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Introduction: Hepsin is a type II transmembrane serine protease and its expression has been linked to greater tumorigenicity and worse prognosis in different tumors. Recently, our group demonstrated that high hepsin levels from primary tumor were associated with a higher risk of metastasis and thrombosis in localized colorectal cancer patients. This study aims to explore the molecular role of hepsin in colorectal cancer.
Methods: Hepsin levels in plasma from resected and metastatic colorectal cancer patients were analyzed by ELISA. The effect of hepsin levels on cell migration, invasion, and proliferation, as well as on the activation of crucial cancer signaling pathways, was performed in vitro using colorectal cancer cells. A thrombin generation assay determined the procoagulant function of hepsin from these cells. A virtual screening of a database containing more than 2000 FDA-approved compounds was performed to screen hepsin inhibitors, and selected compounds were tested in vitro for their ability to suppress hepsin effects in colorectal cancer cells. Xenotransplantation assays were done in zebrafish larvae to study the impact of venetoclax on invasion promoted by hepsin.
Results: Our results showed higher plasma hepsin levels in metastatic patients, among which, hepsin was higher in those suffering thrombosis. Hepsin overexpression increased colorectal cancer cell invasion, Erk1/2 and STAT3 phosphorylation, and thrombin generation in plasma. In addition, we identified venetoclax as a potent hepsin inhibitor that reduced the metastatic and prothrombotic phenotypes of hepsin-expressing colorectal cancer cells. Interestingly, pretreatment with Venetoclax of cells overexpressing hepsin reduced their invasiveness in vivo.
Discussion: Our results demonstrate that hepsin overexpression correlates with a more aggressive and prothrombotic tumor phenotype. Likewise, they demonstrate the antitumor role of venetoclax as a hepsin inhibitor, laying the groundwork for molecular-targeted therapy for colorectal cancer.
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1 INTRODUCTION
Proteolysis in the tumor microenvironment confers an adaptive advantage to emerging tumors through its capacity to remodel the extracellular matrix and orchestrate various processes, such as angiogenesis, invasion and metastasis. Multiple proteases are deregulated in tumor cells to promote their progression and spread (Damalanka and Janetka, 2019). However, not all tumors develop the same strategies nor do they activate the expression of the same proteases to sustain tumorigenic processes. Type II transmembrane serine proteases (TTSP) comprise a family whose deregulation is involved in these processes (Damalanka and Janetka, 2019). Hepsin is a TTSP whose expression has been linked to greater tumorigenicity in different types of cancer, such as breast, lung, prostate and gastric cancer (Zhang et al., 2016; Damalanka et al., 2021; Tervonen et al., 2021; Lu et al., 2022). It has been described that hepsin activates extracellular ligands that promote cancer progression, such as hepatocyte-growth factor (Li et al., 2020; Fu et al., 2021). In addition, this TTSP degrades and remodels extracellular matrix, disrupting epithelial integrity and thus increasing tumor invasion (Tanabe and List, 2017). In this context, hepsin is a key protease in Ras-dependent tumorigenesis that affects epithelial cohesion and basement membrane integrity (Tervonen et al., 2021). This could be relevant in tumors with a high prevalence of Ras mutations, such as colorectal cancer (CRC) (Bylsma et al., 2020), where the implication of hepsin is practically unknown. Recently, our group demonstrated that a high hepsin expression in the primary tumor increased metastasis risk in localized CRC patients (Zaragoza-Huesca et al., 2022). In addition, hepsin is a serum marker that can distinguish between localized and metastatic CRC (Tieng et al., 2020). However, functional mechanisms underlying these findings in CRC have not been studied yet.
Curiously, hepsin effects in cancer are not only tumorigenic, but its role is multifaceted (Halabian et al., 2009; Khandekar and Jagadeeswaran, 2014; Bylsma et al., 2020; Tieng et al., 2020). Thus, some articles describe high hepsin levels associated with well-differentiated tumors, antitumor activity, and a better prognosis. This phenomenon is known as “the hepsin paradox” (Halabian et al., 2009; Kim et al., 2020; Mahajan et al., 2022). Our group found similar results in the biopsies of patients with CRC. Thus, on the one hand, hepsin expression reduced disease-free survival in localized patients.
