA) biopsy, a common diagnostic procedure, as a reliable source of tissue for genetic profiling (e.g. KRAS mutation analysis) (14–16). EUS-FNA using 19 to 25-guage needles is a long-established technique in the diagnosis and staging of pancreatic tumours, and a number of studies have investigated technical aspects to improve the diagnostic performance of the procedure (17, 18). The first generation of FNA biopsy needles provide aspirates of suspicious lesions but often yield lowly cellular specimens lacking in architectural tissue structure, which may be critical for diagnosis as well as for the increasingly desired immunohistochemical and genomic analysis of pancreatic tumours (19, 20). However, newer generation needles allow for larger tissue cores, and have been demonstrated to require fewer needle passes to establish a diagnosis (21, 22). This yields higher volume biopsies with less blood contamination than standard FNA biopsies (23), paving the way for EUS-derived biopsies to play a larger role in molecular profiling in PDAC.

PDAC is typified by significant molecular heterogeneity, and most “actionable” phenotypes such as microsatellite instability, high tumour mutation burden, BRCA mutations and NTRK fusions occur at a low frequency (24, 25). By contrast, activating mutations of the KRAS proto-oncogene can be identified in approximately 80-90% of PDAC patient tumours (24–28). This gene is the focus of ongoing interest as a molecular target for therapy, and although early trials targeting mutant KRAS failed to demonstrate any significant survival benefit (29, 30), novel inhibitors are showing more promise in ongoing studies (31).

Epidermal growth factor receptor (EGFR) inhibition has proven to be an effective therapy in KRAS wild-type patients with advanced colorectal cancer (32–34). In unselected PDAC patients, the addition of the EGFR inhibitor erlotinib to gemcitabine demonstrated a statistically significant, albeit small improvement in median overall survival (mOS) of 6.3 vs 5.9 months compared to gemcitabine alone (35). However, this finding did not significantly change clinical practice based on minimal benefit and additional toxicity in the erlotinib arm (35). Further studies have reported mixed results using EGFR inhibition in PDAC, albeit largely either without stratification for KRAS status, or with post-hoc analyses only (35–39). Panitumumab is a recombinant human IgG2 monoclonal antibody that binds specifically to EGFR and has demonstrated clinical efficacy in colorectal cancer (33). In PDAC, a small phase II study with panitumumab, erlotinib and gemcitabine reported a non-significant increase in overall survival in the first line setting when compared to gemcitabine and Erlotinib for PDAC patients who were not selected by KRAS status; however, this combination was associated with significant toxicity and limited by the inclusion of a control arm which is no longer considered the standard of care (40).

Here, we aim to demonstrate that standard-of-care diagnostic biopsies sourced from a large PDAC biobank could be used for timely and accurate assessment of KRAS mutation status. Specifically, we identified 8 PDAC patients for enrollment onto a pilot study on the efficacy and tolerability of single agent panitumumab for patients with advanced, KRAS wild-type PDAC with progressive disease following first line chemotherapy. To the best of our knowledge, this is one of the first prospective biomarker selected studies to date in PDAC.



Patients and Methods


Overall Study Design and Ethics Oversight

This study was designed to verify the clinical utility of EUS-FNA biopsies for molecular screening for targeted therapy, and included an exploratory pilot study of single agent panitumumab in patients with KRAS wild-type pancreatic cancer. The overall study aims were:

	To show that treatment selection via genomic sequencing is feasible in a typical clinical setting.

	To prospectively identify the prevalence of KRAS mutations in patients with locally advanced or metastatic pancreatic adenocarcinoma using standard clinical pathology assays.

	To obtain preliminary data on the efficacy of panitumumab in patients with KRAS wild-type tumours.



The study was conducted in accordance with the principles of the Declaration of Helsinki. It was approved by the Human Research Ethics Committee at Monash Health (reference number 16-0000-584A) and prospectively registered on the Australian New Zealand Clinical Trials Registry (ACTRN12617000540314). Informed, signed written consent was obtained from all patients prior to initiating study procedures. The study schema is shown in Figure 1.




Figure 1 | Study schema including key eligibility and response criteria.





EUS-FNA Biopsies

In addition to the standard diagnostic EUS-FNA biopsy (typically 2-4 needle passes), an additional 1-2 needle passes were employed to obtain tissue for biobanking in the Victorian Pancreatic Cancer Biobank (VPCB; Monash Health HREC reference 15450A). EUS-FNA procedures were carried out in accordance with routine local protocols and needle selection, number of biopsies taken, and suction techniques were at the discretion of each individual physician. The needle type utilised in each case was not recorded as part of this study, but the standard-of-care during the majority of the collection period for this study were the 20 or 22-guage ProCore® Fine Needle Biopsy needles with 10ml negative pressure suction.



KRAS Screening

KRAS mutation analysis was performed in the Genetics and Molecular Pathology Department at Monash Health, using the clinically validated KRAS StripAssay™ (ViennaLab Diagnostics) in accordance with manufacturer protocols and standard clinical practice. Where possible, DNA was extracted from fresh frozen EUS-FNA biopsies sourced from the multi-centre VPCB using the AllPrep DNA/RNA Universal Kit (Qiagen), although archival formalin-fixed paraffin embedded (FFPE) tissue was used where fresh frozen biopsy tissue was not available. The isolation of gDNA from FFPE tissue was performed on 5 x 10 micron-thick sections using the ReliaPrep FFPE gDNA Miniprep System (Promega). Prospective tissue testing on diagnostic biopsies was preferred, although archival or previously stored specimens from the VPCB could be used where fresh tissue was not feasible or available. DNA samples were quantified using the Qubit Fluorometer (Life Technologies) and quality assessed by TapeStation (Agilent Technologies). At the time of consent to sample collection for the VPCB, patients could elect for their treating physician to be contacted in the event of a significant genomic finding. KRAS wild-type results were notified to treating physicians who were able to offer referral for screening for the study if they deemed it clinically appropriate.



Panitumumab Pilot Study


Patient Selection

Patients were eligible if aged 18 and over, with pathologically-proven unresectable, recurrent or metastatic KRAS wild-type PDAC (note that patients with pancreaticobiliary type ampullary tumours may be considered on an individual basis, provided they met all other inclusion criteria); ECOG performance status of 0-2, measurable disease as per RECIST v1.1 criteria; progressive disease following at least one line of chemotherapy (defined as either clear progressive disease on standard CT scans or an increase of CA 19.9 of 30% confirmed on 2 blood draws) or within 12 months of adjuvant chemotherapy; adequate bone marrow function (ANC ≥1500/mcL, platelets ≥100 000/mcL, haemoglobin ≥9g/dL); adequate renal function (CrCl > 50ml/min (Cockcroft-Gault formula) or Creatinine <1.5 XULN); and adequate hepatic function (serum total bilirubin ≤ 1.5 times ULN, ALT/AST ≤ 2.5 times ULN [or ≤ 5 times ULN with documented liver metastases], ALP ≤ 5 times ULN, and INR ≤ 1.5). Exclusion criteria included pregnancy or lactation; active or uncontrolled infection; previous treatment with EGFR inhibitor; previous radiotherapy to the pancreas if the only site of measurable disease (unless there was demonstrated, clear evidence of radiological progression at the site since the completion of radiotherapy); hypersensitivity to study drug; previous or current interstitial lung disease or pulmonary fibrosis; history of another malignancy within 2 years prior to allocation (with the exception of adequately treated carcinoma in-situ; curatively treated uterine cervix carcinoma in-situ or non-melanoma skin carcinoma or superficial transitional cell carcinoma of the bladder); or any severe or uncontrolled medical conditions within 3 months prior to allocation.



Study Assessments

Screening procedures and study allocation was independently verified by the principal investigator prior to commencement of study therapy. History, physical examination, assessment of adverse events using NCI CTCAE version 4.0, assessment of ECOG performance status, and routine bloods (FBE, EUC, Ca/Mg/phosphate, LFTs and CA 19.9) were performed at screening and before each treatment with panitumumab. Quality of life was assessed at baseline, week 4, week 16 and at the end of study using the EORTC QLQ-C30 version 3.0 questionnaire, with scores calculated using the EORTC QLC-30 Scoring Manual (41). Serum was collected and stored for assessment of circulating tumour DNA (ctDNA) at baseline, 4 and 8 weeks. An FDG-PET scan was performed at baseline and week 4 to assess for early metabolic response, and to identify patients progressing rapidly for whom alternative treatments should be considered. CT or MRI scans of the chest, abdomen, and pelvis were performed every 8 weeks while on treatment and evaluated for tumour response according to RECIST criteria version 1.1. Treatment was stopped if there was evidence of progressive disease, or at any time according to the discretion of the treating clinician and patient. A 30-day safety assessment was performed at the end of treatment.



Treatment

Panitumumab was supplied by Amgen Australia and administered at a standard dose of 6mg/kg by intravenous infusion every 2 weeks. Patients received up to 8 cycles, with the option to continue at the treating physician’s discretion if there was evidence of clinical response. Premedication and supportive care were provided in accordance with local institution protocols, with prophylactic antibiotic therapy strongly recommended to reduce the incidence and severity of rash.



Statistical Considerations

This trial was designed as a pilot phase II study, aiming to screen 200 patients to identify the initial cohort of KRAS wild-type patients, anticipating a KRAS mutation rate of 80-90% and recognizing that some patients would not meet eligibility criteria for the interventional study on the basis of other clinical factors (e.g. poor performance status, inadequate laboratory parameters, clinical decline or death prior to initiation of second line therapy). We deemed that a 50% progression-free survival (PFS) rate at 4 months was considered worthwhile to demonstrate activity of panitumumab, and we planned to enroll 8 patients prior to conducting an assessment to rule out futility (defined as all 8 patients progressing within 4 months, and no metabolic responses seen). In the absence of meeting these criteria, a decision could be made to continue the study and recruit a further 11 patients in a stepwise fashion, guided by the strength of the PFS at 4 months.

The original study design included an observation arm for patients with KRAS mutant PDAC receiving physician’s choice standard second line chemotherapy. However, the protocol was amended early in the study to remove this arm due to poor recruitment and lack of perceived benefit of this arm given the small sample size. No patients were recruited onto the initially planned observation cohort prior to the decision to remove this arm.



Study Endpoints

The primary endpoint of the interventional study was PFS at 4 months, with secondary endpoints including 4-week metabolic response rate (MMR; defined as a 30% reduction in SUV max on FDG-PET imaging and/or a 30% reduction in CA19.9 if the FDG-PET scan was not abnormal at baseline and the CA19.9 level was elevated >50% above ULN at baseline); PFS and objective tumour response rate (OTRR) at 6 months; feasibility of selecting patients for personalised therapy; median PFS; median overall survival (OS); safety/toxicity; and quality of life. Exploratory endpoints included measurement of ctDNA at baseline and during therapy.



Monitoring

A trial management committee including study investigators and a statistician was appointed to oversee study planning, monitoring, progress, reviews, and internal audits.





Results


KRAS Screening

We screened 275 PDAC patient tumour biopsies for the presence of KRAS mutations. One fresh frozen EUS-FNA and one FFPE biopsy (0.7%) were deemed inadequate for testing due to poor DNA yield, but all 273 other specimens passed quality control testing. The results of the KRAS screening are outlined in Figure 2. As anticipated based on existing literature (24–28), KRAS was detected in 88.3% (241/273) of tumour biopsies, with 32 samples (11.7%) being wild-type. Frozen FNA, frozen surgical biopsies and FFPE-derived surgical biopsy tissues all demonstrated high frequencies of KRAS mutation (88.8%, 93.5% and 89.5%, respectively) with poorer results in the very small number of FFPE-derived EUS-FNA biopsies (Table 1). Of the 32 results for KRAS wild-type status, 24 patients were deemed ineligible due to physician opinion, performance status, rapid disease progression or death. The remaining 8 patients were enrolled onto study treatment.




Figure 2 | KRAS status screening in PDAC patients. (A) Flow chart showing process for KRAS screening. (B) Pie chart representing KRAS positivity rate. (C) Graph depicting types of KRAS mutations detected.




Table 1 | KRAS mutation rates in fresh frozen EUS-FNA, surgical and FFPE tissue specimens.





Patient Characteristics

Between November 2017 and October 2020, 8 patients were enrolled onto the study and treated with panitumumab. The baseline characteristics of the study participants are summarised in Table 2. Patients were predominantly male (75%) with an ECOG performance status of 0 or 1 (87.5%) and most had received first line gemcitabine/nab-paclitaxel chemotherapy (62.5%). One patient (12%) had previously undergone a surgical resection and progressed within 12 months of adjuvant gemcitabine/capecitabine. One further patient (12%) had a histological diagnosis of metastatic pancreatic cancer after resection of a previous pancreaticobiliary type tumour of the pancreatic head which was thought to have arisen in the ampulla. After consideration by the principal investigator, this patient was deemed to meet entry criteria for the study. The median time from diagnosis of cancer to enrolment onto this study was 66.2 weeks.


Table 2 | Baseline patient characteristics.





Treatment

Patients received a median of 6 cycles of panitumumab (range 2-9). Seven patients (87.5%) were taken off study treatment due to progressive disease. One patient was taken off study treatment after 6 cycles despite RECIST stable disease, after developing acute urinary retention which led to an unexpected diagnosis of comorbid metastatic prostate cancer. A PSMA-PET scan revealed that the biopsy-confirmed locally advanced pancreatic cancer diagnosed three years prior harboured different metabolic expression compared to the metastatic lesions in the liver and bones, which were consistent with the separate pathology of prostate cancer (also subsequently biopsy proven). This patient was considered not evaluable for response but included in analyses of safety and quality of life.



Response Measures

The primary endpoint of PFS at 4 months was 14.3%. No metabolic responses were observed, although one patient was identified as a rapid metabolic progressor at the 4-week FDG-PET scan and taken off study treatment. The best response by RECIST v1.1 criteria was stable disease in 4 patients at the initial 8-week assessment, with no objective tumour responses seen and only one patient demonstrating failure to progress at the 16-week assessment. Median PFS was 12.9 weeks, and median OS was 30.8 weeks (Figure 3).




Figure 3 | Response of PDAC patients to panitumumab therapy. (A) Waterfall plot demonstrating best tumour response as measured by RECIST v1.1 criteria in all 8 patients. (B, C) Kaplan-Meier curves for progression-free survival (B) and overall survival (C).



Baseline exploratory analysis of ctDNA included digital droplet PCR screening kit for G12/G13 and Q61 KRAS mutations. 7 patients (87.5%) had no detectable KRAS in the blood; however, the patient who was taken off study early due to rapid clinical and metabolic progression was unexpectedly found to harbour high level KRAS mutant allele fraction in their baseline blood sample.



Safety

Panitumumab was generally well tolerated, in keeping with previous clinical reporting (33). Treatment related adverse events (AEs) are summarised in Table 3. The most common treatment related AE was a grade 1 or 2 acneiform rash, occurring in 6/8 patients (75%) and manageable with supportive care. No unexpected or serious drug related toxicity was observed and there were no dose reductions or delays due to toxicity.


Table 3 | All treatment related adverse events in 8 patients, according to NCI-CTCAE V4.0 criteria.





Quality of Life

Quality of life questionnaires were employed to assess patient-reported outcome measures during treatment. There were no significant changes observed in total raw quality of life scores, or in calculated global quality of life, functioning, or symptom scores between any of the timepoints recorded (Figure 4).




Figure 4 | Quality of life scores at baseline, week 4 and end of treatment. Ordinary one-way ANOVA and Tukey’s multiple comparisons test were used to compare differences between timepoints. Error bars on column graphs represent the standard deviation from the mean. No significant changes from baseline were seen in any scores.






Discussion

This study provides proof-of-principle evidence that EUS-FNA biopsies can be utilised as a source of reliable genetic material to guide timely screening for precision medicine studies in PDAC. The challenges of precision medicine studies in PDAC are well documented, with previous molecularly screened studies failing to achieve recruitment targets due at least in part to tumour specimen inadequacy and processing delays in a patient population requiring timely treatment (10). Here, we demonstrate that selective molecular analysis of EUS-FNA biopsies is sensitive and feasible for patient selection for targeted therapy. Importantly, our reported KRAS mutation detection rate was comparable to previous studies which have largely relied on surgical specimens for molecular analysis (24–28). As the majority of patients presenting with PDAC will not undergo surgery, maximizing the use of diagnostic EUS-FNA biopsies for molecular screening and clinical trial selection holds great appeal.

While other groups have reported on EUS-FNA for the isolation of genetic material in PDAC, the methodology, selection criteria for “adequate” samples, and sensitivity of KRAS analysis has varied widely. One meta-analysis (15) pooling 931 patients across 9 studies evaluating the role of KRAS mutation analysis to improve the diagnostic sensitivity of EUS-FNA in PDAC demonstrated significant heterogeneity across studies and reported a pooled sensitivity rate for the detection of KRAS mutations in PDAC of only 76.8% and specificity of 93.3%, figures which fall below acceptable standards to use for therapeutic selection in the clinic. Recent studies of precision medicine in PDAC have either completely excluded EUS-FNA biopsies [e.g. IMPaCT (10), COMPASS (42)] or have failed to report on the success rates of molecular testing in the small number of specimens included [e.g. Know Your Tumour (13)], and the prospective validation of these specimens to guide clinical intervention is not yet established.

We were able to identify and treat 8 patients with KRAS wild-type PDAC in our pilot study. While panitumumab had an acceptable safety profile and was generally well tolerated, this study did not meet the predefined primary outcome target of 50% PFS at 4 months. It is difficult to draw definitive conclusions based on our small sample size, particularly with one patient deemed not evaluable for response and one other likely returning a false negative KRAS tissue result. However, we elected not to expand the study to include further patients due to slow recruitment, changes in standard second line therapy recommendations since initiating the study (43–46), and increasing availability of alternative molecularly selected studies.Treatment beyond first line chemotherapy in PDAC has been historically challenging. Recently, the final survival analysis of the NAPOLI-1 study demonstrated a significant improvement in median OS (6.1 vs 4,2 months, HR 0.67) with liposomal irinotecan plus 5-FU/leucovorin compared to 5-FU/leucovorin alone in patients previously treated with gemcitabine-based chemotherapy (47), establishing this regimen as standard care in this setting. Prior to this, the CONKO III study had demonstrated significant improvement (4.8 vs 2.3 months) in survival in patients treated with the oxaliplatin/5-FU/folinic acid when compared to best supportive care (BSC), although notably the trial closed early due to poor recruitment and poor acceptance of the BSC arm (48), and the findings were not supported by the subsequent PANCREOX study (49).

While it is not feasible to directly compare survival results between trials, historical standards do provide some benchmarks when considering the results of single arm studies in this setting. A recent meta-analysis of 11 randomised controlled trials of second line therapy including 5-FU and oxaliplatin after first line gemcitabine-based therapy in PDAC reported mOS of 6.3 months in patients with good performance status, with an mOS range of 2.6-6.7 months (50).

We note that despite the lack of clear efficacy of the study drug panitumumab, the mOS in our patient group was reasonably long in comparison to these historic standards (47–50), particularly when considering that the median time from diagnosis to enrolment onto study was over 12 months in our cohort, perhaps reflecting the unique biology and prognosis of KRAS wild-type disease in PDAC. While pre-clinical studies including one from our group have demonstrated efficacy of EGFR inhibition in patient-derived xenograft models of KRAS wild-type PDAC (14, 51, 52), efforts to translate such promising pre-clinical discoveries to the clinic have often yielded underwhelming results in PDAC (53). This is likely due to a number of contributing factors, including tumour heterogeneity and inadequate pre-clinical modelling of the complex tumour microenvironment and stroma which may hamper drug delivery. Patient-derived organoid models are showing promise in overcoming some of these obstacles, although they remain in their infancy as predictors of real-time clinical response in PDAC (54–57).

KRAS has been observed to be a prognostic factor in case series (58) and in post-hoc analyses of clinical trials, with a recent meta-analysis including 17 studies of more than 2000 patients reporting a significant association between mutant KRAS and overall survival (59). In addition to prognostic significance, it is increasingly clear that KRAS wild-type PDAC tumours harbour a distinct clinical and genetic profile when compared to KRAS mutant tumours (60, 61). Recently Singhi, et al. reported the results of real-time genome profiling of over 3500 PDAC tumours, including 445 KRAS wild-type samples. This study identified potentially targetable genomic changes in 17% of patients, including a number of clinically relevant gene mutations and fusions in the 12% of patients harbouring KRAS wild-type tumours (62). In this cohort, 38% of KRAS wild-type tumours harboured other alterations with the potential to activate the Receptor Tyrosine Kinase (RTK)/Ras/MAP Kinase (MAPK) signalling pathway, suggesting that more careful selection of patients who may respond to EGFR inhibitor therapy is required beyond KRAS alone. BRAF alterations have been shown to be mutually exclusive with KRAS mutations, and represent another potential therapeutic target in KRAS wild-type tumours (62–64). Interestingly, mismatch repair deficits and kinase fusions are also among the genetic changes reported to occur more commonly among patients with a KRAS wild-type phenotype (62, 65, 66). While deeper genomic sequencing was outside of the scope of this study, interrogation of our KRAS wild-type tumours for other genetic drivers would be extremely valuable in evaluating the lack of response to EGFR inhibition in our patient cohort. It is very likely that some of these patients may have harboured activating mutations in other RTK/Ras/MAPK pathway genes leading to persistent signal activation downstream of EGFR, while others may have had other mechanisms of primary therapeutic resistance. Our findings suggest that KRAS alone does not appear to adequately predict for response to EGFR inhibition in PDAC, and we suggest that broader testing of other activating genes in this pathway would be critical in future studies.

We were able to successfully screen almost 300 biopsies for KRAS mutations, relying largely on an active local biobank program. We predominantly utilised EUS-FNA biopsies to screen as many patients as possible, and despite variability in yield of genetic material across samples, our KRAS mutation rate was consistent with other published literature (24–28). We did not perform broader molecular sequencing as part of this study, which may require higher quality and quantity genetic material than is required for this highly sensitive assay of a common oncogene (67).

Notably, exploratory analysis of ctDNA revealed a strong positive KRAS mutant allele fraction in the patient who only completed 2 cycles of panitumumab due to rapid clinical progression, strongly suggesting that the KRAS tissue result was a false negative. The KRAS StripAssay™ has high sensitivity to detect mutant KRAS occurring in 1-5% of tumour cells, and the discordance between tissue and ctDNA testing is difficult to explain given that the tissue testing for this patient was performed on an archival tissue sample containing 80% tumour cellularity. Our exploratory analysis of ctDNA requires further validation in a larger patient cohort, although to date the concordance between tissue and ctDNA findings, and the specificity of the KRAS assay used here appear very high (68), suggesting that the patient in this study was an outlier. However, this finding highlights the need to optimize the accuracy of molecular testing in PDAC, and lends weight to an argument to incorporate liquid biopsies into clinical trial design as another layer of molecular screening to enhance sensitivity and specificity. Our study was performed in a “real-world” setting using standard-of-care biopsies at the discretion of each individual physician, and we did not collect information about the specific types of needles and techniques used to collect the EUS-FNA biopsies. With advancements in technology, the newer-generation core biopsy needles are becoming more commonplace in routine medical practice and in research, and are likely to improve yield and quality of the samples used for genomic analysis. In future studies, we plan to explore the diagnostic accuracy, yield and quality of genetic material obtained with newer generation needles (e.g. Acquire™ or SharkCore™).

EGFR inhibition is not a novel concept in the treatment of PDAC, although results have been mixed. A phase II study of the anti-EGFR monoclonal antibody nimotuzumab in combination with gemcitabine recently demonstrated activity and tolerability in the first line setting, most markedly in KRAS wild-type patients. However, the KRAS mutation analysis was again performed retrospectively, only available in approximately 50% of participants, and positive in far fewer than expected (37). A previous meta-analysis of 4 randomised control trials of cetuximab revealed no survival benefit, but significant additional toxicity (39), while combined meta-analysis of 24 studies including erlotinib with gemcitabine reported modest evidence of efficacy but did not explore molecular subgroups (38). Notably, a recent systematic review of phase II trials in advanced PDAC reported that of 37 trials investigating biologic agents, just 1 included prospective biomarker enrichment (69). Post-hoc analyses have reported conflicting findings with regards to the predictive value of KRAS for EGFR pathway inhibition, but are often hampered by incomplete genomic information for study cohorts and lower than expected KRAS mutation rates, suggesting the presence of false negative results (36, 60, 70–72).

This study was not designed or powered to detect a benefit of panitumumab over other standard of care agents in PDAC which would require a large multicentre study given the rarity of KRAS wild-type tumours and well documented challenges in enrolling patients with PDAC onto clinical trials. We primarily aimed to demonstrate proof-of-principal evidence for routine use of EUS-FNA derived material in real-time molecular screening in PDAC, with a secondary aim to detect preliminary signals of panitumumab efficacy which could be used to justify larger subsequent expansion of the study. Despite the small sample size, we saw no objective responses to therapy, and when examined in the context of previous studies, our study does not offer any convincing evidence that panitumumab demonstrates adequate efficacy to pursue further in this setting.

PDAC is an aggressive malignancy associated with rapid clinical decline, and optimal clinical trial design needs to be carefully considered in this setting. The recent encouraging results of the POLO study demonstrated that maintenance therapy is feasible in this patient population (46). A maintenance approach to anti-EGFR targeted therapy for PDAC patients without KRAS or other activating MAPK pathway mutations who achieve disease control on first line chemotherapy may be worthy of exploration in future studies.

As our understanding of the molecular landscape of PDAC has expanded, and with the recent demonstration of a PFS benefit in patients harbouring germline BRCA mutations undergoing maintenance olaparib therapy after failure to progress on platinum-based chemotherapy (46), molecular testing is now routinely recommended in several therapeutic guidelines (8, 73). More recently, several ongoing studies have encouragingly begun to report successful implementation of molecularly matched therapies in PDAC (13, 42), providing ongoing hope for the expansion of precision medicine to improve patient outcomes.



Conclusion

In summary, our study confirms that rapid, prospective molecular testing of EUS-FNA diagnostic biopsies can accurately detect KRAS mutations in PDAC, and is among the first to prospectively enroll molecularly screened patients onto targeted therapy using EUS-FNA biopsies. Notably, our findings provide key evidence that precision medicine in PDAC can be feasibly applied in clinical trials in the ongoing endeavor to improve outcomes in this deadly disease, and lay the foundation for the continual refinement of targeted therapy approaches in PDAC. Furthermore, our pilot study of single agent panitumumab proved safe and tolerable, but showed no significant signal of efficacy in patients with advanced KRAS wild-type PDAC treated after standard chemotherapy. Median survival in the KRAS wild-type patient group was longer than historical controls, in keeping with reports from other groups. Importantly, EUS-FNA biopsies proved a feasible source of tissue for rapid KRAS analysis of large numbers of patients and highlighted the value of tissue biobanking and the potential utility of these often low-yield biopsies to increase patient access to molecular testing and matched therapies in future studies.
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Hepatocellular carcinoma (HCC) is a universal health problem that is particularly alarming in Egypt. The major risk factor for HCC is hepatitis C virus (HCV) infection which is a main burden in Egypt. The epithelial cell adhesion molecule (EpCAM) is a stem cell marker involved in the tumorigenesis and progression of many malignancies, including HCC. We investigated the association of -935 C/G single nucleotide polymorphism in EpCAM promoter region (rs62139665) with HCC risk, EpCAM expression and overall survival in Egyptians. A total of 266 patients (128 HCV and 138 HCC cases) and 117 age- and sex-matched controls participated in this study. Genotyping, performed using allelic discrimination and confirmed by sequencing, revealed a significant association between EpCAM rs62139665 and HCC susceptibility, with higher GG genotype and G allele distribution in HCC patients than in non-HCC subjects. Such association was not detected in HCV patients compared to controls. EpCAM gene expression levels, determined in blood by RT-qPCR, and its serum protein expression levels, determined by ELISA, were significantly higher in GG relative to GC+CC genotype carriers in HCV and HCC patients in a recessive model. ROC analysis of EpCAM protein levels revealed significant discriminatory power between HCC patients and non-HCC subjects, with improved diagnostic accuracy when combining α-fetoprotein and EpCAM compared to that of α-fetoprotein alone. Altogether, EpCAM rs62139665 polymorphism is significantly associated with HCC and with EpCAM gene and protein expression levels in the Egyptian population. Moreover, serum EpCAM levels may hold promise for HCC diagnosis and for improving the diagnostic accuracy of α-fetoprotein.
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1 Introduction

Hepatitis C virus (HCV) infection is a major burden in Egypt, infecting almost 14.7% of the population. HCV in Egypt is considered the highest worldwide. Chronic HCV is the leading cause of liver-related death in Egypt (1).

Hepatocellular carcinoma (HCC) is considered the third cause of cancer-related mortality globally (2). This high mortality rate could be attributed to the late manifestation of HCC symptoms and, hence, its late diagnosis. Such diagnostic inadequacy is particularly prominent in lower resource settings with limited screening tools (3). Approximately 60–80% of HCV patients develop chronic hepatitis, of which 10–20% develop cirrhosis within 20–30 years. About 1–5% of cirrhotic patients may develop HCC (4). Thus, the presence of cirrhosis increases the risk for HCC, however, some patients develop HCC in non-cirrhotic livers and in the absence of inflammation (5). Several studies reported some genetic and epigenetic defects that lead to the onset of HCC (6, 7).

A minor fragment of cancer stem cells (CSCs) are responsible for the tumor initiation, growth, metastasis and relapse after treatment (8, 9). CSCs are mainly responsible for high resistance to both radiation and chemotherapy (10, 11). The epithelial cell adhesion molecule (EpCAM) is a ~ 40kDa transmembrane glycoprotein located on chromosome 2p21, highly expressed in most epithelial cancers except squamous, urothelial and renal cell carcinomas (12). EpCAM is considered as an important marker for hepatic CSCs (13) and it becomes absent once cells are differentiated into mature hepatocytes (14). Poor prognosis was observed in carcinomas with high EpCAM expression (15). The role of EpCAM is not only restricted to cell-cell linkage, but also plays an important role in migration, proliferation, signaling, differentiation, metastasis and renewal of hepatic cells (16). EpCAM acts by the activation of Wnt signaling and increasing the c-Myc expression in highly proliferating tumor cells (17, 18).

Single nucleotide polymorphisms (SNPs) are considered the most common form of genetic diversity scattered throughout the human genome and is responsible for most variabilities in genetic traits between patients as disease vulnerability, prognosis and response to therapy (19). Promoter region SNPs of a gene regulate its expression since transcription factors bind to certain nucleotide sequences within this region, thus modulating translation and predisposing an individual to certain diseases including cancer (20–22). For example, SNP rs1126497 in EpCAM gene is significantly associated with an increased risk of breast cancer and cervical cancer, as well as the overall survival (OS) of non-small cell lung cancer patients and HCC patients who had portal vein tumor thrombus (19, 23–25). These findings suggest that SNPs in the EpCAM gene may play a significant role in the initiation and progression of various types of cancer.

The objective of the present study was to investigate whether -935 C/G SNP (rs62139665) in the EpCAM gene promoter region is associated with its high expression and, hence, with susceptibility to HCC and OS in HCV Egyptian patients.



2 Subjects and Methods


2.1 Subjects

The present study was conducted on 266 Egyptian patients categorized into 128 HCV-infected patients and 138 HCV-dependent HCC patients, recruited from the Endemic Medicine and Gastroenterology Department, Faculty of Medicine, Cairo University, from June 2014 until October 2017. The patients were followed-up for 2 years unless they died. Hepatitis C viral RNA was detected in all HCV patients, while HCC patients had HCV infection that was detected by testing positive for anti-HCV antibodies. The medical history of HCC patients is shown in Table S1. HCC patients were diagnosed based on pathology, cytology, ultrasound and computed tomography (CT) imaging, in addition to serum levels of alpha-fetoprotein (AFP). Tumor number, lesion size, macroscopic vascular invasion, the TNM stage, portal vein thrombosis, portal hypertension, as well as brain, chest, and total-body bone CT (to rule out extrahepatic metastases) were also evaluated. Model for end-stage liver disease (MELD) and Child-Pugh scores were also determined. HCC patients receiving radiotherapy or chemotherapy or suffering other types of cancer were excluded from the investigation.

One hundred and seventeen apparently healthy volunteers, age- and gender-matched to the patients, joined the study as controls (Table 1). They all showed normal liver function profiles, normal hepatobiliary ultrasound, and negative serological results for viral hepatic and autoimmune diseases, with no previous history of liver disease. Liver ultrasound findings in the studied groups are displayed in Table S2.


Table 1 | Demographic characteristics and laboratory data in the HCV, HCC patients and healthy controls.



An informed consent form was signed by all the study participants. The study protocol was approved by the Research Ethics Committee, Faculty of Pharmacy, Cairo University (Permit number: BC 1813) and conformed to the ethical guidelines of the 1975 Helsinki Declaration.

Hepatitis B virus (HBV) or human immunodeficiency virus (HIV) antibodies, diabetes, fatty liver, active schistosomiasis, presence of alcohol or heavy metal in blood were considered as exclusion criteria for the study participants.



2.2 Methods


2.2.1 Sample Processing and Laboratory Investigations

Ten milliliter-venous blood specimens were obtained from all enrolled subjects by trained laboratory technicians. The collected samples were aliquoted and processed as previously described (22). Briefly, one aliquot was used for RNA and DNA extraction and subsequent gene expression analysis, genotyping and sequencing. A second aliquot was separated into plasma and assayed for albumin as well as prothrombin time-international normalized ratio (PT-INR). A third aliquot was used for serum separation for the assessment of HCV-RNA and antibody titres, AFP and EpCAM levels, alanine aminotransferase (ALT), aspartate aminotransferase (AST) and ALP activities, as well as total and direct bilirubin. The extent of cirrhosis in HCC was evaluated on the basis of the Child scoring system that depends on albumin, bilirubin, prothrombin time, ascites and encephalopathy. Child-Pugh grades were assigned to patients according to Child and Turcotte (26).



2.2.2 Designing Primers and Probes

The EpCAM sequence was acquired from the NCBI. Ensembl genome browser 90 was used to display all variants in order to design primers that do not superimpose SNPs. Then, allele-specific primers and probes were designed using Primer3Plus, and their specificity was checked by Blast and MFEprimer-2.0. We chose a SNP, rs62139665, in the 5’UTR with a MAF exceeding 20% and predicted to modulate the promoter binding affinity to various transcription factors, thus modifying EpCAM gene expression.



2.2.3 EpCAM mRNA Expression Analysis

RNA extraction, reverse transcription and qPCR were performed as previously described (22). Briefly, total RNA extraction from blood samples was performed using a total RNA purification kit (Jena Bioscience, Munich, Germany) followed by storage of the isolated RNA at −80°C until analysis. Reverse transcription was performed using cDNA archive kit (Applied Biosystems, Foster City, California, USA). Quantitative real-time PCR (qRT-PCR) was performed using GoTaq PCR master mix (Promega Co., Madison, USA); 1 µL of cDNA was added to 25 µL of master mix, 0.25 µL of CXR Reference Dye, 1 µL of forward and reverse primers and the volume was completed to 50 µL. A protocol comprising an initial denaturation step at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds, and annealing and extension at 60°C for 1 minute, then 60°C for 30 seconds was conducted on a 7500 Real-Time PCR system (Applied Biosystems, Foster City, California, USA). The used primers had the following sequences: 5′- AGTGTAATGGCACGATCTCTG -3’ (forward), 5’-GGATCACCTGAGGTTTGAAGT -3’ (reverse) for EpCAM, with β-actin as an internal control.



2.2.4 Genotyping of EpCAM Single Nucleotide Polymorphism rs62139665

DNA extraction and genotyping were carried out as formerly detailed (22), using the primers: 5’- AGTGTAATGGCACGATCTCTG -3’ (forward) and 5’- GGATCACCTGAGGTTTGAAGT -3’ (reverse), and the two tagged probes: VIC-TAGTAGAGACGGGGTTCCTCCATGT and FAM- TAGTAGAGACGGCGTTCCTCCATGT. 6-carboxy-X-rhodamine (ROX) was used as a passive reference dye.



2.2.5 Sanger Sequencing

To verify the allelic discrimination results, twenty samples from each genotype were sequenced as previously described by Motawi and co-workers (22). The used primer sequences were as follows: 5’- GGCTCTATGGGAACACCTTT -3’ (forward) and 5’- GGATCACCTGAGGTTTGAAGT -3’ (reverse). The amplicon size was 240 bp.



2.2.6 Determination of Serum EpCAM Levels

Serum EpCAM protein concentration was determined by an ELISA kit supplied by Boster Biological Technology (Catalogue no. EK0755, Pleasanton, CA, USA) in compliance with its operational guidelines.



2.2.7 Statistical Analysis

Data are presented as mean ± SD, number (percentage) or median (interquartile range). The differences between two groups were statistically analyzed by Student’s t-test and Chi square test for numerical and categorical variables, respectively. The variations between the three groups were assessed using one-way ANOVA followed by Tukey’s multiple comparisons post-hoc test. Receiver operating characteristic (ROC) analysis was performed to calculate EpCAM and AFP sensitivity and specificity, individually or in combination. The correlation between EpCAM and AFP levels was tested by Spearman’s correlation analysis. Four models (dominant, recessive, overdominant and multiplicative) were used to assess the association between each genotype and the risk of HCC. Logistic regression was conducted to estimate the odds ratios (ORs) and 95% confidence intervals (CIs) of the association between EpCAM SNP rs62139665 and HCC risk. For a two-tailed test, a P-value lower than 0.05 was considered statistically significant. The Kaplan–Meier method and the log-rank survival test were employed to estimate the OS. The GraphPad Prism 6 (GraphPad Software, CA, USA) and the SPSS software, version 20.0 (SPSS Inc. Chicago, IL, USA) statistical packages were used to perform the statistical analyses. Hardy-Weinberg equilibrium (HWE) was tested online (http://www.oege.org/software/hwe-mr-calc.shtml).





3 Results


3.1 Demographic, Laboratory and Clinical Characteristics of the Study Participants

The demographic features as well as the laboratory and clinical data of the study participants are depicted in Tables 1, S1 and S2. Neither age nor gender varied significantly between the studied groups.



3.2 Genotype Distribution and Allele Frequencies of EpCAM rs62139665 Polymorphism in the Studied Groups, and Compliance With Hardy-Weinberg Equilibrium

The genotype frequencies in the control, HCV and HCC groups were in agreement with the assumption of a Hardy–Weinberg equilibrium (P > 0.05) as displayed in Table 2.


Table 2 | Hardy Weinberg equilibrium for EpCAM -935 C/G (rs62139665).



Table 3 and Figure 1 illustrate the genotype and allele frequencies of EpCAM rs62139665 polymorphism. The GG genotype and G allele frequencies were significantly higher in the HCC group compared to the HCV patients (P = 0.0005 and P < 0.0001, respectively) and to the control subjects (P = 0.04 and P = 0.001, respectively), while no significant difference was found between HCV and control groups. According to the genetic model selection strategy (27), a recessive model was chosen as it best fits the analysis of the association between rs62139665 and HCC risk. Table 4 depicts the association of rs62139665 with HCV and HCC. In HCC cases, the rs62139665 GG genotype carriers displayed a markedly higher distribution than GC+CC genotype carriers relative to the control (OR = 2.86, P = 0.003) and HCV (OR = 2.66, P = 0.004) groups. Furthermore, the HCC cases exhibited an appreciably higher G allele frequency than in the control (OR = 1.76, P = 0.002), and HCV (OR = 2.02, P = 0.0001) groups.


Table 3 | Frequency distribution for genotypes and alleles for EpCAM rs62139665 in patients and control groups.






Figure 1 | Allelic discrimination plot for EpCAM rs62139665 G/C alleles showing the C/C genotype (represented by upper left dots) near the Y-axis, the G/G genotype (represented by lower right dots) near the X-axis, and the G/C genotype in the middle between both axes.




Table 4 | Genotype and allele frequency of EpCAM -935 C/G polymorphism in different study groups and its association to HCV and HCC risk by logistic regression analysis.



The results reported herein accentuate a notable association between EpCAM rs62139665 SNP and HCC susceptibility in Egyptians. Nevertheless, EpCAM rs62139665 was not significantly linked with HCV risk in the tested sample.



3.3 Association of EpCAM rs62139665 Polymorphism With the Clinicopathological Features of HCC Patients

As for the clinicopathological variables, the GG genotype was significantly correlated with higher ALP activity compared to GC + CC genotypes (P = 0.01, Table 5). In addition, the Kaplan-Meier and log-rank survival tests showed insignificantly lower overall survival and survival time in EpCAM rs62139665 GG genotype carriers compared with GC + CC genotype carriers in the HCC group. Moreover, the GC + CC genotype carriers exhibited non-significantly lower MELD score when compared with the GG genotype carriers (Table 5 and Figure 2).


Table 5 | The associations of the biochemical parameters and the EpCAM -935 C/G polymorphism in HCC patients.






Figure 2 | Kaplan-Meier and Log-rank survival curves for HCC patients in relation to EpCAM rs62139665 genotypes in a recessive model.





3.4 EpCAM Gene and Protein Expression Levels in the Studied Groups

As illustrated in Table 6, the expression of EpCAM at both the gene and protein levels was notably higher in HCV (P < 0.0001 and P < 0.05, respectively) and HCC (P < 0.0001) patients compared to the control group. Moreover, EpCAM protein expression level was appreciably higher in HCC than in HCV patients (P < 0.0001), whereas the gene expression level did not vary significantly between the two groups. Comparing the expression of EpCAM between rs62139665 genotypes, we observed a significant link between EpCAM rs62139665 polymorphism and its expression. The GG carriers exhibited significantly higher EpCAM gene and protein expression levels compared to the GC + CC carriers in each of the three studied groups (P < 0.05 and P < 0.0001 regarding gene and protein expression, respectively, within the control group; P < 0.0001 for both gene and protein expression within each of the HCV and HCC groups).


Table 6 | Gene and protein expression levels of EpCAM in different genotypes of rs62139665.





3.5 Serum AFP Level, Correlation With EpCAM Level, and ROC Analysis of Discriminatory Performance of AFP and EpCAM Individually and in Combination

Comparing the serum AFP levels in the three studied groups revealed markedly higher levels in the HCC group than in each of the control and HCV groups (P < 0.0001, Table 1). As illustrated in Figure S1, a strong positive correlation was observed between AFP and EpCAM protein levels (r = 0.99, P < 0.0001).