In contrast, on the other hand, in metastatic patients, low hepsin expression was observed in poorly differentiated tumors and in patients where a larger number of distant organs were affected (Zaragoza-Huesca et al., 2022). In addition to its multifaceted tumor effect, hepsin has another peculiarity—it activates coagulation factor VII, which initiates the extrinsic coagulation cascade. Hepsin’s involvement in activation of the coagulation has been proven in vitro and zebrafish models (Halabian et al., 2009; Khandekar and Jagadeeswaran, 2014). Recently, we showed that hepsin from primary tumors was a potential biomarker of thrombotic risk in patients with localized CRC (Zaragoza-Huesca et al., 2022). These observations have led our group to contemplate the contribution of hepsin to the hypercoagulable state of malignancy which, together with other clinical and biological risk factors that converge in cancer patients, ultimately promote the activation of the hemostatic system (Kim et al., 2020; Mahajan et al., 2022). Beyond our results about hepsin association with metastasis and thrombosis in CRC patients (Zaragoza-Huesca et al., 2022), we do not know the functional mechanisms underlying these links. In this study, we investigated the association of plasma hepsin levels with tumor stage and thrombosis in CRC patients. We examined the functional effects of hepsin expression on colon tumor cell proliferation, migration, invasion, activation of key cancer signaling proteins and plasma thrombin generation. As hepsin is a potential therapeutic target in CRC invasion and thrombogenesis, we performed a virtual screening (VS) to search for inhibitors that suppressed its protumor and prothrombotic effects in vitro and in vivo.
2 MATERIALS AND METHODS
2.1 Ethics statement
The study was conducted in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki. This study was approved by the Ethics Committee of the Morales Meseguer University Hospital (EST: 07/15). All participants who were still alive during data collection provided written and signed informed consent.
The experiments complied with the Guidelines of the Council of the European Union (Directive 2010/63/EU) and RD 53/2013 of Spain. The experiments and procedures were performed as approved by the Counseling of Water, Agriculture, Livestock, and Fisheries of the Autonomous Community of the Region of Murcia (CARM authorization number # A13180602).
2.2 Samples and patient characteristics
Seventy-three patients with localized or advanced CRC were treated between 2012 and 2021 at Morales Meseguer Hospital University. Participants were recruited directly by an oncologist at their first appointment or during chemotherapy. All participants with advanced tumors had active disease at the onset. KRAS mutations were evaluated by real-time polymerase chain reaction (PCR) using the Idylla system (BioCartis).
2.3 Plasma hepsin determination by ELISA
Human hepsin ELISA (ELH-HPSN-1, RayBiotech) was performed to quantify human plasma hepsin (diluted 1:2) in patients with localized (n = 20) and metastatic (n = 53) CRC, according to the manufacturer’s instructions.
2.4 Cell culture
The cells were cultivated under standard conditions (37°C, 5% CO2 and >95% humidity). Caco-2 (RRID: CVCL_0025), DLD-1 (RRID: CVCL_0248), and HCT-116 (RRID: CVCL_0291) colorectal cancer cell lines were purchased from the American Type Culture Collection and authenticated as previously described (Peñas-Martínez et al., 2021). The cells were cultivated in MEM, RPMI and McCoy’s 5a medium containing 1% GlutaMAX, 20% fetal bovine serum (FBS) and penicillin/streptomycin (Gibco-Thermo Scientific). Cells were routinely tested for mycoplasma contamination.
2.5 Cell transfection
Caco-2 cells (10 × 106 cells) were plated in 500 μL of the Ingenio electroporation solution (Mirus Vio). Cells were transfected with plasmid DNA pcMV6-AC (contains hepsin gene) or transfection control pCMV-MIR (Origene), and selected using antibiotic geneticin/G418 (Gibco-Thermo Scientific) for 10 days. After selection, single cells were plated into each well of a 96-well plate to obtain single clones.