The ROC curves of EpCAM protein expression level depict significant discriminatory power between HCC patients and non-HCC subjects (AUC = 0.92, CI = 0.87-0.97, P < 0.0001), as shown in Figure S2, suggesting comparable diagnostic accuracy to that of AFP (AUC = 0.961, CI = 0.92-0.99, P < 0.0001). Combining AFP and EpCAM led to an improved diagnostic accuracy than that of either AFP or EpCAM alone (AUC = 0.99, CI = 0.95-1, P < 0.0001).



3.6 Corroboration of EpCAM rs62139665 Genotyping Findings by Sanger Sequencing

Upon comparing the findings of EpCAM rs62139665 genotyping obtained by allelic discrimination with those of Sanger sequencing, both outcomes were perfectly matched for all the genotypes in the tested samples (Figure 3).




Figure 3 | A Sanger sequencing chromatogram depicting EpCAM -935 C/G variants (created by ABI Genetic Analyzer).






4 Discussion

Worldwide, Egypt endures the highest incidence of HCV infection that is considered a main predisposing factor for the progression of HCC. This investigation was undertaken to explore the association of -935 C/G (rs62139665) SNP in the promoter region of EpCAM with the risk of HCV-related HCC, EpCAM expression levels and the OS in the Egyptian population.

The present investigation demonstrates, for the first time, the association of EpCAM rs62139665 with HCC risk. rs62139665 is located at 935 upstream in the promoter region and it was reported that the transcriptional activity of 1.1kb upstream of the EpCAM gene is closely associated with the levels of EpCAM 28. Mutations in the EpCAM gene were reported in patients having Lynch syndrome through deletions in the 3’UTR 29 or congenital tufting enteropathy that results in decreasing EpCAM protein level (28).

In the current study, we adopted the allelic discrimination method to examine -935 C/G gene polymorphism (rs62139665) in the promoter region of EpCAM, and we, thereafter, verified the results by direct DNA sequencing. The genotype distribution in the three studied groups agreed with HWE.

It is worthy to note that there is a variation in the incidence of EpCAM rs62139665 SNP that is related to ethnicity, as reported in the NCBI map database for diverse ethnic populations, revealing C and G allele frequencies of C = 0.16 and G = 0.83 in African Carribbeans, C = 0.17 and G = 0.83 in Han Chinese and C = 0.64 and G = 0.36 in Toscani in Italia. The EpCAM rs62139665 C and G allele frequencies disclosed herein in the control group were 0.64 and 0.36, respectively, which are quite in accordance with those reported in the Toscani Italian population, having the C allele as the major allele.

The SNP rs62139665 distribution was significantly different between HCC patients and non-HCC subjects at both genotype and allelic levels. The EpCAM GG genotype and G allele were significantly more frequent in HCC patients than in HCV patients and controls, proposing that the presence of the C allele may have protective effects. By using logistic regression analyses, we found a significant association between HCC risk and the rs62139665 G allele and GG genotype when compared to GC + CC in a recessive model. This association with HCC risk can be explained and evidenced by the significant up-regulatory effect of the GG genotype on EpCAM gene and protein expression levels observed in the present study. Numerous studies showed that SNPs in the promoter region are related to increased gene expression (22, 29, 30).

The HCV group displayed significantly higher gene and protein expression of EpCAM compared to the control group despite the lack of significant difference in rs62139665 genotype and allele frequencies between the two groups. The higher expression of EpCAM observed in the HCV group compared to the control could be linked to the reported HCV-induced elevation of plasminogen activator inhibitor-1 (PAI-1). Increased expression of PAI-1 subsequent to HCV infection promoted the cancer stem-like cells (CSC) state in HCV-infected hepatocytes through the activation of the chief mediator of cell proliferation, protein kinase B, in consort with the increased expression of the CSC marker, EpCAM (31).

Several studies reported the role of EPCAM gene in HCC pathogenesis, as a prognostic marker and in HCC recurrence (32–35). Yet, referring to the TCGA and GEO databases (data compared by GEO2R), it was found that EPCAM gene showed non-significant increase in expression in HCC samples compared to their normal controls (GSE49515), and in HCC patients with and without venous metastasis (GSE5093).

Former studies reported significant association of EpCAM expression in HCC with high tumor grade and AFP level (36, 37). In our current study, the expression levels of AFP and EpCAM were significantly higher in the HCC group relative to the HCV and control groups. Furthermore, a positive correlation was found between AFP and EpCAM protein levels. These results are in line with other published data that also reported the overexpression of EpCAM in cirrhotic and liver tumor tissues compared to normal tissues (38). In addition, AFP level can predict the expression of hepatic progenitor cell markers as EpCAM in HCC (39) and is correlated with tumor metastasis (40). ROC analysis was conducted in the present study to compare the diagnostic performance of AFP and EpCAM. It showed that a combined model of both AFP and EPCAM had a higher specificity than either of them alone at all levels of sensitivity. Previously, AFP+/EpCAM+ HCC was characterized by poorer prognosis compared to AFP−/EpCAM− HCC (35).

By examining the influence of the SNP rs62139665 on the disease outcomes, through correlating the SNP rs62139665 genotypes with several parameters as liver function tests, a significant correlation was detected only between GG genotype frequency, hence high EpCAM expression, and ALP activity. Such association may be attributed to ALP being an embryonic stem cell marker that has been observed during cell reprogramming (41). Furthermore, the inhibition of EpCAM expression resulted in diminished ALP activity (42).

Both OS and the survival period of rs62139665 GG genotype carriers were shorter compared with the GC + CC genotype carriers in HCC patients but did not reach statistical significance. Given the overexpression of EpCAM observed in GG genotype carriers compared to GC + CC genotype carriers, our finding of apparently shorter OS in GG genotype carriers compared with the GC + CC genotype carriers is in accordance with Noh and co-workers’ suggestion that patients with positive immunohistochemical expression of EpCAM had reduced OS compared to those who were EpCAM-negative after undergoing surgical resection for HCC (43). Moreover, the detection of EpCAM-positive circulating tumor cells is strongly correlated with the clinical outcome and OS in patients with HCC (39).

In the current study, the MELD score showed no significant difference between GC + CC and GG genotype carriers. Our observation seems to be in agreement with Sancho-Bru and co-workers’ report of lack of correlation between EpCAM gene expression and MELD score in patients with alcoholic hepatitis (44). On the other hand, patients with liver cirrhosis who were infused with EpCAM-positive stem cells showed a significant decrease in MELD score and a marked clinical improvement.

In conclusion, the present study accentuates the association of EpCAM rs62139665 SNP, specifically the G allele frequency, with HCC risk. However, no such association was found with HCV infection in the tested sample of Egyptians. In addition, the present findings highlight the association of the rs62139665 GG genotype with increased EpCAM expression at both the gene and protein levels. Further research on larger datasets, other ethnicities and other cancer types are warranted for a comprehensive elucidation of the associations of EpCAM -935 C/G polymorphism with cancer risk.
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Hepatocellular carcinoma (HCC) is one of the most common malignant tumors with high morbidity and mortality. Therefore, it is very important to find potential biomarkers that can effectively predict the prognosis and progression of HCC. Recent studies have shown that anti-silencing function 1B (ASF1B) may be a new proliferative marker for tumor diagnosis and prognosis. However, the expression and function of ASF1B in hepatocellular carcinoma remain to be determined. In this study, integrated analysis of the Cancer Genome Atlas (TCGA), genotypic tissue expression (GTEx), and Gene Expression Omnibus (GEO) databases revealed that ASF1B was highly expressed in HCC. Kaplan-Meier survival curve showed that elevated ASF1B expression was associated with poor survival in patients with liver cancer. Correlation analysis of immune infiltration suggested that ASF1B expression was significantly correlated with immune cell infiltration in HCC patients. Gene set enrichment analysis (GSEA) indicated that ASF1B regulated the cell cycle, DNA Replication and oocyte meiosis signaling. Our experiments confirmed that ASF1B was highly expressed in HCC tissues and HCC cell lines. Silence of ASF1B inhibited hepatocellular carcinoma cell growth in vitro. Furthermore, ASF1B deficiency induced apoptosis and cell cycle arrest. Mechanistically, ASF1B knockdown reduced the expression of proliferating cell nuclear antigen (PCNA), cyclinB1, cyclinE2 and CDK9.Moreover, ASF1B interacted with CDK9 in HCC cells. Taken together, these results suggest that the oncogenic gene ASF1B could be a target for inhibiting hepatocellular carcinoma cell growth.
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Introduction

In global cancer statistics, the incidence of liver cancer ranks sixth and the mortality rate ranks third. In 2020, according to statistics, there are 905,677 new cases of liver cancer worldwide. It is estimated that by 2025, the incidence of liver cancer will exceed 1 million cases, which is a serious threat to human life and health (1–3). Hepatocellular carcinoma (HCC), also known as liver hepatocellular carcinoma (LIHC), is responsible for 90% of all liver cancers (4). Although clinical HCC treatments, including surgery, interventional therapy, radiotherapy, chemotherapy and immunotherapy, are usually performed, have been significant improvements. However, due to the rapid proliferation, invasion and metastasis of HCC, treatments for patients with HCC are limited and not effective (5–8). Thus, there is an urgent need to identify and develop new molecular targets for hepatocellular carcinoma therapy.

Anti-silence function 1 (ASF1), a chaperone protein of histone H3-H4, plays an important role in DNA replication, DNA damage repair and transcriptional regulation (9, 10). In mammals, ASF1 consists of two homologous proteins, ASF1A and ASF1B. Previous findings indicated that the main function of ASF1A is DNA repair and cell senescence, while the main function of ASF1B is cell proliferation (11). Recently, an increasing number of studies have indicated that the dysregulated expression of ASF1B is associated with many cancer types, such as breast cancer, prostate cancer, cervical cancer, and clear cell renal cell carcinoma (11–14). Therefore, we infer that ASF1B may also be a dysfunctional mediator of HCC. However, the role of ASF1B in HCC remains largely unknown.

In this study, we investigated the expression and prognosis of ASF1B in patients with HCC in The Cancer Genome Atlas (TCGA) and various public databases. Moreover, we analyzed the coexpression genes of ASF1B to explore the potential mechanisms of ASF1B in HCC. Experiments were performed to verify the expression of ASF1B in HCC tissues and cell lines. ASF1B knockdown in HCC cell lines was induced to detect the biological behavior changes in vitro. Our data implied that ASF1B was closely associated with proliferation and migration in HCC cells and might be a novel prognostic indicator and therapeutic target in HCC patients.



Materials and Methods


Dataset Analyses

We downloaded RNA-seq gene expression data and clinical records from the TCGA database (https://portal.gdc.cancer.gov/), with the GTEx data (https://gtexportal.org/) similarly being downloaded. GSE121248 and GSE33006 datasets was downloaded from Gene expression omnibus (GEO). Oncomine 4.5 database (https://www.oncomine.org/) and HCCDB database were also used in ASF1B expression analysis in pan-cancer and HCC.

In order to study the influence of ASF1B gene and clinical characteristics (such as age, sex, stage, etc.) on HCC prognosis, univariate and multivariate Cox regression analysis and forest map were used to display the p value, HR and 95% CI of each variable through “forestplot” R package. The Kaplan-Meier (KM) survival curve analysis is implemented by R software package “Survival” and “Survminer”. Kaplan-Meier Plotter (http://kmplot.com) was used to generate survival curves, including overall survival (OS), progression-free survival (PFS), recurrence-free survival (RFS), and disease-specific survival (DSS), based on gene expression with the log-rank test and the Mantel-Cox test in liver cancer. TimeROC analysis (15–17) was performed to compare the prediction accuracy and risk score of ASF1B gene. The above R software versions are V4.0.3.

Tumor Immune Estimation Resource (TIMER) (https://cistrome.shinyapps.io/Timer) was used to analyze the relationship between ASF1B transcriptional level and immune cell infiltration in patients with HCC. Differentially expressed genes associated with transcription of the ASF1B gene in HCC were analyzed based on the LinkedOmics (http://www.linkedomics.org/login.php) functional module.



Tissues and Cell Lines

This study was approved by the Ethics Committee of the First Affiliated Hospital of Zhejiang University School of Medicine (NO. IIT20210360A), and all patients signed a formal informed consent. Six pairs of HCC and paracancerous tissue samples were obtained from patients who underwent hepatocellular carcinoma resection in the First Affiliated Hospital of Zhejiang University School of Medicine during 2017-2019, and none of them received preoperative radiotherapy or preoperative chemotherapy. All specimens were anonymized in accordance with ethical and legal standards. The MHCC97H cell line was purchased from Guangzhou Cellcook Biology Co., Ltd. (Cellcook, Guangzhou, China), while other cell lines, LO2, Hep3B, HepG2, and Huh7, were purchased from ATCC (ATCC, Manassas, USA).



Western Blot Analysis and Immunohistochemistry

Total protein was obtained with RIPA lysis buffer containing protease inhibitor (Sangon, Shanghai, China) (Genstar, Shenzhen, China), and the protein was quantified with a BCA kit (Biosharp, Anhui, China). The protein was quantified and then used to perform western blot as previously described (18). Antibodies against ASF1B, Cyclin B1, Cyclin E2, CDK9 and GAPDH were purchased from Cell Signaling Technology. The tumor tissue paraffin sections were harvested and treated as previously described (19). Immunohistochemistry primary antibody for anti-human ASF1B (1:300) was purchased from Abcam (#ab235358).



RNA Interference and Transfection

To ensure the inhibition efficiency of ASF1B expression by siRNA, three different ASF1B small interfering RNA were designed.siASF1B-1 (5’-AGGGAGACACAUGUUUGUCUU tt-3’ forward, and 5’-AAGACAAACAUGUGUCUCCCU tt-3’reverse). siASF1B-2 (5’-CCUGGAGUGGAAGAUCAUUUA tt-3’forward, and 5’ - UAAAUGAUCUUCCACUCCAGG tt-3’reverse). siASF1B-3 (5’-UUAGUUAGUAGGUAGACUUAG tt-3’forward, and 5’- CUAAGUCUACCUACUAACUAA tt-3’reverse) were obtained from Genomeditech Co. Ltd. (Genomeditech, Shanghai, China).And 50 nmol/L siRNA was transfected into MHCC97H or Hep3B cells using INTERFERin (Polyplus transfection, NewYork, USA) according to the manufacturer’s protocol.



Reverse Transcription-Quantitative Polymerase Chain Reaction

Total RNA was isolated using RNA fast 2000 kit (Fastagen, Shanghai, China). Reverse transcription of RNA to cDNA was obtained using PrimeScript™ RT Master Mix (Takara,Shiga, Japan). qPCR was performed with QuantStudio 5 Detection System (ABI, Thermo Fisher) in a 10 μl reaction mixture containing SYBR GreenII. Expression of different genes were normalized to GAPDH and were analyzed using the 2−ΔΔCT method.



Cell Counting Kit-8 (CCK-8) Analysis and Cell Invasion Assay

Cell viability was analyzed using cell counting kit-8 (DOJINDO, Kyushu, Japan) according to the manufacturer’s protocol. Briefly, MHCC97H and Hep3B were seeded in the 96-well plates with 5000 cells/well and incubated for overnight. At 24 h, 48 h, 72 h, and 120h, 10 µl CCK-8 solution was added to each well, and the cells were incubated for 90 min at 37°C. The absorbance at 450 nm was obtained using an IMARK microplate reader (BIO-RAD).

For cell invasion assay, Matrigel(BD Biosciences, San Jose, USA) was diluted 1:8 with cold serum-free DMEM at 4°C and 50µl was carefully used to coat polycarbonate filters (8 μm; Corning, NY, USA). Incubate at 37°C overnight. Next, 5 × 105 cells were seeded into the upper chamber with 200µl serum-free DMEM. 500µl DMEM with 10% FBS was added to the lower chamber. The cells were cultured at 37°C in a 5% CO2 hydrosphere atmosphere. After 24 hours, the upper chamber was fixed with paraformaldehyde and stained with 0.5% crystal violet. Non-invading cells were removed, and the cells on the lower surface were counted microscopically.



Flow Cytometry for Analysis of the Cell Cycle and Apoptosis

To perform cell cycle assays, 1×106 cells were washed with cold PBS. Cell pellets were suspended with 500µl PI working solution (DOJINDO, Kyushu, Japan), and incubated for 30min at 4°C of light protection. Then the cells were dispersed by vortex oscillation and incubated at 37°C of darkness for 30min. After vortex blending, the cells were filtered by nylon screen for flow cytometry analysis. Cell apoptosis analysis was performed with a FITC Annexin V Apoptosis Detection Kit (BD Biosciences, San Jose, USA) according to the manufacturer’s protocol. In brief, after washing with cold PBS twice, the cells were resuspended in binding buffer. A total of 1 × 105 cells (100 µl) were transferred to the flow tube, and 5 µl of FITC Annexin V and 5 µl PI were added. After gentle vortexing and incubation for 15 min at room temperature in the dark, another 400 µl binding buffer was added and then analyzed by flow cytometry.



Protein–Protein Interaction Studies

For co-immunoprecipitation, we used an IP/Co-IP kit from Absin (Absin, Shanghai, China). Co-IP was conducted according to the manufacturer’s protocol. Briefly, cells were lysed and incubated on ice, then centrifuged at 14000g for 10 minutes at 4°C. The supernatant was incubated with protein A/G agarose beads for pre-clean. Subsequently, it was immunoprecipitated with an antibody against ASF1B (CST, Boston, USA) or normal rabbit IgG (CST, Boston, USA) overnight at 4°C. Next day, the immunoprecipitated complexes were incubated with protein A/G agarose beads for 1 hour at 4°C. After incubation, the immunoprecipitated complexes were rinsed and analyzed by Western blotting. Input was used as positive control.



Statistical Analysis

Data were analyzed using R v 4.0.3. Wilcoxon tests were used to compare ASF1B expression levels in normal and tumor tissues, while Kruskal-Wallis tests were used to evaluate relationships between ASF1B expression and patient clinical stage. Kaplan-Meier curves were used to assess survival outcomes, and correlations were evaluated with Spearman’s correlation coefficients. A two-sided p < 0.05 was the threshold of significance.




Results


Elevated Expression of ASF1B in HCC

We used Oncomine to explore the expression levels of ASF1B in normal and various cancer tissues. The results showed that ASF1B was highly expressed in most tumors, and only a few tumors showed low expression (Figure 1A). Through the mining of GTEx and TCGA databases, we also found that ASF1B was highly expressed in a variety of tumors, including Cholangiocarcinoma (CHOL), Colon adenocarcinoma (COAD), Esophageal carcinoma (ESCA), Liver hepatocellular carcinoma (LIHC), Pancreatic adenocarcinoma (PADD), Rectum adenocarcinoma(READ), Stomach adenocarcinoma(STAD) (Figure 1B). By searching the reported studies, we found that the gene ASF1B was rarely studied in HCC. Therefore, we independently analyzed the expression of ASF1B in LIHC based on the downloaded TCGA data. ASF1B was significantly overexpressed in HCC, as in previous analyses of pan-cancer (Figure 1C). Analysis of 11 HCC study cohorts in the HCCDB database showed that mRNA levels of ASF1B in HCC tissues were significantly higher than those in adjacent normal tissues (Figure 1D). By analyzing GEO data GSE121248 and GSE33006, we also reached the conclusion that ASF1B was highly expressed in HCC (Figure 1E). Overall, our results indicated that ASF1B expression was significantly higher in liver cancer (LIHC) relative to normal tissues.




Figure 1 | The elevated expression of ASF1B in HCC. (A, B) The expression distribution of ASF1B in tumor tissues and normal tissues. (C) The expression level of ASF1B gene in HCC patients was up-regulated in TCGA database. (D) The transcription of ASF1B was significantly elevated in HCC tissues compared with adjacent normal tissues in HCCDB. (E) ASF1B mRNA levels in GE121248 and GSE33006 from GEO database. ***p < 0.001, ****p < 0.0001.





Evaluation of the Prognostic Relevance of ASF1B in HCC

We used univariate and multivariate cox regression analysis to analyze the relationship between ASF1B expression, clinical factors (such as age, sex, pT stage, pTNM stage, Grade) and OS in HCC patients. Univariate Cox analysis showed that ASF1B expression (p.value=0.00034), pT stage (p.value<0.0001), pTNM stage (p.value=0.00066) were significantly correlated with OS in HCC. ASF1B expression was also significant in multivariate cox regression analysis (p.value=0.01942), suggesting that ASF1B may be an independent prognostic factor for HCC (Figure 2A). According to the results of COX analysis, Kaplan-Meier (KM) plot was used to analyze the overall survival probability of HCC patients with different ASF1B expression, pT stage, pTNM stage and Grade groups (Figure 2B). The median value of ASF1B was the cut-off point for ASF1B expression, according to which HCC patients are divided into high expression group and low expression group (Figure 2F). The analysis found that those with high ASF1B expression had significantly shorter overall survival. pT stage, pTNM stage and Grade groups’ analysis also showed that the overall survival rate of HCC patients decreased with the progression of tumor stage and Grade. Next, we evaluated the relationship between ASF1B expression and HCC cohort survival outcomes based on the Liver Cancer RNA-seq database of Kaplan-Meier Plotter and plotted the Kaplan-Meier survival curve. The results showed that that those with high ASF1B expression had significantly shorter overall survival [OS, n=364, HR=1.71(1.21-2.42), log-rank P=0.002], progression-free survival (PFS, n=370, HR=1.72(1.26-2.35), log-rank P=0.00049), recurrence survival (RFS, n=316, HR=1.74(1.23-2.46), log-rank P =0.0015) and disease-specific survival (DSS, n=362, HR= 2.21 (1.4-3.51) compared with the low expression group in HCC (Figure 2C). Through analysis, we also found that the expression of ASF1B increased with the development of HCC grading and staging (Figure 2D and Table 1). It indicates that ASF1B can be a potential biomarker of HCC disease progression. In addition, timeROC analysis was performed to compare the predictive accuracy and risk score of ASF1B for HCC. It was found that ASF1B could well predict the prognosis of HCC patients at 1, 3 and 5 years, and its AUC under the ROC curve was 0.689, 0.621 and 0.617, respectively (Figure 2E). The above results suggest that ASF1B expression predicts adverse outcomes and is associated with disease stage progression in HCC patients.




Figure 2 | High expression of ASF1B indicates poor survival in patients with HCC. (A) The forest plots showed that the risk factors for overall survival of HCC were analyzed by univariate and multivariate COX regression analysis. (B) Kaplan-Meier curves were used to analyze the relationship between ASF1B expression, pT stage, pTNM stage, Grade and OS in HCC patients. (C) Overall survival (OS), progression-free survival (PFS), relapse-free survival (RFS), and disease-specific survival (DSS) of ASF1B mRNA in the HCC cohort. (D) Correlation between ASF1B expression and tumor stage in HCC. (E) Time-dependent ROC analysis of ASF1B expression in HCC. (F) Scatter diagram of ASF1B mRNA expression from low to high. “ns” represents p≥0.05 *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Table 1 | Relationship between ASF1B expression level and clinicopathological variables and in HCC patients.





Correlation of ASF1B Expression With Tumor Purity and Immune Infiltration Level in HCC

We used the TIMER network analysis platform to explore the relationship of ASF1B expression with the immune infiltration level in HCC. The correlation between the expression of ASF1B and the abundances of six immune infiltrates (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells) was estimated by purity-corrected partial Spearman’s rho. We found a slightly positive correlation between ASF1B expression and tumor purity (r = 0.191, P = 3.41E-04). In addition, ASF1B expression was positively correlated with the abundance of all six immune infiltrates (Figure 3A). We also explored tumor infiltration levels among tumors with different somatic copy number alterations for ASF1B. ASF1B copy number variation (CNV) was significantly correlated with the infiltration levels of CD8+ T cells and macrophages (Figure 3B). To broaden our understanding of the interaction between ASF1B and immune genes, we also analyzed the correlation between ASF1B expression and relevant immune cell gene markers. After the correlation coefficients were adjusted by tumor purity, the results showed that the ASF1B expression level was significantly correlated with the majority of immune marker sets of various immune cells in HCC (Table 2). Of these, the top five gene markers were KIF11 (r=0.904), EXO1 (r=0.886), PRC1 (r=0.885), NUF2 (r=0.874) and CCNB1 (r=0.862). Survival analysis demonstrated that the high risk of ASF1B positively correlated marker genes and the low risk of ASF1B negatively correlated marker genes (Table 2).




Figure 3 | Correlation analysis of the transcript of gene of ASF1B with the immune infiltration in HCC. (A) The expression of ASF1B was significantly positively correlated with tumor purity, the level of infiltration of CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells in LIHC. (B) ASF1B copy number variation affects the infiltration level of CD8+ T cells, macrophages in HCC. *p < 0.05.




Table 2 | Correlation analysis between ASF1B and markers of immune cells in HCC.





Co-Expression Networks of ASF1B Indicate the Potential Function of ASF1B in HCC

To understand the biological significance of ASF1B in HCC, we used Linkedomics to analyze the co-expression network of ASF1B in the LIHC cohort. As shown in Figure 4A, 5,931 genes (dark red dots) were significantly positively correlated with ASF1B, while 3,077 genes (dark green dots) were significantly negatively correlated with ASF1B (false discovery rate, FDR < 0.01). The top 50 genes positively correlated with ASF1B expression and the top 50 genes negatively correlated with ASF1B expression are shown in the heat map (Figure 4B). The expression of ASF1B was strongly positively correlated with the expression of KIFC1 (positive rank #1, r = 0.883, p = 6.54E-120), KIF18B (r = 0.875, p = 2.85E-115) and KIF2C (r = 0.873, p = 4.71E-114). We analyzed the effect of the expression of the top 50 positively and negatively correlated genes on the overall survival of HCC. The top 50 positively correlated genes were highly likely to be high-risk genes for HCC, and all of them had a high hazard ratio (HR) (p <0.05). In contrast, the first 50 negatively correlated genes were most likely to be low-risk genes for HCC, all of which had lower HR values (p <0.05) (Table 3). These results further suggest that ASF1B may be related to the upregulation of HCC risk factors and downregulation of HCC protective factors and play a role in promoting the occurrence and development of HCC. Gene set enrichment analysis (GSEA) Gene Ontology (GO) term annotation showed that ASF1B co-expressed genes were mainly involved in DNA replication, chromosome segregation, mitotic cell cycle phase transition, cell cycle G2/M phase transition and other processes (Figure 4C). However, activities such as fatty acid metabolic processes, peroxisome organization and acute inflammatory responses were inhibited. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis showed that co-expressed genes were mainly enriched in the cell cycle, DNA replication, oocyte meiosis and other pathways (Figure 4C). These results suggest that ASF1B has a wide range of effects on DNA replication and the cell cycle in HCC cells.


Table 3 | Overall survival analysis of the top 50 genes positively and negatively correlated with ASF1B in HCC.






Figure 4 | Genes coexpressed with ASF1B in HCC (LinkedOmics). (A) All genes coexpressed with ASF1B in HCC. (B) The top 50 positively correlated genes and the top 50 negatively correlated genes cotranscript with ASF1B in HCC. (C) GO_BP and KEGG pathway analysis (GSEA) of ASF1B correlated genes in HCC.





ASF1B Expression Was Upregulated in HCC Tissues and Stable Cell Lines

To investigate the role of ASF1B in HCC tumor progression, HCC tissue and corresponding adjacent tissue samples from 6 patients were tested by immunohistochemistry. As shown in Figure 5A, positive staining for ASF1B was stronger in HCC tissues than in adjacent tissues. 6 pairs of proteins from liver cancer and adjacent tissues for western blot verification and found that the expression of ASF1B protein was higher in liver cancer tissues than in adjacent normal tissues (Figure 5B). We also verified the protein expression of ASF1B in four hepatoma cell lines (Huh7, HepG2, MHCC97H, Hep3B), and the abundance of ASF1B protein was increased in cancer cells compared with immortalized LO2 human hepatocytes (Figure 5C).




Figure 5 | (A) HCC tissue and paracancerous tissue samples from HCC patients were tested by immunohistochemistry (IHC). (B) The protein expression of ASF1B in 6 pairs of liver cancer tissues. (C) The protein expression of ASF1B in four liver cancer cell lines. *p < 0.05; **p < 0.01; ***p < 0.001.





ASF1B Knockdown Suppressed the Proliferation and Migration of HCC Cell Lines

According to the expression of ASF1B in HCC cells, we selected MHCC97H and Hep3B with relatively high expression of ASF1B for functional verification. First, we designed three types of siRNA (siASF1B-1, siASF1B-2, siASF1B-3) based on the ASF1B gene sequence. siRNAs were transfected into MHCC97H and Hep3B, and sicontrol was transfected into control group. The inhibition efficiency of the three siASF1B inhibitors on ASF1B in cells was detected by RT-PCR. The results showed that siASFB-2 had the best inhibition efficiency (Figure 6A). A CCK8 assay was conducted to examine cancer cell proliferation. In CCK8 assay, the three siRNA inhibitors of ASF1B expression could significantly inhibit the proliferation of MHCC97H and Hep3B (Figure 6B). The proliferation inhibition efficiency of siASF1B-2 and siASF1B-3 groups in MHCC97H was better than that of siASF1B-1 group. Cell invasion assay was used to evaluate the migration ability. In the cell invasion experiment of MHCC97H and Hep3B cells, ASF1B knockdown could significantly reduce the invasion ability of tumor cells (Figure 6C). Compared with the scrambled HCC cells, siASFB-2 transfected HCC cells showed significantly decreased invasiveness.




Figure 6 | (A) Silencing efficiency of ASF1B in two hepatoma cell lines MHCC97H and Hep3B (B) Cell viability assay of MHCC97H and Hep3B cells. (C) Cell invasion assay of MHCC97H and Hep3B cells. **p < 0.01; ***p < 0.001.





Inhibition of ASF1B Expression Can Promote Apoptosis and Arrest Cell Cycle in HCC Cells

According to knockdown efficiency and cell phenotype, siASF1B-2 was selected as siRNA to inhibit ASF1B expression. Flow cytometry analysis results showed that in MHCC97H, the proportion of cells in FITC positive region in ASF1B knockout group was 9.33%, which was higher than that in control group (9.01%).Similarly, in Hep3B, the proportion of cells in FITC positive region of ASF1B knockout group was 18.67% higher than that of control group 17.08%. The results showed that more cells were apoptotic in ASF1B-siRNA HCC cells than in scrambled cells (Figure 7A). Through KEGG enrichment analysis of ASF1B in HCC, it has been known that ASF1B is mainly involved in cell cycle regulation. By flow cytometry analysis, we found that the PROPORTION of G2 phase in MHCC97H knockout ASF1B group was 17.4% higher than that in control group (11.3%). In Hep3B, the proportion of S stage in knockout ASF1B group was 37.8%, while that in control group was 35.6%.Combining the two results, it is suggested that ASF1B knockdown can lead to cell cycle S and G2 phase arrest of HCC cells (Figure 7B).




Figure 7 | ASF1B knockdown influence apoptosis and cell cycle. (A) Flow cytometry was used to detect apoptosis changes in MHCC97H and Hep3B; (B) Flow cytometry was used to detect the cell cycle changes in MHCC97H and Hep3B.





ASF1B Knockdown Affected Cell Proliferation and Cell Cycle Pathways

To explore the molecular mechanism of ASF1 knockdown inhibiting HCC cell proliferation and arresting cell cycle, a panel of well-characterized signaling molecules of cell proliferation and the cell cycle were detected in ASF1B-siRNA cells and control cells by western blot. As shown in Figure 8A, weaker bands for the Proliferating cell nuclear antigen (PCNA), cyclin B1 cyclin E2 and CDK9 proteins were shown in siASF1B cells compared to those in control cells. These results indicated that knockdown of ASF1B induced cell cycle arrest, which mediated the inhibition of HCC cell growth. In Hela cells, ASF1B can bind to CDK9, and knockdown ASF1B reduces the expression of CDK9 protein (12). However, whether ASF1B can bind to CDK9 in HCC cells has not been studied yet. In our study, ASF1B knockdown was found to reduce CDK9 protein expression. Co-IP was then performed with anti-ASF1B antibodies using normal MHCC97H and Hep3B cells. Figure 8B showed that endogenous ASF1B formed stable complexes with CDK9 (Figure 8B).




Figure 8 | (A) Western blots were performed to detect ASF1B, PCNA, cyclin B1, cyclin E2 and CDK9. (B) Co-immunoprecipitation results of ASF1B and CDK9 in MHCC97H and Hep3B cells.






Discussion

At present, HCC remains a global medical problem with poor prognosis and high mortality. The main causes of death of patients with liver cancer are a high rate of late diagnosis, metastasis and rapid malignant progression (20). Early diagnosis and effective treatment may significantly improve survival in patients with HCC. Therefore, on the one hand, early diagnosis and characteristic identification of HCC tumor progression are urgently needed (21). On the other hand, it is crucial to find new therapeutic targets and develop new therapeutic strategies (22). In recent years, the development of sequencing and omics technology has provided more opportunities to further understand the mechanism of HCC and explore diagnostic and therapeutic targets (23). Previous studies evaluating the effect of ASF1B on cancer have shown that ASF1B, as an oncogenic gene, promotes tumor growth in breast cancer, cell renal cell carcinoma, cervical cancer, prostate cancer and lung cancer (11–13, 24, 25). These studies suggest that high ASF1B expression is associated with increased tumor incidence, tumor progression, and metastasis. A recent study reported that ASF1B was involved in the immune regulation of HCC (26). However, the role of ASF1B in HCC tumor proliferation and migration has not been systematically studied. ASF1B was rarely described as a key oncogene regulating hepatocellular carcinoma growth.

In this research, we used bioinformatics and multiple databases to comprehensively analyze the expression of ASF1B in pan-cancer, and found that ASF1B was abnormally expressed in most cancers, including liver cancer, which is consistent with current literature reports (27–29). In order to explore the relationship between ASF1B and HCC in detail, RNA-seq data and corresponding clinical data of HCC in TCGA were analyzed separately. We found that the high expression of ASF1B was associated with poor prognosis of HCC patients. COX regression analysis showed that ASF1B was an independent risk factor for HCC prognosis, and ROC curve analysis showed that ASF1B expression had certain predictive value for survival evaluation of HCC patients at 1, 3 and 5 years.ASF1B expression in HCC patients increased with tumor stage and grade progression, suggesting that ASF1B is associated with HCC disease progression. Recently, an increasing number of studies have found a correlation between cancer progression and tumor immune infiltration (30, 31). Through public data mining, we also found a certain correlation between the expression of ASF1B and the immune infiltration of HCC, which is consistent with the conclusions of current reports (28, 29). But the specific experiments need to be further verified.

To comprehensively analyze the function of ASF1B in HCC, we analyzed the genes that were significantly related to ASF1B expression in HCC. Similar to ASF1B, these genes are abnormally expressed in HCC, most of which are related to the overall survival of HCC. ASF1B may form a regulatory network with these genes to promote the occurrence and development of HCC. These genes coexpressed with ASF1B were enriched by GSEA, and it was found that the regulatory network mainly promoted the cell cycle and DNA replication while inhibiting energy consumption processes such as lipid and glucose metabolism, which was consistent with the pathological characteristics of highly proliferative cancers, such as HCC (32).

Experiments were conducted to further verify the expression of ASF1B in HCC and further study its role and function in HCC. Immunohistochemical analysis of ASF1B expression in HCC tumor tissues and adjacent tissues showed strong ASF1B staining in tumor tissues, and protein western blot analysis also showed stronger ASF1B bands in tumor tissues, thus confirming the high expression of ASF1B in HCC tumor tissues. We also compared the levels of ASF1B protein in normal liver cell line LO2 with four hepatocellular carcinoma cell lines such as Huh7, HepG2, MHCC97H and Hep3B. It was found that the protein level of ASF1B in HCC cells was higher than that of LO2, but there were some differences, among which the highest expression was found in MHCC97H.

Subsequently, we induced ASF1B silencing through transfection siRNAs in two HCC cell lines with high ASF1B expression (MHCC97H and Hep3B) to investigate the role of ASF1B in the biological function of HCC cells. The results confirmed that knocking down ASF1B impaired proliferation, induced cell apoptosis and altered cell cycle progression in HCC cells. These results suggest that ASF1B is crucial for maintaining tumorigenic activity of HCC cells in vitro. To elucidate the molecular mechanism of ASF1B knockdown-mediated suppression of HCC cells, PCNA, cyclinB1, cyclinE2 and CDK9 proteins were detected in MHCC97H and Hep3B cells after ASF1B knockdown. PCNA is an indispensable factor in DNA replication (33). CyclinB1 is a regulatory protein involved in mitosis and a key protein in G2/M phase regulation (34). It has been reported that cyclinB1 depletion constrains proliferation and induces apoptosis in human tumor cells (35). CyclinE2 is also an important cell cycle regulating protein, and abnormal expression of cyclinE2 can affect tumor proliferation (36). Unlike other CDKs, CDK9 not only regulates the cell cycle, but also promotes RNA synthesis in the genetic programmes of cell growth, differentiation, and viral pathogenesis (37). According to our results, knockdown of ASF1B can reduce the protein levels of PCNA, cyclinB1, cyclinE2 and CDK9 in HCC cells. These results suggest that knockout ASF1B may inhibit the proliferation of HCC cells by affecting the expression of these four genes. To further explore the interaction proteins of ASF1B in HCC cells, protein-protein interaction studies were performed by IP and Western blot. According to the literature, ASF1B interacts with CDK9 in cervical cancer cells, but it has not been reported in liver cancer cells (12). We demonstrated the interaction between ASF1B and CDK9 in hepatocellular carcinoma cells. Recently, some studies have shown that CDK9 plays a key role in prostate cancer (38), breast cancer (39), acute myeloid leukemia (40), hepatocellular carcinoma (41). Shao et al. reported that inhibition of CDK9 impaired proliferation and induced apoptosis in HCC cells (41). CDK9 was involved in cancer progression through BRD4-dependent recruitment of p-TEFb involving transcription of the MYC gene, and that MYC is a proto-oncogene that controls cell growth and cell cycle processes (42). These results suggest that ASF1B may affect HCC cell proliferation and cell cycle regulation through its interaction with CDK9.

In conclusion, this study provided multi-level evidence for the significance of ASF1B in HCC development and its potential as a biomarker for HCC disease progression. We figured out the important role of ASF1B as a regulator in cell proliferation, apoptosis induction and cell cycle progression. Interference with ASF1B can significantly inhibit the growth of HCC by regulating cell cycle and apoptosis pathways. These findings proposed a potential target for the development of anti-cancer strategies in HCC.
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Background

Colon cancer is one of the most frequent malignancies and causes high mortality worldwide. Exploring the tumor-immune interactions in the tumor microenvironment and identifying new prognostic and therapeutic biomarkers will assist in decoding the novel mechanism of tumor immunotherapy. BGN is a typical extracellular matrix protein that was previously validated as a signaling molecule regulating multiple processes of tumorigenesis. However, its role in tumor immunity requires further investigation.



Methods

The differentially expressed genes in three GEO datasets were analyzed, and BGN was identified as the target gene by intersection analysis of PPIs. The relevance between clinical outcomes and BGN expression levels was evaluated using data from the GEO database, TCGA and tissue microarray of colon cancer samples. Univariable and multivariable Cox regression models were conducted for identifying the risk factors correlated with clinical prognosis of colon cancer patients. Next, the association between BGN expression levels and the infiltration of immune cells as well as the process of the immune response was analyzed. Finally, we predicted the immunotherapeutic response rates in the subgroups of low and high BGN expression by TIS score, ImmuCellAI and TIDE algorithms.



Results

BGN expression demonstrated a statistically significant upregulation in colon cancer tissues than in normal tissues. Elevated BGN was associated with shorter overall survival as well as unfavorable clinicopathological features, including tumor size, serosa invasion and length of hospitalization. Mechanistically, pathway enrichment and functional analysis demonstrated that BGN was positively correlated with immune and stromal scores in the TME and primarily involved in the regulation of immune response. Further investigation revealed that BGN was strongly expressed in the immunosuppressive phenotype and tightly associated with the infiltration of multiple immune cells in colon cancer, especially M2 macrophages and induced Tregs. Finally, we demonstrated that high BGN expression presented a better immunotherapeutic response in colon cancer patients.



Conclusion

BGN is an encouraging predictor of diagnosis, prognosis and immunotherapeutic response in patients with colon cancer. Assessment of BGN expression represents a novel approach with great promise for identifying patients who may potentially benefit from immunotherapy.





Keywords: BGN, colon cancer, tumor microenvironment, immunosuppression, immunotherapy



Introduction

Global Cancer Statistics of 2020 demonstrates that colorectal cancer (CRC) ranks 3rd in terms of the most frequent malignancy and 2nd in terms of tumor-related death. CRC accounts for 9.8% of the total cancer incidence with nearly 1.9 million new cases and 9.2% of the total case mortality with 935,000 deaths annually (1, 2). Although diagnosis of CRC has improved due to early detection through colonoscopy screening and advances in imaging techniques such as CT colonography or PET-CT, approximately 25% of patients still experience advanced diseases (3), which only achieve modest benefits from conventional therapeutic strategies, including surgery, chemotherapy, and radiotherapy (4–6). Immunotherapy holds promise in cancer treatment, providing a novel treatment tool for patients with advanced or drug-resistant colorectal cancer (7). However, responses to immunotherapy vary significantly among different types of colorectal cancer patients (8, 9). Therefore, predicting the efficacy of immunotherapy and finding efficacy-related biological markers are of particular importance for the treatment of colorectal cancer (10, 11).

Recent advances have emphasized the significance of the tumor microenvironment (TME), accounting for approximately 90% of the gross tumor volume. In fact, nontumoral cells including immune cells, cancer-associated fibroblasts (CAFs) or extracellular matrix (ECM) exist in the great majority of solid tumors (12, 13). Within this intratumor microenvironment, both tumor cells and stroma contribute to non-cellular components, such as extracellular matrix, which are largely characterized and associate with tumor invasiveness and metastatic abilities (14, 15). Exploring the impact of cellular composition in the TME would assist in decoding the regulation of the microenvironment by tumors.