2.6 RT-qPCR
Total RNA was obtained from Caco-2 (cells transfected with pCMV-MIR), Caco-2-HPN (hepsin-overexpressing cells transfected with pCMV6-AC), DLD-1, and HCT-116 cells using Trizol® Reagent (Invitrogen). A NanoDrop spectrophotometer (Thermo Scientific) was used to determine the RNA concentration and the 260/280 ratio. From the total RNA, 100 ng/sample was reverse-transcripted to cDNA (SuperScript First Strand, Invitrogen). PCR was performed in triplicates using the TaqMan® gene expression probes for hepsin (hs01056332_m1) and β-actin (hs01060665_g1) on a LC480 Real-Time PCR system (Roche). β-actin expression was used as an endogenous reference control using the comparative cycle threshold (Ct) method (2−ΔΔCT).
2.7 Western blot analysis
Cell lysates were subjected to 10% SDS PAGE and subsequently transferred to nitrocellulose membranes. Protein detection was performed using primary rabbit anti-human hepsin (Sigma Aldrich), phospho-Protein Kinase B (pAKT) (Invitrogen), phospho-extracellular signal-regulated kinases 1 and 2 (pERK1/2) (9101S, Cell Signaling Technologies, Werfen) and phospho-signal transducer and activator of transcription 3 (pSTAT3; Tyr705) (9145, Cell Signaling Technologies, Werfen) antibodies. Secondary IgG antibodies were horseradish peroxidase-coupled and visualized using the ECL kit. Protein expression of β-actin (Sigma-Aldrich) was used as an endogenous reference control.
2.8 Wound healing assays
Caco-2 and Caco-2-HPN cells were grown as confluent and wounded by removing a 300–500 μm-wide cell strip through the well with a standard 200 μL pipet tip. Wounded monolayers were washed twice to remove non-adherent cells. Wound healing was quantified after 72 h using ImageJ software as previously described (Peñas-Martínez et al., 2021).
2.9 Degradation of gelatin coated coverslips
The gelatin matrix was prepared by mixing 0.2% gelatin and rhodamine (Invitrogen, Life Technologies) as previously described (Luengo-Gil et al., 2016). Coverslips were coated with a gelatin mixture, fixed with 0.5% glutaraldehyde for 15 min, and washed with PBS. Caco-2 and Caco-2-HPN cells were cultured on coverslips for 72 h. Immunofluorescence analysis was performed after fixing the cells with 3.7% formaldehyde and incubating them with phalloidin (Sigma-Aldrich) and ProLong Gold Antifade medium with DAPI (ThermoFisher). Images were taken with a confocal spectral scanning microscope SP8 LEICA, analyzed with Fiji-ImageJ and GIMP software, and processed with Adobe Photoshop. Degraded gelatin cells were quantified as previously described (Luengo-Gil et al., 2016).
2.10 Proliferation assays
To evaluate the proliferative activity of Caco-2 and Caco-2-HPN cells, 5-ethynyl-2′-deoxyuridine (EdU) was added for 48 h and EdU-positive cells were detected by fluorescent-azide coupling reaction with EdU (Click-iT; Thermo Fisher Scientific) using a BD Accuri C6 flow cytometer.
2.11 Thrombin generation assay
Venous blood samples were collected from 20 healthy donors. Blood was drawn from the antecubital vein into non-siliconized Vacutainer tubes containing 3.8% buffered sodium citrate (Becton Dickinson). The tubes were centrifuged for 15 min at 2,000 g at room temperature, and platelet-poor plasma was prepared as previously described (Salta et al., 2018) and stored at −80°C.
Caco-2 and Caco-2-HPN cells were cultured as confluent monolayers in 6-well plates and incubated with 1 mL of plasma for 3 h at 37°C and 5% CO2. The plasma was recovered and centrifuged for 5 min at 200 g at room temperature. Thrombin generation assay-calibrated automated thrombogram (TAG-CAT) was performed as previously described (Pascreau et al., 2019) (Diagnostica Stago). The samples were processed in duplicate. The following thrombogram parameters were evaluated: a) lag time, b) time to peak (ttPeak), c) peak, d) mean rate index (MRI), and e) endogenous thrombin potential (ETP) (Pascreau et al., 2019).