BGN is a classic type of extracellular matrix protein that is essential role in mediating the morphology, growth, differentiation and migration of epithelial cells (16). The function of the BGN depends on its microenvironmental context as a structural or signaling molecule. Initially, the function of BGN was mainly to maintain the structural integrity of the ECM (17). In recent years, however, BGN has been regarded as a signaling molecule mediating various steps of tumorigenesis within recent years (16). Aberrant expression of BGN in tumors indicate its promoting effects in migration and invasion abilities of tumor cells (18). Previous studies have found that the up-regulation of BGN in a variety of solid tumors (19–21) and its potential diagnostic and prognostic value in ovarian cancer (21), prostate cancer (22), gastric cancer (23) and colorectal cancer (24, 25). However, a paucity of studies have systematically assessed the function of BGN in tumor immunity. In our current work, which combines data from TCGA and GEO public databases as well as tissue microarrays, we validated the clinical implication of BGN expression in colon cancer samples and utilized multiple bioinformatics approaches to investigate the underlying immunosuppressive mechanisms of BGN in the TME as well as its potential role in predicting immune checkpoint blocker (ICB) immunotherapy responses in colon cancer patients.



Results


Identification of DEGs

First, three GEO datasets including 44 colon cancer tissues and 35 normal tissues were enrolled to identify differential genes. According to the cutoff criteria, 1039, 396, and 256 differentially expressed genes were extracted from GSE4107, GSE110224, and GSE4183 by the GEO2R online tool, respectively. As shown in Figure 1A, 14 differentially expressed genes with overlapping expression were screened. Subsequently, a protein-protein interaction network was constructed by the STRING tool (Figure 1B) and then uploaded the common PPI network into Cytoscape software. Based on the degree scores generated by the CytoHubba module, seven genes, ABCG2, CXCL8, CXCL12, BGN, SULF1, THBS2, and FAP, were identified as potential hub genes (Figure 1C). Among them, BGN had the highest degree score and was identified as the target gene for subsequent functional analysis and validation.




Figure 1 | Identification of overlapping DEGs. (A) Venn plots of overlapping DEGs in GSE4107 dataset, GSE110224 dataset and GSE4183 dataset. (B) PPI of 14 DEGs using the STRING database (https://string-db.org). (C) PPI network of DEGs were constructed and visualized by Cytoscape software. PPI, protein-protein interaction; DEG, differentially expressed gene.





Assessment of BGN Expression in Colon Cancer and Normal Tissues

We compared the mRNA expression levels of BGN among 435 colon cancer samples and 41 normal samples in TCGA. In patients with colon cancer, the transcriptional levels of BGN were markedly upregulated (Figure 2A). To investigate the protein expression patterns of BGN, an IHC assay was performed in tumor microarray (TMA) sections. BGN showed an extracellular matrix staining pattern (Figures 2B, D). The expression levels of BGN protein were significantly elevated in tumor tissues, as compared with in the adjacent noncancerous tissues (MOD = 0.140 ± 0.023 vs 0.133 ± 0.026, p = 0.003) (Figure 2C). We then analyzed the association between the upregulation of BGN and clinicopathological variables. As shown in Table 1, a total of 84 patients (58.3%) stained positive for BGN expression in tumor tissues. Upregulation of BGN was markedly correlated with tumor size (p = 0.023), serosa invasion (p = 0.002) and surprisingly, length of hospitalization (p = 0.038). These findings above indicate that upregulation of BGN might be a potential biomarker for assessing the degree of malignancy in colon cancer.




Figure 2 | The expression levels of BGN were significantly upregulated in patients with colon cancer. (A) The mRNA expression of BGN in the normal and tumor samples in TCGA. Data are represented as the mean ± SD. The Y-axis represents log2 (TPM+1) transformed RNA seq expression data. Wilcoxon rank sum test served as the statistical significance test. (B, D) Immunohistochemistry staining of example colon cancer patients with positive BGN staining in tumor tissues and the negative BGN staining in adjacent tissues. (C) Paired differentiation analysis for mean density of BGNs detected by immunohistochemistry staining sin tumor and paired adjacent tissues deriving from tumor microarray. The Wilcoxon signed rank test was used for comparison. Significant differences referred ass: **p < 0.01, ***p < 0.001.




Table 1 | Association between BGN expression and clinicopathological factors of colon cancer patients.





Prognostic Value of BGN in Colon Cancer Patients

We next explored the association between BGN expression levels and outcomes of colon cancer patients in TCGA and GEO database. Our results manifested that higher BGN expression was linked to poorer overall survival (OS) in patients with colon cancer in TCGA (p = 0.007) and GSE17536 dataset (p < 0.001) (Figures 3A, D). Additionally, univariable and multivariable Cox regression analyses were conducted for identifying the relevant clinicopathological factors of colon cancer patients in TCGA and GSE17536, respectively. As a result, BGN was determined to be an independent prognostic biomarker that could be applied to predict poor OS in GSE17536 (p = 0.006) (Figures 3E, F). In the TCGA database, the prognostic significance of BGN as an independent prognostic factor was not statistically significant (p = 0.080) (Figures 3B, C).




Figure 3 | The expression levels of BGN are correlated with overall survival and clinicopathological characteristics of colon cancer patients in TCGA and GSE17536 dataset. (A, D) Kaplan-Meier analysis of overall survival in colon cancer patients with different BGN expression. The significance was calculated by the Log-rank test. Number of patients remaining in follow-up at each time point is reported in the box below the figure for each group. (B, C) Univariate and multivariate cox regression analysis of clinicopathological characteristics and BGN expression with overall survival in TCGA. (E, F) Univariate and multivariate cox regression analysis of clinicopathological characteristics and BGN expression with overall survival in GSE17536. p < 0.05 was considered statistically significant. Whiskers represent the 95% confidence interval of the HR value, and dots represents the values of HR.





The Correlation Between BGN Expression Levels and the TME Immune and Stromal Scores

Interactions of the TME and tumor cells are of great importance for tumor progression and the effect of immunotherapy. Based on the transcriptome data of TCGA, immune and stromal proportions of colon cancer tissues were calculated by a well-established ESTIMATE algorithm. Higher immune or stromal score represent a greater proportion of immune or stromal components in the TME, while ESTIMATE score represent the combined proportion of them. Through Kaplan–Meier analysis, we found that higher ESTIMATE score and immune score were both associated with poor OS (both p = 0.012) in colon cancer patients, except for the stromal score (p = 0.064) (Figures 4A–C), which is consistent with previously reported results (26). Moreover, correlation analysis demonstrated that BGN expression correlated with the immune score, stromal score and ESTIMATE score (Pearson r = 0.474, 0.733 and 0.648, respectively, all p < 0.001) in colon cancer (Figure 4D). Further analysis suggested that this association presented in a stage-independent mode (Supplementary Figure 1). These results suggested that the independent prognostic role of BGN in colon cancer might be associated with alterations in the TME.




Figure 4 | The correlation between BGN expression and tumor microenvironment scores in colon cancer. (A–C) ESTIMATE score, immune score and stromal score in predicting overall survival of colon cancer based on Kaplan-Meier analysis. The significance was calculated by the Log-rank test. (D) BGN expression is strongly associated with estimate score, immune score and stromal score in colon cancer based on Pearson correlation analysis. p < 0.05 was considered statistically significant. The above analysis were based on TCGA expression data.





The Role of BGN in Modulating Macrophage Polarization in Colon Cancer

For further investigation of the relationship between BGN and the subtypes of immune cell in colon cancer tissues, the proportion of tumor-infiltrating immune cells (TIICs) was segmented by using quanTIseq in TCGA. Among these TIIC subtypes, macrophages (M1 + M2) accounted for approximately 38%, neutrophils accounted for approximately 32%, CD4+ T cells accounted for 10% and NK cells accounted for 7% in colon cancer tissues (Figure 5A). The association between BGN expression levels and immune cell infiltration in colon cancer was explored (Figure 5B). Pearson correlation analysis indicated that BGN expression exhibited the most significantly related to the macrophage M2 population and regulatory T cell (Tregs) population (r = 0.34, 0.36, respectively, both p < 0.001) (Figure 5C). Next, we utilized the CIBERSORT method to validate the association of BGN expression and immune components by constructing 22 types of immune cell profiles in colon cancer and analyzed the proportion of TIICs (Figures 5D, E). The top three largest fractions of immune cells were macrophage M2 (20%), CD4+ memory resting T cell (14%) and macrophage M0 (14%) (Figure 5D), which revealed that macrophages may play a potential role in tumor immunity. Subsequent correlation analysis revealed that a total of five types of TIICs were strongly associated with BGN expression. Two of the TIICs (M0 macrophages and M2 macrophages) were in positive correlation with BGN expression. Three TIICs were correlated with BGN expression negatively, comprising plasma B cells, follicular helper T cells and resting memory CD4+ T cells (Figure 5F). Moreover, association between BGN expression and cell surface markers of diverse types of TIICs were assessed. Pearson correlation coefficients were calculated, and the results indicated that BGN presented the strongest correlations with TIIC markers for monocytes (CD86, CD115), tumor-associated macrophages (TAMs) (IL-10, CCL2, CD68), M2 macrophages (CD163, VSIG4, and MS4A4A) and Tregs (FOXP3, CCR8, TGFβ) (Table 2). In addition, the protein expression levels of M2 macrophage marker (CD163) and Tregs marker (FOXP3) were further validated in patient-derived tissue samples. Colon cancer samples with high BGN expression (n = 5) and low BGN expression (n = 5) were used for IHC analyses. As expected, in comparison with low BGN expression samples, both CD163 and FOXP3 were significantly upregulated in high BGN expression samples (Figures 5G, H). The above results demonstrated that high BGN expression might facilitate the polarization of M2 although further efforts are required to verify the underlying mechanisms.




Figure 5 | TIIC profile in colon cancer samples and correlation analysis. (A, D) Pieplots showing the estimated proportion of different kinds of TIICs in colon tumor samples prediceted by (A) quanTIseq and (D) CIBERSORT. (B, E) Pearson correlation matrix of the different TIIC proportions in the colon cancer microenvironment quantified by (B) quanTIseq and (E) CIBERSORT. The size of each bubble and shadow of each tiny color box both represented a corresponding correlation value between two cells. Asterisks in each tiny box, indicating the p-value of the correlation between two cells. (C, F) Radar chart showing the correlation between BGN expression and different proportions of TIIC analyzed by (C) quanTIseq and (F) CIBERSORT. (G) Representative images of IHC staining for CD163 and FOXP3 in BGN high and low expression groups. (H) Quantification of IHC staining intensity for CD163 and FOXP3 in BGN high and low expression groups. Wilcoxon rank sum test served as the statistical significance test. *p < 0.05, **p < 0.01. ***p < 0.001.




Table 2 | Correlation analysis between BGN and related surface markers of immune cells.





Identification of the Potential Interaction of BGN in Colon Cancer Immune Responses

We then analyzed the differentially expressed genes (DEGs) between the high and low expression subgroups by the median level of BGN expression. A total of 1483 upregulated genes and 50 downregulated genes were obtained (adj.p-value < 0.05, fold change > 1.5 or < -1.5, Figure 6A and Supplementary Table 1). In subsequent GO enrichment analysis, DEGs were predominantly concentrated in extracellular organization as well as in immune-related functions, comprising regulation of leukocyte migration and regulation of T cell activation (Figure 6B and Supplementary Table 2). KEGG analysis results demonstrated that cell adhesion molecules (CAMs), cytokine-cytokine receptor interactions together with the PI3K−Akt signaling pathway were significantly enriched (Figure 6C and Supplementary Table 3). Moreover, a gene set enrichment analysis (GSEA) was implemented. For HALLMARK gene sets defined by MSigDB, the DEGs in BGN high-expression group showed significant enrichment for immunological activities, such as inflammatory response or complement and interferon response (Figure 6D and Supplementary Table 4). For the C7 collection, which was defined as an immunologic gene set, multiple functional gene sets that were involved in immunosuppression were enriched (Figure 6E and Supplementary Table 4). These above results implied that BGN may act as a potential index for the immune status of the TME. To examine this further, we clarified the potential impact of BGN in the tumor immune response process. Manually curated gene sets associated with innate or adaptive immune responses were applied to quantify the immune status (Figure 6F). As a result, the immune response regulated by a series of immune cells tended to be “suppressive” with increasing of BGN expression, implying that BGN might also be involved in a negative interaction with the immune responses of colon cancer (Figure 6G).




Figure 6 | Identification of the correlation between BGN and the regulation of immune responses in colon cancer. (A) Volcano plot of the DEGs expression between BGN high and low subgroups. The blue and red dots represented the significantly downregulated and upregulated genes, respectively; The gray dots represented the genes without differential expression. (B, C) GO and KEGG results for differential expression genes. The X-axis represents gene ratio and the Y-axis represents different enriched pathways. (D, E) The enriched gene sets in HALLMARK and C7 collections by samples of DEGs. Each line representing one particular gene set with unique color. Only gene sets with NOM p-value < 0.05 and FDR q-value < 0.05 were considered significant. (F) Heatmap showing BGN-associated GSVA scores of 14 innate and adaptive immunity-related gene sets. (G) Pearson correlation between the GSVA scores of 14 innate and adaptive immunity-related gene sets and the expression level of BGN in colon cancer.





Potential Role of BGN Expression in Predicting Immunotherapy Responses in Colon Cancer

Primarily, LAG3, SIGLEC15, CD274, PDCD1LG2, PDCD1, TIGIT, HAVCR2 and CTLA4 were selected as immune checkpoint signature genes (27). Comparing with the BGN low-expression subgroup, all these genes exhibited elevated expression levels in the BGN high-expression subgroup (Figure 7A). Subsequently, we quantified the relative abundance of 24 TIICs in the TME using ImmuCellAI. As shown in Figure 7B, the correlation heatmap revealed various degrees of correlation between different TIIC subgroups. Notably, the proportion of TIICs varied significantly between the high and low expression subgroups of BGN (Figure 7C). Among them, we focused on two subgroups of Treg cells, induced Treg cells (iTregs) and natural Treg cells (nTregs). A positive correlation between BGN expression and the number of iTreg cells was found (Figure 7D), while it was the opposite with the number of nTreg cells (Figure 7E). To further investigate the potential contribution of BGN in predicting immunotherapy response of colon cancer, T-cell inflammatory signaling (TIS) scores were calculated in both high and low BGN expression subgroups. Patients with high BGN expression presented higher TIS score (p < 0.001), which was previously reported to correlate with the efficacy of anti-PD-1 inhibitor pembrolizumab (28) (Figure 7F). Moreover, immunotherapy response rates in patients with colon cancer were predicted by ImmuCellAI and TIDE algorithms. Patients with high BGN levels were more likely to respond to immunotherapy (79.1%) than those with low BGN levels (66.1%), as predicted by ImmuCellAI (Figure 7G). The TIDE algorithm similarly reached the conclusion that the immunotherapy response rates in patients with high and low BGN expression subgroups were 87% and 79.1%, respectively (Figure 7H). Collectively, BGN might be a promising indicator for quantifying the TME and predicting the response to ICB immunotherapy in colon cancer.




Figure 7 | Subgroups divided by levels of BGN expression predict potential immunotherapy responses of colon cancer. (A) Immune-checkpoint-relevant genes expressed in high and low BGN subgroups. Wilcoxon rank sum test served as the statistical significance test. (B) Pearson correlation matrix of the different TIIC proportions in the colon cancer microenvironment quantified by the ImmunCellAI. (C) The fraction of TILCs in BGN high and low subgroups. Wilcoxon rank sum test served as the statistical significance test. (D, E) The correlation between the abundance of (D) iTreg cells or (E) nTreg cells and the expression level of BGN. (F) T-cell inflammatory signature (TIS) scores across BGN subgroups. (Wilcoxon rank sum test, p < 0.001) (G, H) Response rates to immunotherapy of patients with colon cancer from the TCGA cohort predicted by the (G) ImmunCellAI (Chi-square test, p = 0.003) and (H) Tumor Immune Dysfunction and Exclusion (TIDE) web program (Chi-square test, p = 0.029) in the high or low BGN subgroups. *p < 0.05; **p < 0.01; ***p < 0.001; ns: p > 0.05 no significance.






Methods


Patients and Tissue Samples

144 pairs of cancer and adjacent normal tissues in total were included in this study. Tissue samples were obtained from patients with primary colon cancer who had undergone surgical resection at Changhai Hospital. This study was approved by the Clinical Research Ethics Committee of Changhai Hospital. The diagnoses for all patients were confirmed histopathologically of surgically resected tumors. TNM stage was defined according to the AJCC TNM Classification and histopathological classification of the resected tumors was performed. All fresh tissue samples were fixed with formalin and paraffinized for subsequent study. This study was conducted in compliance with the Declaration of Helsinki.



Tissue Microarray and Immunochemistry

The tissues were made into formalin-fixed paraffin-embedded tissue microarrays and slides, after which we performed dewaxing using xylene and hydration using a grade alcohol series. After citric acid solution or EDTA buffer (pH 9.0) were used for antigen retrieval, 3% H2O2 was applied for the inhibition of endogenous peroxidase. Then the sections were incubated with 5% BSA for 30 min. Next, HRP-conjugated goat anti-rabbit IgG (1:200, Servicebio) was incubated as the secondary antibody for 50 min. Sections were then stained with 3,3-diaminobenzidine (DAB) (Dako). The primary antibodies used were listed as follows: The anti-biglycan primary antibody (diluted 1:2000, Abcam), anti-CD163 primary antibody (diluted 1:500, Servicebio), anti-FOXP3 primary antibody (diluted 1:500, Abcam). Protein expression was assessed with the value of the mean optical density (MOD) using Image-Pro Plus 6.0 software. The definition of BGN positivity was that the ratio of the value of MOD in the tumor tissue to that in the tumor-adjacent tissue of the same patient was greater than 1. Conversely, if the ratio was less than or equal to 1, it was considered BGN negative.



Acquisition of Gene Expression Profiles

We downloaded the mRNA expression profiles of 435 colon adenocarcinoma (COAD) cases, 41 normal sample cases and the corresponding clinical data from TCGA (https://portal.gdc.cancer.gov/). The microarray datasets GSE4107, GSE110224, GSE4183 and GSE17536 were collected from GEO (Gene Expression Omnibus, http://www.ncbi.nlm.nih.gov/geo/). DEGs with upregulated or downregulated expression levels in GEO microarrays were analyzed with |log fold change (FC)| ≥ 1.5, and adjusted p-value < 0.05 as threshold. Gene expression data in these datasets were converted to transcripts per million (TPM) and processed for log (x + 1) normalization.



Human Protein-Protein Interaction Analysis

The STRING database (http://string-db.org) was utilized to construct PPI networks of coexpressed genes with interaction scores > 0.4. For visualization, CytoHubba, a plugin from the open-source platform Cytoscape (version 3.8.2) (http://www.cytoscape.org/), was employed to analyze and calculate the network structure and weighted reconnections between potential hub gene nodes by built-in algorithms. Darker nodes represent higher scores, and proteins with high scores are more likely to be key proteins.



Estimation and Bioinformatic Analysis of TIICs

The proportion of stromal-immune components in the TME of each sample was calculated with the ESTIMATE packages in R (29). The status of immune cell infiltration was acquired with the quanTIseq package in R, which performs an absolute quantification of 10 immune cell types from gene expression profiles (30). The results obtained were then validated by analysis with the ‘CIBERSORT’ R package (http://cibersort.stanford.edu/) (31), which has a preset LM22 leukocyte gene signature matrix to distinguish the proportion of immune cells. For in-depth exploration of the association between BGN expression and potential biological functions and pathways, we conducted GSVA analysis via the R package GSVA (32). In total, 14 immunity-related gene sets, which covered different processes of innate and adaptive response, were derived from the Molecular Signatures Database (MSigDB).



Quantification of the Relative Abundance of TIICs and Prediction of the Response to Immunotherapy

The Immune Cell Abundance Identifier (ImmuCellAI) (33) (http://bioinfo.life.hust.edu.cn/ImmuCellAI#!/analysis) represents a new algorithm capable of estimating of the abundance of 24 TIICs and predicting the response of patients to immune checkpoint blockers therapy based on gene expression datasets. Colon cancer samples in TCGA were calculated with the GSVA analysis using the T-cell inflammatory (TIS) signature, which has been reported to be a genetic profile that effectively predicts the clinical response to pembrolizumab in various tumor types (34). Tumor immune dysfunction and exclusion (TIDE) (http://tide.dfci.harvard.edu/login/) (35), a computational algorithms that integrates data to assess mechanisms of two tumor immune escape. Patients with higher TIDE scores are more likely to experience from antitumor immune escape and consequently exhibit lower response rates to immune checkpoint blockers. In this study, TIS, ImmuCellAI and TIDE were performed for predicting the efficacy of ICBs in patients with colon cancer.



Survival Analysis

The R package “survival and survminer” was used for the survival analysis We plotted survival curves by the Kaplan-Meier method, and utilized log rank test generated p-values with p < 0.05 considered significant.



GO and KEGG Enrichment Analysis

DEGs was obtained by limma package (version: 3.40.2) of R software. GO and KEGG analyses were conducted by use of the ClusterProfiler package (version: 3.18.0) in R. Only terms with both p-values<0.05 and q-values<0.05 were considered significantly enriched.



Gene Set Enrichment Analysis

Hallmark and C7 gene set v7.2 collections downloaded from the Molecular Signatures Database (MsigDB) were selected as the target sets, with which GSEA performed via gsea-4.1.0 software. The pathways were considered statistically enriched with p-values < 0.05 and false discovery rate (FDR q-value < 0.05).



Statistical Analyses

Statistical analyses and figure generation were all executed in R (version 3.6.3), GraphPad Prism 8.0 and SPSS 25. Pearson’s correlation analysis was used to gauge the degree of correlation between variables. For all statistical analyses, p-values < 0.05 was considered statistically significant.




Discussion

Given the safety and efficacy of tumor immunotherapy, A variety of ICBs have been approved by the FDA for the treatment of colorectal cancer. However, the process of mobilizing autoimmunity to achieve tumor eradication is delicate and complex, involving antigen presentation, T cell activation, tumor targeting, overcoming local suppression and tumor killing (36). The completion of these key steps determines the efficacy of immunotherapy. Thus, identifying new biomarkers that accurately indicate immune status and patient prognosis is of great value to make more robust therapeutic decisions in colorectal cancer.

Previous study has identified BGN as one of CNV-mRNA-protein correlated molecules in colorectal cancer patients with liver metastasis by integrative analysis of multi-omics data (37). In our study, three GEO datasets that included colon cancer tissue and normal tissue were examined for identifying differentially expressed genes. The PPI network subsequently showed that BGN was at the core of the filtered differential genes. Furthermore, in agreement with previously published findings (37, 38), we discovered the average mRNA expression of BGN was higher in colon cancer tissues comparing with normal tissues in TCGA as well as in our own sample set. In addition, our results reaffirm that BGN could serve as a potential informative molecule in the prognosis of colon cancer. Notably, BGN expression levels were also observed to be strongly correlated with tumor size and serosa invasion in our sample set. Interestingly, although prognostic information was not available for these patients, days of hospitalization for surgical treatment of colon cancer was calculated, as this might be a potential metric for clinical benefit that has been used in other studies (39, 40). Correlation analysis of the length of hospitalization suggested that patients with higher BGN expression experienced a correspondingly longer hospitalization stay. The above results again highlight the potential value of BGN and disease prognostic biomarkers.

The TME, which comprises multiple cell types and extracellular components, plays an indispensable role in tumorigenesis and progression and triggers immune escape (36, 41). Previous studies demonstrated that both immune and stromal infiltration were associated with prognosis in cancers (11, 26). Our findings revealed that higher immune infiltration was associated with worse clinical outcomes in colon cancer. Furthermore, BGN expression levels were found positively related to ESTIMATE, stromal and immune scores. As a pivotal component of the extracellular matrix, laboratory data provide evidence that BGN acts as a crucial role in driving chronic inflammation and promoting proliferation, migration, and angiogenesis in tumor progression (23, 42, 43). Our findings indicate that BGN-based outcome prediction in colon cancer may be related to the stroma and immune cells of the TME.

TAM infiltration contributes significantly to the immunosuppressive tumor microenvironment (44, 45). TAMs are the predominant TIICs and are commonly polarized into an immunosuppressive and tumor-promoting M2-like phenotype (46, 47). A recent study showed that M2 macrophages were the only cell type that notably predicted the prognosis of colon cancer with a hazard ratio (HR) > 100 (48). Thus, in tumors with large macrophage infiltrates, altering immune-suppressive characteristics into immune-promoting properties represents a promising approach for colon cancer treatment, as various strategies including targeting the anti-inflammatory cytokine IL-10, targeting pathogen recognition receptors and exogenous Beta-1,6 glucan supplementation have been reported in previous studies (49–51). The present investigation suggests that BGN might act as a potentially essential modulator of macrophages in colon cancer, which is evidenced by quanTIseq and CIBERSORT analysis of the proportion of TIICs. Moreover, BGN expression was found to be positively associated with the typical markers of M2 macrophages, but not significantly with M1 markers. Accordingly, BGN may be involved in initiation and maintenance of M2 polarization in macrophages of colon cancer. Translationally, targeting BGN represents a possible strategy to reorient TAMs toward the antitumor M1 phenotype. Treg cells are another vital group of immunosuppressive cells that mediate immune tolerance, inhibition of Tregs by targeting pivotal molecules could reverse tumor immunosuppression (52–54). In our present study, BGN-mediated immunosuppression may also involve Treg cells, which are functionally categorized into nTregs and iTregs (55). nTreg cells can interfere with cancer progression by reducing inflammation, while iTreg cells are the main suppressor cell subpopulation present at the tumor site that are responsible for suppressing the antitumor immune response (56). Interestingly, in our study, we found a contrasting correlation between these two subpopulations of Treg cells and BGN expression in colon cancer, with iTregs showing a positive trend distribution with BGN expression. These results illustrate a possible immunosuppressive role of BGN in the TME of colon cancer.

To obtain further insight into the underlying mechanisms and signaling pathways, DEGs between the high and low BGN expression groups were analyzed. As a result of GO and KEGG analyses, DEGs were concentrated in immune-related functions. Furthermore, GSEA and GSVA analyses showed that various immune response-suppressive gene sets and pathways were enriched in the BGN high expression group. Interestingly, a prior study has shown that BGN can significantly promote the expression of MHC-I molecules, enhance immunogenicity and thus promote the immune response in tumors (57). Conversely, in our study, high expression of BGN was proved to be implicated in the repression of both innate and adaptive immune responses in colon cancer. In particular, patients with high BGN expression similarly shared higher expression of immune checkpoint genes, since these molecules act as major negative regulators that inhibit T-cell proliferation and maintain T cells in an inactivated status (58, 59).

Currently, experiences from clinical studies and practices have demonstrated the clinical benefits of ICBs in a subset of patients with colon cancer, yet a substantial proportion of patients still rarely benefit from immunotherapy or relapse after a short-term benefit. The variation on the number, type and function of different immune cells in the TME might be critical factors in regulating the response to ICBs. It is thus hypothesized that the immune status of the TME, known as “cold” immunodesert tumors and “hot” inflammatory immunoinfiltrative tumors, correlates with the response of immunotherapy in cancer patients (34, 60). Consistent with this concept, high immune cell infiltration and high expression of immune checkpoints presented in BGN high expression subgroup suggested its potential clinical implication for predicting immunotherapeutic responsiveness. Moreover, patients in the high BGN subgroup attained higher TIS scores, which was reported to be related to the response to pembrolizumab. The response rate to immunotherapy in colon cancer patients was predicted by the ImmuCellAI and TIDE algorithms, both of which revealed that patients with high expression levels of BGN expression tended to be more likely to respond to immunotherapy.

Despite these promising findings, limitations still remain in this work. First, sample data were obtained from public sources as a result of lacking adequate clinical information to verify the prognostic impact of BGN and its predictive value on immunotherapy response in patients with colon cancer. Second, correlation analysis merely provides preliminary information of a relationship without identifying a causality between BGN and TIICs. BGN may display versatile and complex roles in the tumor immune response, which may depend on the cellular context according to previous reports and our study. Hence, in vitro and in vivo experiments will be needed to further elucidate the precise underlying molecular mechanisms of BGN in the tumor immune response.

In summary, this study provides preliminary evidence that BGN could serve as a valid biomarker for diagnosis, prognosis, and immunotherapy response prediction in patients with colon cancer. As each human tumor creates its own unique microenvironment, assessment of BGN expression represents a promising approach for identifying patients with the greatest potential to benefit from immunotherapy and a new venture into personalized therapy for cancer patients.
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Purpose

The purpose of this study is to reveal the clinicopathological features and identify risk factors of prognosis among patients with pancreatic cancer bone metastasis (PCBM).



Patients and Methods

Patients with PCBM were retrieved from the Surveillance, Epidemiology, and End Results (SEER) database between 2010 and 2016. Independent predictors for survival of those patients were determined by the univariate and multivariate Cox regression analysis. Forest plots were drawn by GraphPad 8.0.1 and used to visually display the results of multivariate analysis.



Results

We identified 2072 eligible PCBM patients, of which 839 patients (40.5%) were female. Patients with age >60 years accounted for 70.6%. Multivariable Cox regression analysis indicated that age, pathological type, chemotherapy, liver metastasis, lung metastasis, and marital status were independent prognostic factors for both overall survival (OS) and cancer-specific survival (CSS). Kaplan–Meier survival curves showed that for patients with PCBM, age ≤60 years, non-ductal adenocarcinoma type, chemotherapy, no liver metastasis, no lung metastasis, and married status were correlated with increased survival. This population-based study showed that 1-year OS and CSS were 13.6% and 13.7%, respectively.



Conclusion

The present study identified six independent predictors of prognosis in PCBM, including age, pathological type, chemotherapy, liver metastasis, lung metastasis, and marital status. Knowledge of these survival predictors is helpful for clinicians to accelerate clinical decision process and design personalized treatment for patients with PCBM.





Keywords: pancreatic cancer, bone metastasis, prognosis, risk factor, clinicopathological features



Introduction

Pancreatic cancer (PC) is a highly aggressive and metastatic malignancy, characterized by a high mortality. It has an extremely poor survival, with 5-year survival rate of less than 8% (1–3). Even if the diagnosis and treatment technology of PC improve, its prognosis has improved marginally over the past decades (4). The majority of PC patients develop metastasis either at the time of initial diagnosis or after initial diagnosis, which posts a new challenge for clinicians (3). He et al. (5) reported that liver and peritoneum metastases accounted for 45.1% and 49.9% of metastatic PC patients, respectively, which may be due to their anatomical sites (6). Other less common sites are the lung (11.4%), brain (0.4%), and bone (3.8%) (5). Although some previous studies focused on liver or lung metastasis of PC (7–9), studies on bone metastasis are scarce. The prevalence of bone metastasis in PC patients ranges from 5% to 20% (10, 11). Bone metastasis can result in skeletal related events (SREs), including hypercalcemia, bone pain, pathological fractures, spinal cord compression, and radiotherapy or surgery to the bone, which not only decreases the quality of life but also contributes to an unfavorable prognosis (12–14). Additionally, most bone metastases caused by pancreatic cancer are lytic lesions (15).

Previous studies reported that age, gender, tumor size, tumor location, histological type, T and N stages, histologic differentiation, radiotherapy, and chemotherapy were independent prognostic factors for PC (16, 17). Liu et al. (18) reported that age, gender, tumor size, alanine aminotransferase level (ALT) and CA19-9 were correlated with distant metastasis. Current therapeutic options for PC included surgical resection, radiotherapy, chemotherapy, immunotherapy, and et al. (19). However, there are few studies on the treatment of metastatic PC. To our knowledge, there are few studies reporting the pancreatic cancer bone metastasis (PCBM). Therefore, the present study was conducted to define the clinicopathological features and identify independent survival predictors of PCBM. To obtain insight into PCBM, we conducted a large-scale study by analyzing data of PCBM from the Surveillance, Epidemiology, and End Results (SEER) database.



Materials and Methods


Patient Selection

Data of patients diagnosed with PCBM, were extracted from the SEER*Stat version 8.3.9 software between 2010 and 2016. The SEER database collects malignant cancer information from 18 population-based cancer registries, representing approximately a third of the U.S. population (20). As the SEER database is public available and contains no patient-identified information, ethnic approval is not needed.

We first used the case-listing session to select the Site recode ICD-O-3/WHO 2008 “Pancreas”. Meanwhile, we set the SEER Combined Mets at DX-bone (2010+) to be YES. Thus, a total of 2842 patients with PCBM were enrolled. 764 patients diagnosed not by pathology were excluded. Additionally, six patients where the cancer was found upon autopsy or necropsy were excluded. Figure 1 showed the flow chart for selection of study population. Variables obtained from the SEER database were race, gender, age at diagnosis, primary tumor site, pathological type, tumor size, surgery, radiotherapy, chemotherapy, organ metastases, marital status, vital status, survival time, and cause of death. Surgery or radiotherapy in the present study refers to treatment for primary tumor site. Overall survival (OS) was defined as the time from the date of diagnosis to the time of death from any cause (21, 22). Cancer-specific survival (CSS) was defined as the time from the date of diagnosis to the date of death from PC (21, 22).




Figure 1 | The flow chart for selection of study population. (SEER, Surveillance, Epidemiology, and End Results; ICD-O-3, international classification of diseases for oncology, 3rd edition; PCBM, pancreatic cancer bone metastasis).





Statistical Methods

Univariate and multivariable Cox regression models were used to identify independent predictors of OS and CSS. Meanwhile, hazard ratio (HR) and their 95% confidence interval (95% CIs) were presented in both univariate and multivariate analysis. Kaplan–Meier survival curves were applied to compare the differences among these groups by the log-rank test. Chi-square test is used to compare the rates of two groups. SPSS 21.0 software was used to conduct all above statistical tests and risk factors of p<0.05 were considered as significant predictors. Additionally, we drew Forest plots by GraphPad 8.0.1 to visually display the results of multivariate analysis.




Results


Clinicopathologic Characteristics

We identified 2072 eligible patients with PCBM. The baseline characteristics of all patients in the current study were summarized in the Table 1. Among the population, 79.5%, 11.4%, and 9.1% of patients were white, black, and other races, respectively. More than half of the patients (n=1233, 59.5%) were males. As for age, more patients with age > 60  years (n=1463, 70.6%) were observed. There were 518(25.0%), 285(13.8%), and 503(24.3%) of cases located in head of pancreas, body of pancreas, and tail of pancreas, respectively. Ductal adenocarcinoma accounted for 75.1% of all pathological type. 899(43.4%) of patients presented with tumor size <5 cm, and 511(24.7%) of patients presented with tumor size ≥ 5 cm. Regarding the treatment, more than half of the patients (51.9%) received chemotherapy, while only 24.7% and 1.4% of patients received radiotherapy and surgery, respectively. As for visceral metastasis, only 3.3% of patients presented with brain metastasis, while 28.7% and 38.8% of patients developed liver and lung metastases, respectively. In addition, more than half of the patients (n=1233, 59.5%) got married. The 1-year OS and CSS rates of the population were 13.6% and 13.7%, respectively.


Table 1 | Characteristics of 2072 patients with pancreatic cancer bone metastasis.





Univariate Cox Regression Analysis

Potential risk factors for the OS and CSS by univariate analysis are summarized in Table 2. The results showed that age (>60 years vs. ≤60 years, HR=1.265; 95% CI, 1.143-1.399; p<0.001), primary site (Body of pancreas vs. Head of pancreas, HR=0.918, 95% CI, 0.787-1.071, p=0.277; Tail of pancreas vs. Head of pancreas, HR=1.078, 95% CI, 0.947-1.226, p=0.254; Others vs. Head of pancreas, HR=1.159, 95% CI, 1.031-1.302, p=0.014), pathological type (Non-ductal adenocarcinoma vs. Ductal adenocarcinoma, HR=0.689; 95% CI, 0.618-0.769; p<0.001), local radiotherapy (No vs. Yes, HR=1.236; 95% CI, 1.112-1.374; p<0.001), systemic chemotherapy (No vs. Yes, HR=2.334; 95% CI, 2.125-2.565; p<0.001), liver metastasis (Yes vs. No, HR=1.301; 95% CI, 1.176-1.440; p<0.001), lung metastasis (Yes vs. No, HR=1.288; 95% CI, 1.174-1.414; p<0.001), and marital status(Others vs. Married, HR=1.195; 95% CI, 1.088-1.313; p<0.001), were significantly associated with OS. In terms of CSS, age (>60 years vs. ≤60 years, HR=1.264; 95% CI, 1.141-1.400; p<0.001), primary site (Body of pancreas vs. Head of pancreas, HR=0.912, 95% CI, 0.779-1.068, p=0.254; Tail of pancreas vs. Head of pancreas, HR=1.086, 95% CI, 0.952-1.238, p=0.219; Others vs. Head of pancreas, HR=1.157, 95% CI, 1.027-1.304, p=0.016), pathological type (Non-ductal adenocarcinoma vs. Ductal adenocarcinoma, HR=0.681; 95% CI, 0.609-0.762; p<0.001), local radiotherapy (No vs. Yes, HR=1.228; 95% CI, 1.103-1.366; p<0.001), systemic chemotherapy (No vs. Yes, HR=2.367; 95% CI, 2.150-2.606; p<0.001), liver metastasis (Yes vs. No, HR=1.293; 95% CI, 1.166-1.434; p<0.001), lung metastasis (Yes vs. No, HR=1.288; 95% CI, 1.171-1.416; p<0.001), and marital status(Others vs. Married, HR=1.181; 95% CI, 1.073-1.299; p<0.001), were significant predictors.


Table 2 | Univariate Cox analysis of variables in pancreatic cancer bone metastasis.





Multivariate Cox Regression Analysis

Multivariate analysis of the OS and CSS among patients with PCBM presented in Table 3 and Figure 2. Multivariable Cox regression analysis indicated that age (>60 years vs. ≤60 years, HR=1.193; 95% CI, 1.077-1.321; p<0.001), pathological type (Non-ductal adenocarcinoma vs. Ductal adenocarcinoma, HR=0.615; 95% CI, 0.549-0.688; p<0.001), systemic chemotherapy (No vs. Yes, HR=2.512; 95% CI, 2.277-2.771; p<0.001), liver metastasis (Yes vs. No, HR=1.414; 95% CI, 1.275-1.568; p<0.001), lung metastasis (Yes vs. No, HR=1.318; 95% CI, 1.198-1.450; p<0.001), and marital status(Others vs. Married, HR=1.150; 95% CI, 1.046-1.265; p=0.004) were independent prognostic factors for OS. In terms of CSS, age (>60 years vs. ≤60 years, HR=1.190; 95% CI, 1.072-1.320; p<0.001), pathological type (Non-ductal adenocarcinoma vs. Ductal adenocarcinoma, HR=0.606; 95% CI, 0.539-0.681; p<0.001), systemic chemotherapy (No vs. Yes, HR=2.537; 95% CI, 2.295-2.804; p<0.001), liver metastasis (Yes vs. No, HR=1.401; 95% CI, 1.261-1.556; p<0.001), lung metastasis (Yes vs. No, HR=1.302; 95% CI, 1.181-1.434; p<0.001), and marital status(Others vs. Married, HR=1.134; 95% CI, 1.030-1.250; p=0.011) were independent risk factors. Additionally, we drew Kaplan–Meier survival curves to visually show these independent prognostic factors. Patients with age ≤ 60 years were significantly associated with better outcomes (Figure 3). Patients with ductal adenocarcinoma type exhibited worse survival outcomes (Figure 4). Chemotherapy had a positive effect on prolonging the life of patients (Figure 5). Liver and lung metastases were associated with poor survival in patients with PCBM (Figure 6). Notably, longer OS and CSS were observed in married patients (Figure 7). The survival curves of patients in different groups decreased with time. In the first 20 months, the survival curve of patients in each group dropped rapidly.


Table 3 | Multivariate Cox analysis of variables in pancreatic carcinoma bone metastasis.






Figure 2 | Forest plots of the predictors of OS (A) and CSS (B) in patients with PCBM. (PCBM, pancreatic cancer bone metastasis; OS, overall survival; CSS, cancer-specific survival).






Figure 3 | Kaplan-Meier survival curves for estimating OS (A) and CSS (B) in patients with PCBM based on age.






Figure 4 | Kaplan-Meier survival curves for estimating OS (A) and CSS (B) in patients with PCBM based on pathological type.






Figure 5 | Kaplan-Meier survival curves for estimating OS (A) and CSS (B) in patients with PCBM based on chemotherapy.






Figure 6 | Kaplan-Meier survival curves for estimating OS and CSS in patients with PCBM based on liver (A, B) and lung (C, D) metastasis.






Figure 7 | Kaplan-Meier survival curves for estimating OS (A) and CSS (B) in patients with PCBM based on marital status.






Discussion

Although treating PC has made remarkable progress over the past century, the prognosis remains poor mainly due to difficulties in its early diagnosis and metastasis (23). Bone metastasis represents an underappreciated site of metastasis among PC patients. As indicated in the present study, patients with PCBM experienced quite poor survival with 1-year OS and CSS rates of less than 15%. However, factors influencing their survival remain poorly understood. Previous studies of metastatic PC have been limited by small sample sizes, lack of population-based data. To our knowledge, the present study is the first population-based analysis to explore the survival predictors for patients with PCBM.

In this observational study, age at diagnosis was proved to be an independent survival predictor for patients with PCBM, which was consistent with previous findings among all PC patients (24–26). Patients over 60 years old are generally considered the elderly. Based on previous literature (27, 28), we divided the patients’ age into >60 years old and ≤60 years old for convenient analysis. Although some researchers reported tumor site was an independent survival predictor of PC (29–31), our multivariate Cox regression analysis showed that tumor site was not correlated with OS or CSS in patients with PCBM. For convenient analysis, patients’ tumor size were divided into<5 and ≥5 cm based on previous literature (21, 28). However, univariate Cox regression analysis showed tumor size was not correlated with survival. Pancreatic ductal adenocarcinomas (PDACs) account for approximately 95% of all PC pancreatic cancers (32). In our study, ductal adenocarcinoma subtype (75%) also represented most histological subtype of patients with PCBM. Moreover, ductal adenocarcinoma subtype was an important independent predictor for worse CSS and OS of patients with PCBM. Maybe non-ductal tumors have unique morphology and biology that is distinct from that of ductal neoplasms of the pancreas (33). Further researches are needed to clarify its specific mechanism. Lung or liver metastasis worsens the prognosis of patients with PCBM, which were in line with previous studies on PC (34, 35). Interestingly, better prognosis was observed in married patients, which may be associated with family social support. Similar results were supported by other studies on PC patients (36, 37). In Supplement Table 1, we found that among married patients, the proportions of white patients, male patients, patients with age>60 years, patients undergoing surgery and chemotherapy were higher.