2.12 Virtual screening
To identify novel and safe hepsin inhibitors, we performed a VS based on the molecular docking technique (Alburquerque-González et al., 2021) with Autodock Vina (Trott and Olson, 2010), processing the hepsin crystallographic structure with PDB code 1P57 against the DrugBank (https://go.drugbank.com) database of compounds [version 5.0; of 9,591 compounds, there are 2,037 approved by the American Food and Drug Administration (FDA), 96 nutraceuticals and 6,000 experimental], and focusing the docking process on its catalytic site with residues Histidine-57 (HIS57), Aspartic acid-102 (ASP102) and Serine-195 (SER195).
2.13 Effect of selected drugs on hepsin activity, cell migration, invasion, proliferation and thrombin generation
Recombinant hepsin (0.05 µM) (R&D Systems) was incubated in 50 mM Tris-HCl buffer (pH 9) with 200 µM BOC-Gln-Arg-Arg-AMC fluorogenic substrate, and the emitted fluorescence was recorded for 5 min. To test the effect of the selected drugs, the same reaction was performed, followed by incubation with hepsin for 1 h at 37°C. The IC50 was calculated after registering hepsin activity at different drug concentrations.
Cells were incubated in the presence or absence of 1.88 µM venetoclax to evaluate colorectal cancer cell migration, invasion, proliferation and thrombin generation under the same conditions described above.
2.14 Larval xenotransplantion assays
Wild-type zebrafish (Danio rerio H. Cypriniformes, Cyprinidae) were obtained from the Zebrafish International Resource Center (ZIRC). We used transparent roya9/a9 and nacrew2/w2 (casper) zebrafish, which have been previously described (Wenz et al., 2020). Fish were mated, staged, raised and processed, as described in the zebrafish handbook (Westerfield, 2000). Fertilized zebrafish eggs were obtained from the natural spawning of fish and were maintained in our facilities following standard husbandry practices. The animals were kept under a 12 h light/dark cycle at 28°C. Zebrafish larvae were anaesthetized as described previously (Wenz et al., 2020).
Caco-2-HPN cells were cultured in the presence or absence of 1.88 µM venetoclax for 48 h. Then, these cells and Caco-2 were disaggregated and labelled with 1,1′-di-octa-decyl-3,3,3′,3′-tetra-methyl-indo-carbo-cya-nine perchlorate (DiI, ThermoFisher) and finally resuspended in a buffer containing 5% FBS in PBS. Cell injection into embryos was conducted as previously described (Gabellini et al., 2018) and larvae were scored for cell dissemination by fluorescence microscopy. Caco-2 and Caco-2-HPN cell invasion scores were calculated as described previously (Gabellini et al., 2018).
2.15 Statistical analysis
The Aalen-Johansen estimator was used to evaluate thrombosis cumulative incidence. The analyses were performed using log-transformation of plasma hepsin concentration. The association between hepsin (continuous, log-transformed values) and thrombosis was examined using Fine-Gray regression. Furthermore, the third quartile (Q3) of hepsin concentration (log-transformed) was used to produce a stratified description of its association with thrombosis cumulative incidence. The hepsin distribution was compared using the Wilcoxon test. Time-to-thrombosis was defined as the time elapsed between the date of hepsin extraction and thrombosis, censoring event-free subjects and factoring in death as a competing event. Analyses were performed using R version 4.05 (R Core Team, 2014).
3 RESULTS
3.1 Hepsin levels in plasma of CRC patients
We first evaluated plasma hepsin levels by ELISA in 73 CRC patients. Baseline patient characteristics are shown in Table 1. Of these patients, 73% had advanced tumors (n = 53) and 27% had localized neoplasms (n = 20). The mean natural logarithm of hepsin concentration was greater in advanced tumors than in localized tumors (7.4 vs. 6.9, p-value<0.001) (pg/mL) (Figure 1A). In advanced tumors (n = 53), the mean logarithm of hepsin concentration was 7.2 vs. 7.7 pg/mL in KRAS native and mutated tumors, respectively (p-value = 0.056) (Figure 1B). At the time of analysis of patients with advanced cancer, five thrombotic events were detected, comprising a cumulative incidence (CI) of 7.0% [95% confidence interval (CFI), 1.6–17.7].
TABLE 1 | Baseline patient characteristics.
[image: Table 1][image: Figure 1]FIGURE 1 | Hepsin levels in plasma of colorectal cancer patients and association with tumor stage, KRAS mutation and thrombosis. (A) Violin boxplot showing the association between the logarithm of the hepsin concentration and TNM stage, (B) and the presence of KRAS mutations in advanced cancer patients. (C) Cumulative incidence function for thrombosis among advanced cancer patients. The third quartile of the hepsin level distribution was used to stratify the curves. (D) Violin box-plots showing the log hepsin concentration in advanced cancer patients with or without thrombosis. p, p-value; CI, confidence interval; nobs, number of patients; TNM, tumor, node, metastases; Q3, third quartile.
Subjects with a logarithm of hepsin concentration >Q3 (7.4 pg/mL) had a 24-month thrombosis CI of 34.7% (95% CFI, 0.2-86) compared to zero events in subjects with levels ≤Q3 (p-value = 0.036, Gray test) (Figure 1C). However, the results were subjected to uncertainty due to the low number of events and the effect of an influential observation (Figure 1D). In the Fine-Gray regression, continuous hepsin (log-transformed) was associated with more thrombosis with a sub-hazard ratio of 2.12 (95% CFI, 1.50–2.98).
3.2 Hepsin levels affect Caco-2 cells invasion, but not migration and proliferation
Basal hepsin expression was low in CRC Caco-2 cells. Clones overexpressing hepsin were generated by stable transfection with the hepsin gene to boost expression. Caco-2-HPN exhibited a 4.4-fold increase in mRNA levels compared to Caco-2 (Figure 2A), which correlated with an effective increase in protein expression (Figure 2B).
[image: Figure 2]FIGURE 2 | Hepsin overexpression in Caco-2-HPN cells. (A) The hepsin mRNA levels were deter-mined in Caco-2 and Caco-2-HPN cells by RT-qPCR. Gene expression levels were normalized to b-actin mRNA levels and the data are represented as the mean ± standard error of the mean of technical triplicates. Levels were shown as fold increase relative to the mean of Caco-2 cells. (B) Hepsin protein levels were determined in Caco-2 and Caco-2-HPN cells by electrophoresis and Western blot in lysates of Caco-2 and Caco-2-HPN cells. Vinculin expression was detected as loading control to relativize hepsin levels. Data are represented as the mean ± standard error of the mean of technical triplicates. HPN, Hepsin; Caco-2-HPN, Caco-2 cells overexpressing hepsin; Caco-2, Caco-2 cells with hepsin basal expression; *: p-value < 0.05.
Since enteropeptidase (another TTSP) expression regulates glioblastoma cell migration (Peñas-Martínez et al., 2021), we investigated the effect of hepsin on CRC cells. Our results are compatible with a slight increase in Caco-2-HPN cell migration versus Caco-2 cells (46.35% ± 4.87% vs. 56.31% ± 9.99%), although the difference lacks statistical significance (Figure 3A).
[image: Figure 3]FIGURE 3 | Effects of hepsin levels on cell migration, invasion and proliferation in Caco-2 and Caco-2-HPN cells. (A) Percentage of wound confluence was evaluated after 48 h of the wound created with a pipette tip in Caco-2 and Caco-2-HPN. Six different images were processed for each sample. Images were recorded with a Leica microscope at 5× and Fiji-ImageJ was used to analyze migration. The graph represents the mean ± standard error of the mean of the replicates. Under the graph, the white continuous lines represent the limits of the space without cell monolayers after 48 h of the wound. (B) Percentage of cells invading gelatin matrix was evaluated after 72 h of cell culture in the matrix. Images were taken with a confocal spectral scanning microscope SP8 LEICA, analyzed with ImageJ and GIMP software, and processed with Fiji-ImageJ. Six different images were processed for each sample. Cells that degraded gelatin were scored as positive. The graph represents the mean ± standard error of the mean of the replicates. Under the graph, black points on the bright matrix represent cells that have invaded or degraded gelatin. (C) The percentage of EdU positive cells was determined in Caco-2 and Caco-2-HPN cells by flow cytometry after 48 h of cell culture. Each condition was evaluated in triplicate. The graph represents the mean ± standard error of the mean of the replicates. Under the graph, we show representative plots from EdU assay by flow cytometry. Edu fluorescence was detected by FL4-A channel. Caco-2-HPN, Caco-2 cells overexpressing hepsin; Caco-2, Caco-2 cells with hepsin basal expression; *: p-value < 0.05; EdU+, positive for 5-ethynyl-2′-deoxyuridine; M1, cells proliferating according to Edu.