The impact of chemotherapy to increase survival of PCBM remains unknown. This retrospective data analysis using a large cancer database suggests that use of chemotherapy could improve survival in patients with PCBM. Additionally, chemotherapy can stabilize health-related quality of life and improve pain control among advanced PC patients (38, 39). As for radiotherapy, our study did not find its survival benefits for patients with PCBM. Surgery is the mainstay of treatment for non-metastatic PC patients (40). Due to the small number of patients with PCBM receiving surgery in the current study, we did not analyze the its effect on survival. Additionally, previous studies indicated that surgical resection of oligometastatic disease after PDAC might have benefit for prolonging survival (41–43). Thus, research efforts should focus on exploring the role of surgery in patients with PCBM in the future. In summary, this study provides support for the selection of clinical treatment for patients with PCBM.

Although the SEER database provides a large amount of clinical data, there are still many limitations in our research. First, we need to further conduct a follow-up clinical trial to verify this result. Second, the role of surgery on prognosis were not analyzed due to the small number of cases who received surgery. Finally, the performance status, lymph node metastasis, and CEA or CA19-9 levels, were not available in the SEER database, which need to be further studied.



Conclusion

Our population-based study showed that age ≤60, non-ductal adenocarcinoma type, chemotherapy, no liver metastasis, no lung metastasis, and married status were independent predictors for better OS and CSS, which may have implications for future clinical practice. However, further studies are warranted to validate these results.
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CD79A 0.289 0.000 ccL4 0.304 0.000
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CETN3 0.368 0.000 PRC1 0.885 0.000
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Variable

os

HR (95% CI)

css

HR (95% CI)

Age (years)

<60

>60

Primary site

Head of pancreas
Body of pancreas
Tail of pancreas
Others
Pathological type
Ductal adenocarcinoma
Non-ductal adenocarcinoma
Radiotherapy
Yes

No
Chemotherapy
Yes

No

Liver metastasis
No

Yes

Lung metastasis
No

Yes

Marital status
Married

Others

1
1.193 (1.077-1.321)

1
0.893 (0.765-1.043)
1.029 (0.902-1.173)
1.069 (0.949-1.205)

1
0.615 (0.549-0.688)

:
1.109 (0.997-1.234)

1
2512 (2.277-2.771)

1
1.414 (1.275-1.568)

1
1.318 (1.198-1.450)

1
1.150 (1.046-1.265)

0.001

0.153
0.673
0.273

<0.001

0.057

<0.001

<0.001

<0.001

0.004

1
1.190 (1.072-1.320)

1
0.881(0.752-1.033)
1.082 (0.903-1.179)
1.063 (0.942-1.201)

1
0.606 (0.539-0.681)

1
1.110 (0.996-1.237)

1
2.537 (2.295-2.804)

1
1.401 (1.261-1.556)

1
1.302 (1.181-1.434)

1
1.134 (1.030-1.250)

0.001

0.118
0.647
0.322

<0.001

0.059

<0.001

<0.001

<0.001
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Primer name

Primer sequence

Actin-F
Actin-R
Oct4-F
Oct4-R
CD133-F
CD133-R
CD44-F
CD44-R
ALDH1-F
ALDH1-R
GLI1-F
GLH-R
PTCH1-F
PTCH1-R
Cmyc-F
Cmyc-R
CyclinD1-F
CyclinD1-R

5'-AATCGTGCGTGACATTAAGGAG-3'’
5'-CAGGAAGGAAGGCTGGAAGAG-3’
5'-ACCGAGTGAGAGGCAACC-3'
5'-TGAGAAAGGAGACCCAGCAG-3’
5'-AGTCGGAAACTGGCAGATAGC-8
5-GGTAGTGTTGTACTGGGCCAAT-3’
5'-CTGCCGCTTTGCAGGTGTA-3'
5'-CATTGTGGGCAAGGTGCTATT-3
5'-CCGTGGCGTACTATGGATGC-8'
5'-GCAGCAGACGATCTCTTTCGAT-3'
5'-AGCGTGAGCCTGAATCTGTG-3'
5'-CAGCATGTACTGGGCTTTGAA-3'
5'-CCAGAAAGTATATGCACTGGCA-3'
5'-GTGCTCGTACATTTGCTTGGG-3'
5'-GTCAAGAGGCGAACACACAAC-3'
5'-TTGGACGGACAGGATGTATGC-3’
5'-TGGAGCCCGTGAAAAAGAGC-3
5'-TCTCCTTCATCTTAGAGGCCAC-3'
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Variables

Gender
Male
Female
Age (years)
>=60
<60
Tumor location
Colon
Rectum
Tumor size
T1/T2
T3/T4
Lymph node metastasis
NO
N1/N2
Distant metastasis
MO
M1
length of hospitalization
<10 days
<=10 days
Tumor type
ulcerative
Non-ulcerative
Tumor differentiation
Well to moderate
Poor
Tumor stage
|
v
Disease duration
>3 months
<=8 months
Serosa invasion
Yes
No

Number of cases

29
45

89
55

83
61

28
116

68
76

12
32

44
100

33
M

128
12

19
125

45
96

115
29

Up-regulation of Biglycan numbers (%)

Positive (N=84)
58(69.05%)
26(30.95%)

53(63.10%)
31(36.90%)

52(61.90%)
32(38.10%)

11(18.10%)
73(86.90%)

41(48.81%)
43(51.19%)

62(73.81%)
22(26.19%)

20(23.81%)
64(76.19%)

18(21.43%)
66(78.57%)

76(92.68%)
6(7.32%)

8(9.52%)
76(90.48%)

28(33.73%)
55(66.27 %)

73(86.90%)
11(18.10%)

Negative (N=60)
41(68.33%)
19(31.67%)

36(60.00%)
24(40.00%)

31(51.67%)
29(48.33%)

17(28.33%)
43(71.67%)

27(45.00%)
33(55.00%)

50(83.33%)
10(16.67%)

24(40.00%)
36(60.00%)

15(25.00%)
45(75.00%)

52(89.66%)
6(10.34%)

11(18.33%)
49(81.67%)

17(29.31%)
41(70.69%)

42(70.00%)
18(30.00%)

p value

0.927

0.706

0.220

0.023

0.652

0.175

0.038

0.615

0.528

0.124

0.580

0.002

Length of stay was defined as the number of days the patient was hospitalized for surgical treatment of colon cancer. One day was defined as a hospital stay crossing midnight and was
determined by independent physician review from medical records and patient reports. The p value was calculated by the Chi-square test. Bold numbers indicate statistically significant

values (p < 0.05).
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Description Gene markers Cor P
CD8+T cell CD8A 0.307 il
CD8B 0177 -
T cellgeneral) CD3D 0.277 bl
CD3E 0.384 -
CD2 0.340 -
B cell CD19 0.243 i
CD79A 0.338 -
Monocyte CD86 0.614 e
CD115(CSF1R) 0.642 -
TAM CCL2 0.632 il
CD68 0.531 -
IL10 0.434 b
M1 Macrophage INOS(NOS2) -0.153 i
IRF5 0.323 -
COX2(PTGS2) 0.198 o
M2 Macrophage CD163 0.646 e
VSIG4 0.628 bl
MS4A4A 0.582 -
Neutrophils CD66b(CEACAMS) -0.198 ]
CD11b(ITGAM) 0.703 -
CCR7 0.377 -
Natural killer cell KIR2DL1 0.180 bl
KIR2DL3 0.157 -
KIR2DL4 0.157 A
KIR3DL1 0.244 -
KIR3DL2 0.223 o
KIR3DL3 0.020 0.6649
KIR2DS4 0.158 -
Dendritic cell HLA-DPB1 0.544 el
HLA-DQB1 0.339 -
HLA-DRA 0.451 il
HLA-DPA1 0.496 -
BCDA-1(CD10) 0.353 il
BCDA-4(NRP1) 0.765 -
CD11¢(TGAX) 0.711 -
Thi T-bet(TBX21) 0.388
STAT4 0.291 -
STAT1 0.388 i
IFN-¥{IFNG) 0.185 -
TNF-0(TNF) 0.309 i
Th2 GATA3 0.488 -
STAT6 0.062 0.1874
STAT5A 0.311 il
IL13 0.270 -
Tt BCL6 0.560 it
IL21 0.221 -
Th17 STAT3 0.304 e
IL17A -0.236 -
Treg FOXP3 0.567 -
CCR8 0.529 -
STATSB 0.316 -
TGFB(TGFB1) 0.723 i

The p value was calculated by the Pearson correlation analysis. Significant differences referred as: **'p < 0.001.
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Characteristic Frequency (n=8)
Median age in years (range) 64.5 (51-79)
Sex (%)

Male 6 (75)

Female 2 (25)
Baseline ECOG (%)

0 2 (25)

1 5 (62.5)

2 1(12.5)
TNM stage (%)

i 2 (75)

v 6 (75)
Previous systemic therapy (%)

Gemcitabine 2 (25)

Gemcitabine/nab-paclitaxel 5 (62.5)

Gemcitabine/capecitabine 1(12.5)

FOLFIRINOX 1(12.5)
Number of metastatic sites (%)

0 2 (25)

1 3(37.5)

>2 3(37.5)
Site of metastases (%)

Liver 4 (50)

Lung 4 (50)

Bone 2 (25)

Lymph nodes 2 (25)
CA 19.9 (%)
<ULN 2 (25)
>ULN 6 (75)

Median time in weeks from initial diagnosis (range)

66.2 (31.2-308.9)

ECOG, Eastemn Oncology Cooperative Group; TNM, Tumour Node Metastasis; ULN,

upper limit of normal.
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AE (related) G1 G2 G3 G4
Fatigue 2 0 0 0
Acneiform rash 6 2 0 0
Anorexia 2 0 0 0
Diarrhoea 1 1 0 0
Pruritis/dry skin 1 0 0 0
Hypomagnesaemia 0 1 1 0
Hand-foot syndrome 2 0 0 0
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Genotype/Allele

Codominant Ccc

GC

GG
Dominant GC+ GG
Recessive GC+CC

Overdominant CC+GG

Alleles C

G

Control (117)
N(%)

45
(38.5%)
60
(51.3%)
12
(10.2%)
72
(61.5)
105
(89.7%)
57
(48.7%)
150
(64.1%)
84
(35.9%)

HCV (128)
N(%)

58
(45.3%)
56
(43.8%)
14
(10.9%)
70
(54.7%)
114
(89.1%)
72
(56.2%)
172
(67.2%)
84
(32.8%)

HCC (138)
N(%)

35
(25.4%)
69
(50%)
34
(24.6%)
103
(74.6%)
104
(75.4%)
69
(50%)
139
(50.4%)
137
(49.6%)

OR'
(95% Cl)

Ref

1.47
(0.84-2.59)
3.64
(1.64-8.04)
1.84
(1.07-3.14)
2.86
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1.05
(0.64-1.72)
Ref

1.76
(1.23-2.51)

P-Valuet

0.2
0.001

0.03
0.003

0.9

0.002

OR*
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Ref

0.72
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0.9
(0.38-2.15)
0.75
(0.45-1.25)
1.07
(0.47-2.43)
1.35
(0.81-2.24)
Ref

0.87
(0.6-1.26)

The odds ratios (ORs) and confidence intervals (Cls) of 95 percent were estimated by logistic regression for association analysis.

"HCC vs Control.
*HCV vs Control.
SHCC vs HCV.

HCC, hepatocellular carcinoma; HCV, hepatitis C virus; OR, odds ratio.

P-Value*

0.28

0.83
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Ref

2.04
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4.02
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243
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2.66
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0.78
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P-Value’
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0.0002
0.0008
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Genotype/Parameter GC + CC (n=104) GG (n=34) P-Value

Hemoglobin 12.57 + 1.58 12.67 +1.93 0.75
WBCs (x10°) 5.82 +1.99 5.45 + 2,62 0.39
Platelets (x10%) 142 + 61.18 128.3 = 65.54 0.27
PC (%) 77.42 +13.61 75.16 +11.23 0.38
PT-INR 1.23 +0.21 126 +0.14 0.37
D Bil (mg/dl) 05+0.37 0.54 +027 0.58
T Bil (mg/dl) 1.21+0.6 1.27 + 0.58 0.6
ALT (U/L) 56.42 + 34.97 67.82 + 38.81 0.11
AST (U/L) 67.45 + 38.25 67.73 + 33.78 0.59
ALP (U/L) 173.7 + 56.29 205 + 60.56 0.01*
Albumin (g/dl) 3.33 + 0.56 3.46 + 0.39 0.23
Creatinine (mg/dl) 0.86 + 0.23 0.86 +0.19 0.99
Survival period (months) 156.31 £ 9.15 13.03 + 8.87 0.22
MELD score 9 (6-11) 10 (6-15) 0.2
Child-Pugh score A (n=68); B (n=30); C (n=6) A (n=25); B (n=9); C (n=0) 0.32
AFP (ng/ml) 238.4 + 430 1947 + 2445 <0.0001*

Data are expressed as mean + SD or median (interquartile range), P < 0.05 was significant. Data were compared using Student’s t-test for parametric tests, Mann-Whitney test for
non-parametric tests and Chi square test for categorical variables.

WBCs, white blood cells; PC, prothrombin concentration; PT-INR, prothrombin time-intemational normalized ratios; D Bil, direct bilirubin; T Bil, total bilirubin; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; MELD, model for end-stage liver disease; A, B and C, Child-Pugh grades A (5 to 6 points, B (7 to 9
points) and C (10 to 15 points) according to the criteria indicated by Child and Turcotte (26); AFP, alpha-fetoprotein.
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Groups Genotype Gene expression levels

Protein expression levels

Control GG 2.71+0.42 328+0.75
GC +CC 3.85 + 0.54%

HCV GG 1.01+0.21 1.66 + 0.741
GC +CC 2.08 + 0.66%"

HCC GG 0.95 +0.35 1.59 + 0.56™*
GC +CC 1.95 + 0.245

362.8 + 17.59
247.2 + 62.54%
819.7 + 84.05
356.7 + 183.4%
1046 + 115.1
637.6 + 148.4%

2812+ 753
440.8 + 247.6™

798.5 + 243 21+

EpCAM gene expression is expressed as ACt mean + SD, where ACt = Ct value of EpCAM - Ct value of B-actin; a smaller ACt value corresponds to a higher gene expression level.

EpCAM protein expression is expressed as mean = SD.

The data were analyzed using Student’s t-test for comparing 2 groups and one-way ANOVA followed by Tukey's multiple comparisons test for comparing the three studied groups.

*Significant diifference from the control group.
*Significant difference from the HCV group.
SSignificant difference from GG within the same group.
*Significant at P < 0.05.

‘Significant at P < 0.0001.
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Control (n=117) HCV (n=128) HCC (n=138) P-value
Age (vears) 49.17 + 18.69 48.29 £ 13.2 52.28 + 10.29 0.06
Gender
Male 62 (52.9%) 76 (59.4%) 83 (60.1%) 0.46
Female 55 (47.1%) 52 (40.6%) 55 (39.9%)
Hemoglobin 10.82 +1.14 13.89 + 1.48" 12,59 + 1.671* <0.0001
WBCs (x10%) 4.16 £ 1.12 6.49 + 1.96" 573 215 <0.0001
Platelets (x10°%) 186.4 + 77.48 238.62 + 110.22" 138.61 + 62.31"* <0.0001
PC (%) 92.03 +5.73 79.72 + 25.73" 76.86 + 13.05" <0.0001
PT-INR 1.09 +0.11 1,08 + 0.1 1.24 +0.19M 0.002
D Bil (mg/dl) 0.21+0.13 0.39 +0.25" 051 034" <0.0001
T Bil (mg/dI) 091 +0.22 0.77 +0.3" 1.22 + 0.59"* <0.0001
ALT (U/L) 27.55 + 6.51 46.89 + 24.07" 59.2 + 36131 <0.0001
AST (U/L) 26.82 + 6.35 54.65 + 36.31" 70.21 + 39,111 <0.0001
ALP (U/L) 78.54 + 29.51 125.72 + 67.01" 180.89 + 58.54'% <0.0001
Albumin (g/dl) 413058 4.22 +£0.42 3.36 + 0.52™* <0.0001
Creatinine (mg/dl) 0.98 +0.63 0.88 + 0.21 0.86 +0.22" 0.038
AFP (ng/ml) 3.95+1.89 6.82 + 15.81 662.45 + 1462.1"* <0.0001

Data are expressed as mean = SD, or n (%).
Gender data were compared using Chi square (X°) test. The rest of the data were analyzed using one-way ANOVA and Tukey's multiple comparisons test.

TS/‘gniﬁcant difference from the control group.

*Significant difference from the HCV group.

WBCs, white blood cells; PC, prothrombin concentration; PT-INR, prothrombin time-international normalized ratios; D Bil, direct bilirubin; T Bil, total bilirubin; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; AFP, alpha-fetoprotein.
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Group Observed frequency Expected frequency P-value
Genotype cc GC GG cc GC GG

Control 45 60 12 48.08 53.85 156.08 0.22
HCV 58 56 14 57.78 56.44 13.78 0.93
HCC 35 69 34 35 69 34 0.99

The Chi square test was used to determine deviation from Hardy-Weinberg equilibrium (HWE).
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Control
cc 45 (0.39)
GC 60 (0.51)
GG 12 (0.1)
P-value 0.04
c 150 (0.64)
G 84 (0.36)
P-value 0.001"

HCV

58 (0.45)
56 (0.44)
14 (0.11)
0.48*
172 (0.67)
84 (0.33)
0.47*

HCC

35 (0.25)
69 (0.5)
34 (0.25)
0.0005°
139 (0.51)
137 (0.49)
<0.0001%

0.0006"

0.0001"

Data are expressed as N (%).

*22 test for difference in the frequency in HCC vs control.

*2 test for difference in the frequency in HCV vs control.

S, test for difference in the frequency in HCC vs HCV.

1.2 test for difference in the frequency in the study population.
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Symbol

MAD2L2
GADD45B
MCM6
CCNB1
CDK1
ATGS
TSC1
TP53
AKT1

GAPDH

Sequence

Fw 5'-CGAGTTCCTGGAGGTGGCTGTGCATC-3'
Rev 5'- CTTGACGCAGTGCAGCGTGTCCTGGATA-3'
Fw 5-ACGAGTCGGCCAAGTTGATGS’

Rev 5'-GGATGAGCGTGAAGTGGATTT-3'

Fw 5'- GAGGAACTGATTCGTCCTGAGA-3

Rev 5'- CAAGGCCCGACACAGGTAAG -3

Fw 5'- AATAAGGCGAAGATCAACATGGC-3'
Rev 5'- TTTGTTACCAATGTCCCCAAGAG -3
FW 5’- AAACTACAGGTCAAGTGGTAGCC-3
Rev 5'-TCCTGCATAAGCACATCCTGA -3

FW 5’- AAAGATGTGCTTCGAGATGTGT -3’

Rev 5'- CACTTTGTCAGTTACCAACGTCA-3’

FW 5’- CAACAAGCAAATGTCGGGGAG -3’

Rev 5'- CATAGGGCCACGGTCAGAA 3

FW 5’- CAGCACATGACGGAGGTTGT -3’

Rev 5'- TCATCCAAATACTCCACACGC 3’

FW 5’- ATGAACGACGTAGCCATTGTG-3"

Rev 5'- TTGTAGCCAATAAAGGTGCCAT-3'

Fw 5'-GAAGGTGAAGGTCGGAGTC-3'

Rev 5'-GAAGATGGTGATGGGATTTC-3'
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Name NES P FDR

hsa03040_Spliceosome 1.73 0.00095 0.01413
hsa04141_Protein_processing_in_endoplasmic_reticulum 1.73 0.00037 0.00801
hsa04137_Mitophagy 1.66 0.00680 0.04629
hsa04010_MAPK _signaling_pathway 1.64 0.00018 0.00599
hsa03015_mRNA_surveillance_pathway 1.62 0.00710 0.04629
hsa04330_Notch_signaling_pathway 1.57 0.01913 0.08623
hsa04012_ErbB_signaling_pathway 143 0.03195 0.11690
hsa04142_Lysosome 141 0.02714 0.10552
hsa04140_Autophagy 137 0.03673 0.12996
hsa04151_PI3K-Akt_signaling_pathway 1.35 0.00767 0.04629
hsa04152_AMPK_signaling_pathway -1.47 0.01406 0.07054
hsa04910_Insulin_signaling_pathway -1.48 0.00741 0.04629
hsa02010_ABC_transporters -1.5 0.03101 0.11556
hsa05225_Hepatocellular_carcinoma -1.56 0.00233 0.02202
hsa00010_Glycolysis:-Gluconeogenesis -1.82 0.00061 0.01010
hsa04110_Cell_cycle -1.84 0.00020 0.00599
hsa03420_Nucleotide_excision_repair -1.87 0.00120 0.01445
hsa03030_DNA _replication -2.05 0.00020 0.00599
hsa03050_Proteasome -2.21 0.00020 0.00599

The TTF+38.5°C group was compared with the control group (P < 0.05, FDR < 0.15).
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Gene

CCNB1
CDK1
GADD45B
MAD2L2
MCM6
TP53
ATG5
TSC1
AKT1

Name of Gene

CyclinB1

cyclin dependent kinase 1

growth arrest and DNA damage inducible beta
mitotic arrest deficient 2 like 2

minichromosome maintenance complex component 6
tumour protein p53

autophagy related 5

TSC complex subunit 1

AKT serine/threonine kinase 1

Microarray qPCR
Fold change FDR 2-AACT P value
-1.07 7.26E-1 0.93 7.20E-1
-1.10 4.59E-3 112 8.10E-1
1.36 4.03E-2 2.49 2.33E-3
=127 3.99E-3 0.61 2.16E-2
-1.50 7.85E-4 0.44 2.02E-2
1.23 1.06E-1 1.62 1.54E-3
1.27 2.89E-2 2.32 3.43E-3
1.28 1.17E-2 1.88 7.99E-3
-1.3 2.09E-2 0.36 2.52E-3
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Variable SOCS1 (ng/ml) TAB2 (ng/ml) Foxp3 (ng/ml)

Pancreatic cancer patients

Non-cachectic (n = 20) 9.3 (7-26) 6.3 (2.0-8.4) 16 (5-30)
Cachectic (n = 48) 5.6(3.3-8.6) 6.2 (4.8-13.0) 8.9 (6.5-96.0)
Statistics U: 185 U: 262 U: 49
p =0.002** p=0.06 p =0.0001***
Cachexia severity
Pre-cachexia (n = 14) 5.6 (3.2-6.5) 6.5 (5.2-8.4) 16 (7-35)
Cachexia (n = 17) 5.2 (4.2-8.6) 6.3 (5.9-8.4) 14.5 (6-33)
Refractory (n = 17) 5.8 (3.7-7.4) 56 (2.6-7.8) 11.3 (5.6-30)
Statistics F:1.4 F:. 0.2 F:53
p=0.34 p=08 p = 0.008*
NSCL cancer patients
Non-cachectic (n = 10) 10.9 (4.0-14) 9.2 (7.0-20) 8.8 (6.0.11)
Cachectic (n = 18) 5.8 (4.0-9.2) 8.0 (5.6 -29) 6.8 (4.6-9.7)
Statistics U: 39 u: 57 U: 35
p=0.01" p=0.12 p=0.03"
Cachexia severity score
Pre-cachexia (n = 9) 7.2 (4.2-9.2) 10 (5.6-29) 7.4 (4.6-9.7)
Cachexia (n = 7) 55 (4.5-6.8) 7.5 (7.0-9.0) 6.9 (4.9-7.8)
Refractory (n = 2) 5.2 (4.8-5.4) 6.4 (6.0-6.8) NA
Statistics F: 23 Fidi2 F:1.2
p=0.12 p=0.34 p=0.33

Data are given as median (minimum-maximum). Statistical analysis was carried out using the Mann-Whitney test and ANOVA test followed by Bonferroni's post-hoc test; p < 0.05.
F, ANOVA test value; Foxp3, forkhead box P3; n, number; SOCST1, suppressor of cytokine signaling 1; TAB2, TAK1-associated Binding Protein 2; U, Mann-Whitney; NSCL, non-small cell lung.
*Significant difference at p < 0.05.