Since hepsin is a serine protease, we also analyzed cell invasion by examining the capacity of the cells to degrade a gelatin matrix. Interestingly, overexpression of hepsin significantly increased the ability of the cells to degrade gelatin compared to the basal expression (19.04% ± 8.28% vs. 8.03% ± 5.05%) (Figure 3B).
Additionally, we assessed the effect of hepsin on cell proliferation and found that hepsin overexpression did not increase cell proliferation (Figure 3C).
3.3 Pro-tumor hepsin signaling pathway
Amplification of signaling mediated by Erk1/2 has favoured hepatic metastases of CRC. Therefore, we explored the effects of hepsin expression on this pathway. Figures 4A, D shows that in Caco-2 cells, hepsin overexpression was associated with higher Erk1/2 phosphorylation (2.2 times greater than basal expression). Likewise, hepsin overexpression resulted in greater phosphorylation of STAT3 (2.2 times greater than basal expression) (Figures 4B, D). However, cells overexpressing hepsin did not increase Akt phosphorylation (Figures 4C, D).
[image: Figure 4]FIGURE 4 | pSTAT3, pAKT and pERK1/2 expression in Caco-2 and Caco-2-HPN cells. Expression of pERK1/2 (A), pSTAT3 (B) and pAKT (C) determined by electrophoresis and Western blot in lysates of Caco-2 and Caco-2-HPN cells in triplicates. Levels were determined by densitometry and represented as relative protein expression to vinculin. Graphs represent the mean ± standard error of the mean of the triplicates. (D) Electrophoresis and Western blot of pSTAT3, pAKT and pERK1/2 in lysates of Caco-2 and Caco-2-HPN cells in triplicates. Vinculin expression was detected as loading control. pERK1/2, phospho-extracellular signal-regulated kinases 1 and 2; pSTAT3, phospho-signal transducer and activator of transcription 3; pAKT, phospho-Protein Kinase B; Caco-2-HPN, Caco-2 cells overexpressing hepsin; Caco-2, Caco-2 cells with hepsin basal expression; *: p-value < 0.05; HPN, Hepsin; +, overexpression; -, basal expression.
3.4 Thrombin generation assay
We then investigated whether high hepsin levels could contribute to the generation of a procoagulant state, and hence, greater thrombotic risk. Therefore, we performed thrombin generation tests using plasma samples from healthy subjects incubated with Caco-2-HPN and Caco-2 cells. Exposure to Caco-2-HPN was associated with shorter lag time (Figure 5A) and ttPeak (Figure 5B) in comparison with Caco-2 cells, being these differences statistically significant (Table 2), whereas ETP (Figure 5C), thrombin peak (Figure 5D) and MRI (Figure 5E) showed no significant differences between the two types of cells (Table 2).
[image: Figure 5]FIGURE 5 | Effects of hepsin levels on thrombin generation by Caco-2 and Caco-2-HPN cells. Thrombin generation was performed after incubation of plasma with cells for 3 h as described in Materials and Methods. Afterwards, plasma was incubated with PPP reagent ® (final concentrations: tissue factor, 1 pmol/L; phospholipids, 4 μmol/L) and calcium chloride. The lag time (min) (A), time to peak (min) (B), endogenous thrombin potential (ETP, nmol*min) (C), thrombin peak (peak, nmol) (D), and mean rate index (Velocity, nmol/min) (E) were recorded. The data represent the mean ± standard error of the mean of at least six separate experiments. Caco-2-HPN, Caco-2 cells overexpressing hepsin; Caco-2, Caco-2 cells with hepsin basal expression; *: p-value < 0.05.
TABLE 2 | Thrombin generation parameters in plasma preincubated with basal and hepsin overexpressing Caco-2 cells.
[image: Table 2]3.5 Virtual screening
Once the VS calculations were completed, the compounds were ranked according to their docking scores, and the top eight compounds were retained for posterior visual analysis. Venetoclax (DrugBank code DB11581) was selected and prioritized with a docking score of −11 kcal/mol. Additional selection criteria were hydrophobic interactions with residues proline-60 (PRO60), leucine-41 (LEU41) and glutamine-73 (GLN73) and their hydrogen bonds with asparagine-143 (ASN143) (Figure 6A), where venetoclax impedes access to the catalytic triad, as shown in the surface representation of its residues.