**Significant difference at p < 0.01.

***Significant difference at p < 0.001.
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miR-155 (FC)

SOCS1 (ng/ml) TAB2 (ng/ml)
Cachectic pancreatic cancer patients
miR-155 (FC)
S0CS1 (ng/ml) 0.17
p=03
TAB2 (ng/ml) 0.002 -0.17
p=09 p=02
Foxp3 (ng/ml) 0.1 0.69 0.08
p =056 p =0.001** p=04
Cachectic NSCL cancer patients
miR-155 (FC)
SOCS1 (ng/ml) -03
p=02
TAB2 (ng/ml) -0.4 -0.2
p=0.09 p=0.1
Foxp3 (ng/ml) -0.2 -0.2 0.08
p=03 p=06 p=04

Data are given as r. Statistical analysis was carried out using Spearman’s correlation analysis; p < 0.05.

FC, fold change; Foxp3, forkhead box P3; miR-155, microRNA-155; n, number; r, Spearman’s correlation coefficient; SOCS1, suppressor of cytokine signaling 1; TAB2, TAK1-associated

Binding Protein 2; NSCL, non-small cell lung.
***Significant difference at p < 0.001.
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Cachexia severity MiR-155 (FC) SOCS1 (ng/ml) TAB2 (ng/ml) Foxp3 (ng/ml)

Pre-cachexia 46.2 (1.4-151) 5.8(3.3-9.2) 10 (6.6-29) 6.3 (6.2-8.4)
Cachexia 431 (5.1-2348) 5.4 (4.2-8.6) 12 (7-25) 6.6 (4.8-8.4)
Refractory 2688 (16.5-7316) 5.8 (3.7-7.4) 16 (5.2-30) 6 (2.6-10)
Statistics F: 29 Ff.2: F:0.2 F:13

p = 0.0001** p=03 p=08 p=03

Data are given as median (minimum-maximum). Statistical analysis was carried out using the ANOVA test followed by Bonferroni’s post-hoc test; p < 0.05.
F, ANOVA test value; FC, fold change; Foxp3, forkhead box P3; miR-155, microRNA-155; SOCS1, suppressor of cytokine signaling 1; TAB2, TAK1-associated Binding Protein 2.
***Significant difference at p < 0.001.
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Variable Cancer patients le2
Total Non-cachectic Cachectic

Number of patients 203 94 109
Age in years

Mean + SD 51.45+9.7 520+88 50.98 + 10.4

Median (Range) 51 (20-77) 52 (30-77) 50 (20-75)
Gender [n (%)]

Male 107 (53) 45 (48) 62 (57)

Female 96 (47) 49 (52) 47 (43)
Cancer type [n (%)]

Pancreatic cancer 145 (71) 76 (81) 69 (63)

NSCL cancer 58 (29) 8 (19 40 (37)
Comorbidities [n (%)]

Negative 100 (49) 50 (54) 50 (46)

Positive 103 (51) 44 (46) 59 (54)
No. of comorbidities [n (%)]

One 77 (75) 34 (77) 43 (73)

>One 26 (25) 10 (28) 16 (27)
Type of chemotherapy [n (%)]

Xeloda 145 (71) 76 (81) 69 (63)

Gem/Cis 58 (29) 18 (19) 40 (37)

Data are given as mean + SD, median (minimum-maximum), or n (%). Statistical analysis was carried out using the independent t-test and chi-square test; p < 0.05.
Cis, cisplatin; F, independent t-test value; Gem, gemcitabine; n (%), number of cases within the group (percentage); NSCL, non-small cell lung; f, chi-square value.

**Significant difference at p < 0.01.
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Variable TNF-a 308G/A (rs1800629)

TNF-o 1031T/C (rs1799964)

Wild Mutant Wild Mutant
Cachexia severity
Pre-cachexia (n = 20) 17 (85) 3(15) 8 (40) 12 (60)
Cachexia (n = 32) 29 (91) 309 10 (31) 22 (89)
Refractory (N = 17) 13(77) 4 (23) 8 (47) 9 (83)
© 1.8 0.19
p=0.42 p=0.90

Data are given as n (%). Statistical analysis was carried out using the chi-square test; p < 0.05.

n (%), number (percentage); rs, referred sequence; TNF-a, tumor necrosis alpha subunit gene; f, chi-square value.
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Variable TNF-0 308G/A (rs1800629) TNF-0: 1031T/C (rs1799964)

Wild Mutant Wild Mutant
Cachexia severity
Pre-cachexia (n = 10) 9(75) 3(25) 7(70) 3(30)
Cachexia (n = 23) 8(67) 433 20 (87) 3(13
Refractory (n =7) 12 (75) 4 (25) 4 (67) 3 (43)
x? 20 3.2
p=038 p=02

Data are given as n (%). Statistical analysis was carried out using the chi-square test; p < 0.05.
n (%), number (percentage); rs, referred sequence; TNF-a, tumor necrosis alpha subunit gene; 12, chi-square value; NSCL, non-small cell lung.
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Risk factor B p-Value Odds ratio 95% CI for Exp(B)

TNF-o. 308G/A, rs1800629

Wild/mutant regardless of cancer type -0.355 0.04* 0.701 0.28-1.705
Wild/mutant for pancreatic cancer -0.215 0.014* 0.414 0.203-0.845
Wild/mutant for NSCL cancer -0.548 0.0001*** 05 0.345-0.724
TNF-o. 1031T/C, rs1799964

Wild/mutant regardless of cancer type 0.706 0.02* 202 1.12-3.673
Wild/mutant for pancreatic cancer 0.881 0.012* 1.605 1.07-2.39
Wild/mutant for NSCLC 0.916 0.004** 25 1.67-751

Forrs1800629, GA and AA are coded as 0, while GG carriers are coded as 1. For rs1799964, TC and TT are coded as 0, while CC carriers are coded as 1. Data are presented as odd ratio
and 95% Cl. p < 0.05.

*Significant difference at p < 0.05.
*Significant difference at p < 0.01.
***Significant difference at p < 0.001.
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Variable Value

Race

White 1647 (79.5%)
Black 237 (11.4%)
Others 188 (9.1%)
Gender

Female 839 (40.5%)
Male 1238 (59.5%)
Age (years)

<60 609 (29.4%)
>60 1463 (70.6%)
Mean 66
Median 67
Primary site

Head of pancreas 518 (25.0%)
Body of pancreas 285 (13.8%)
Tail of pancreas 503 (24.3%)
Others* 766 (37.0%)
Pathological type

Ductal adenocarcinoma 1557 (75.1%)
Non-ductal adenocarcinoma 515 (24.9%)
Tumor size (cm)

<5 899 (43.4%)
>5 511 (24.7%)
Unknown 662 (31.9%)
Surgery

Yes 28 (1.4%)
No 2044 (98.6%)
Radiotherapy

Yes 512 (24.7%)
No 1560 (75.3%)
Chemotherapy

Yes 1075 (51.9%)
No 997 (48.1%)
Brain metastasis

No 1906 (92.0%)
Yes 69 (3.3%)
Unknown 97 (4.7%)
Liver metastasis

No 1445 (69.7%)
Yes 594 (28.7%)
Unknown 33 (1.6%)
Lung metastasis

No 1266 (61.1%)
Yes 804 (38.8%)
Unknown 2(0.1%)
Marital status

Married 1137 (54.9%)
Others 843 (40.7%)
Unknown 92 (4.4%)
Dead

Yes 1874 (90.4%)
No 198 (9.6%)
1-year OS rate 13.60%
1-year CSS rate 13.70%

OS, overall survival; CSS, cancer-specific survival. *Others: C25.3-Pancreatic duct, and
C25.4-Islets of Langerhans, C25.7-Other specified parts of pancreas, C25.8-Overlapping
lesion of pancreas, C25.9-Pancreas, NOS.
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MVR status
<1y (n=123)
1-2y (n=190)
>2y (n=229)
Tumor burden
Within up-to-7
Beyond up-to-7
Splenomegaly
No
Yes

1-year

57.2
70.6
88.2

77.0
65.5

76.3
70.7

OS rate (%)

3-year

109
16.0
2562

20.5
124

20.9
13.2

5-year

137
21.8

16.9
8.3

16.1
13.2

P value

<0.001
<0.001
0.024
reference
0.002

0.034
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Variables

Age, y (<60/>60)

Sex (Male/Female)

Cirrhosis (yes/no)

Ascites (yes/no)
Splenomegaly (yes/no)

ICGR 15 (<10%/>10%)

Tumor capsule (yes/no)
Up-to-seven criteria
(beyond/within)

AFP, ug/L (<20/>20)

GGT, u/L (<50/>50)

AST, u/L (<40/>40)

ALT, u/L (<40/>40)

Albumin, g/L (<30/>30)

TBIL, umol/L (>20.5/<20.5)
PT, sec (<14/>14)

WBC, 10°/L (<4/>4)

HB, g/L (<120/>120)

Platelet count, 10°/L (<100/>100)
Sorafenib after TACE (yes/no)
Radical therapy after TACE (yes/no)

Univariable analysis
P value

0.971
0.667
0.060
0.144
0.007
0.751
0.151
0.002

0.030
0.956
0.700
0.511
0.158
0.049
0.431
0.771
0.626
0.019
<0.001
0.606

Multivariable analysis

HR (95% CI)

1.340 (1.095-1.641)

1.298 (1.048-1.607)

1.505 (1.104-2.052)

1.326 (1.088-1.617)
0.605 (0.494-0.742)

P value

0.005

0.017

0.010

0.005
<0.001

Cl. confidence interval: HR, hazard ratio: OS, overall survival.
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Variables MVR group (n = 542) non-MVR group (n = 202)

Age, y 56.7 (18-75) 55.9 (18-75)
Sex

Male 480 (88.6) 177 (87.6)

Female 62 (11.4) 25 (12.4)
Cirrhosis

Yes 340 (62.7) 135 (66.8)

No 202 (37.3) 67 (33.2)
Ascites

Yes 28 (5.2) 7(3.5)

No 514 (94.8) 195 (96.5)
Splenomegaly

Yes 422 (77.9) 169 (83.7)

No 120 (22.1) 33(16.3)
ICGR 15

<10% 451 (83.2) 171 (84.7)

>10% 91 (16.8) 31(15.3)
Tumor capsule

Yes 375 (69.2) 146 (72.3)

No 167 (30.8) 56 (27.7)
Up-to-seven criteria

Within 415 (76.6) 129 (63.9)

Beyond 127 (23.4) 73(36.1)
AFP, ug/L

<20 167 (30.8) 53 (26.2)

>20 375 (69.2) 149 (73.8)
GGT, u/L 221 (45.0-945.5) 227 (42.5-869.0)
AST, u/L 35 (10-110) 35 (10-121)
ALT, u/L 24 (10-120) 22 (10-120)
Albumin, g/L. 38.1 (34-45) 37.5 (34-48)
TBIL, umol/L 12.2 (6.0-26.0) 11.8 (4.1-26.2)
PT, sec 9.5 (7.8-15.0) 8.7 (6.8-17.0)
WBC, 10%/L 6.2 (4-10) 6.0 (4-10.0)
HB, g/L 13,5 (11.4-14.5) 13.1 (11.6-14.0)
Platelet count, 10°/L 116 (92-450) 152 (90-449)
Treatment cycles, n 3(1-6) 3(1-6)
Other treatment after TACE

None 338 (62.4) 130 (64.4)

Sorafenib 154 (28.4) 54 (26.7)

Radical therapy 39(7.2) 13 (6.4)

Radiotherapy or chemotherapy 11 (2.0 5(2.5)

Data are presented as median (range) or number (percentage).
MVR, maintained virological response.
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Variables

Age, y (<60/>60)

Sex (Male/Female)

Cirrhosis (yes/no)

Ascites (yes/no)
Splenomegaly (yes/no)

ICGR 15 (<10%/>10%)

Tumor capsule (yes/no)
Up-to-seven criteria
(beyond/within)

AFP, ug/L (<20/>20)

GGT, u/L (<50/>50)

AST, u/L (<40/>40)

ALT, u/L (<40/>40)

Albumin, g/L (<30/>30)

TBIL, umol/L (>20.5/<20.5)

PT, sec (<14/>14)

WBC, 10°/L (<4/>4)

HB, g/L (<120/>120)

Platelet count, 10%/L (<100/>100)
Sorafenib after TACE (yes/no)
Radical therapy after TACE (yes/no)

Univariable analysis
P value

0.734
0.744
0.202
0.295
0.034
0.939
0.1563
0.001

0.100
0.795
0.886
0.532
0.303
0.163
0.762
0.721
0.336
0.158
0.001
0.013

Multivariable analysis

HR (95% CI)

1.339 (1.059-1.692)

1.430 (1.110-1.844)

0.668 (0.533-0.838)
0.586 (0.392-0.877)

P value

0.015

0.006

<0.001
0.009
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Variables

VR (yes/no)

Age, y (<60/>60)

Sex (Male/Female)
Cirrhosis (yes/no)

Ascites (yes/no)
Splenomegaly (yes/no)
ICGR 15 (<10%/>10%)
Tumor capsule (yes/no)
Up-to-seven criteria
(within/beyond)

AFP (<20/>20)

GGT, u/L (<50/>50)

AST, u/L (<40/>40)

ALT, u/L (<40/>40)
Albumin, g/L (<30/>30)
TBIL, umol/L (£20.5/>20.5)
PT, sec (<14/>14)

WBC, 10°/L (s4/>4)

HB, g/L (<120/>120)
Platelet count, 10°/L (<100/>100)

Univariable analysis
P value

<0.001
0.308
0.932
0.872
0.182
0.017
0.457
0.164
0.001

0.036
0.950
0.740
0.988
0.950
0.164
0.096
0.438
0.341
0.001

Multivariable analysis

HR (95% CI) P value
0.772 (0.615-0.916) 0.003
1.222 (1.047-1.426) 0.011
1.277 (1.095-1.490) 0.002
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Variables VR group (n = 744) non-VR group (n = 521)
Age, y 55.4 (18-75) 56.5 (18-75)
Sex

Male 657 (88.3) 466 (89.4)

Female 87 (11.7) 55 (10.6)
Cirrhosis

Yes 475 (63.9) 343 (65.8)

No 269 (36.1) 178 (34.2)
Ascites

Yes 35 (4.7) 28 (5.4)

No 709 (95.3) 493 (94.6)
Splenomegaly

Yes 591 (79.4) 410 (78.7)

No 163 (20.6) 111 (21.3)
ICGR 15

<10% 622 (83.6) 451 (86.6)

>10% 122 (16.4) 70 (13.4)
Tumor capsule

Yes 223 (30.0) 140 (26.9)

No 521 (70.0) 381 (73.1)
Up-to-seven criteria

Within 544 (73.1) 396 (76.0)

Beyond 200 (26.9) 125 (24.0)
AFP, ug/L

<20 220 (29.6) 134 (25.7)

>20 524 (70.4) 387 (74.3)
GGT, u/L 210 (45.6-989.3) 242 (40.6-896.8)
AST, u/L 36 (10-116) 35 (10-123)
ALT, u/L 24 (10-120) 21 (10-120)
Albumin, g/L 37 (33-47) 36 (34-49)
TBIL, umol/L 12.4 (5.2-25.0) 11.3 (3.8-26.3)
PT, sec 9.3 (7.4-15.4) 8.7 (6.8-17.5)
WBC, 10°/L 6.1 (4-10) 5.4 (4-10.0)
HB, g/L 13.4 (11.3-14.6) 12.8 (11.7-14.7)
Platelet count, 10%/L 115 (90-450) 112 (90-456)
Treatment cycles, n 3(1-6) 3(1-6)
Other treatment after TACE

None 494 (66.4) 370 (71.0)

Sorafenib 174 (23.4) 104 (20.0)

Radical therapy 57 (7.7) 5 (6.7)

Radiotherapy or chemotherapy 9(2.5) 12 (2.3)

Data are presented as median (range) or number (percentage).

AFP, alpha fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; HB, hemogiobin; ICGR, indocyanine green retention rate;
NA, nucelos(t)ide analogue; PT, prothrombin time; TACE, transarterial chemoembolization; TBIL, total bilirubin; VR, virological response; WBC, white blood cells.
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Variable

Race

White

Black

Others

Gender

Female

Male

Age (years)

<60

>60

Primary site
Head of pancreas
Body of pancreas
Tail of pancreas
Others
Pathological type
Ductal adenocarcinoma
Non-ductal adenocarcinoma
Tumor size (cm)
<5

>5

Radiotherapy
Yes

No
Chemotherapy
Yes

No

Brain metastasis
No

Yes

Liver metastasis
No

Yes

Lung metastasis
No

Yes

Marital status
Married

Others

HR (95% CI)

1
1.005 (0.870-1.160)
1.007 (0.858-1.183)

il
1.075 (0.980-1.179)

1
1.265 (1.143-1.399)

1
0.918 (0.787-1.071)
1.078 (0.947-1.226)
1.159 (1.031-1.302)

1
0.689 (0.618-0.769)

1
1.087 (0.969-1.220)

1
1.236 (1.112-1.374)

1
2.334 (2.125-2.565)

1
1.064 (0.827-1.368)

1
1.301 (1.176-1.440)

4
1.288 (1.174-1.414)

1
1.195 (1.088-1.313)

os

0.948
0.929

0.124

<0.001

0.277
0.254
0.014

<0.001

0.156

<0.001

<0.001

0.629

<0.001

<0.001

<0.001

HR (95% CI)

1
0.982 (0.847-1.139)
1.007 (0.844-1.168)

1
1.071 (0.975-1.177)

1
1.264 (1.141-1.400)

1
0.912 (0.779-1.068)
1.086 (0.952-1.238)
1.157 (1.027-1.304)

1
0.681 (0.609-0.762)

1
1.082 (0.962-1.216)

1
1.228 (1.103-1.366)

1
2.367 (2.150-2.606)

1
1.117 (0.863-1.445)

1
1.293 (1.166-1.434)

1
1.288 (1.171-1.416)

1
1.181 (1.073-1.299)

css

0.808
0.932

0.152

<0.001

0.254
0219
0.016

<0.001

0.188

<0.001

<0.001

0.4

<0.001

<0.001
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