[image: Figure 6]FIGURE 6 | Venetoclax reduces protumor and prothrombotic effects of hepsin in colorectal cancer cells. (A) Obtained pose from molecular docking between venetoclax and hepsin. Venetoclax is shown in yellow skeleton, while hydrophobic interactions are represented in dashes, and hydrogen bonds with a red line. Catalytic triad is shown in blue surface, and hepsin amminoacids interacting with venetoclax are represented in fuchsia. (B) Percentage of wound confluence was evaluated after 48 h of the wound created with a pipette tip in Caco-2 and Caco-2-HPN, in the presence and absence of 1.88 µM venetoclax. Six different images were processed for each sample. Images were recorded with a Leica microscope at 5× and Fiji-ImageJ was used to analyze migration. The graph represents the mean ± standard error of the mean of the replicates. (C) Percentage of cells invading gelatin matrix were evaluated after 72 h of cell culture in the matrix, in presence and absence of 1.88 µM venetoclax. Images were taken with a confocal spectral scanning microscope SP8 LEICA, analyzed with ImageJ and GIMP software, and processed with Fiji-ImageJ. Cells that degraded gelatin were scored as positive. The graph represents the mean ± standard error of the mean of the replicates. (D) The percentage of EdU positive cells was determined in Caco-2 and Caco-2-HPN cells by flow cytometry after 48 h of cell culture in presence and absence of 1.88 µM venetoclax. The graph represents the mean ± standard error of the mean of the replicates. (E) Thrombin generation was performed after incubation of plasma with cells in presence and absence of 1.88 µM venetoclax as described in Materials and Methods. The endogenous thrombin potential (ETP, nmol*min), thrombin peak (peak, nmol), lag time (min), time-to-peak (min) and mean rate index (velocity, nmol/min) were recorded. The data represent the mean ± standard error of the mean of at least six separate experiments. Each condition was evaluated in triplicate. PRO60, proline-60; LEU41, leucine-41; GLN73, glutamine-73; ASN143, asparagine-143; HPN, Hepsin; EdU+, positive for 5-ethynyl-2′-deoxyuridine; *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001.
3.6 Venetoclax inhibition of hepsin
We tested the effect of venetoclax on hepsin by evaluating its proteolytic activity toward fluorogenic substrates. Venetoclax irreversibly inhibited hepsin activity. Therefore, we calculated the half-maximal inhibitory concentration (IC50) by incubating the protein with different concentrations of venetoclax and monitoring hepsin activity. As shown in Supplementary Figure S1, the IC50 of venetoclax was 0.48 μM, which reflected a better hepsin inhibition than the one recently reported for indole derivatives (Blay et al., 2020). The toxicity of these compounds has yet to be tested in humans, while the calculated 2xIC50 of venetoclax for hepsin is within the concentration range tested in chronic lymphocytic leukemia cells (Anderson et al., 2016).
3.7 Venetoclax effect on CRC cells
Venetoclax significantly reduced cell migration both in cells with basal expression (46.35% ± 4·87% vs. 22.26% ± 7·97%) as well as in cells that overexpressed hepsin (56.31% ± 9.99% vs. 39.09% ± 9.27%) (Figure 6B; Supplementary Figure S2). Venetoclax was also able to specifically inhibit Caco-2 and Caco-2-HPN cell invasion to a statistically significant degree (2.08% ± 1.81% vs. 8.03% ± 5.05% and 2.98% ± 2.03% vs. 19.04% ± 18.28%, respectively) (Figure 6C; Supplementary Figure S2). Although venetoclax is a Bcl-2 inhibitor, it did not affect CRC cell proliferation (Figure 6D). Finally, incubating the cells with venetoclax reduced the prothrombotic phenotype of both Caco-2 and Caco-2-HPN cells. We highlight a statistically significant reduction of the rate of thrombin generation in Caco-2 cells and a prolonged lag time and time to peak in Caco-2-HPN cells (Figure 6E; Table 3; Supplementary Figure S3). These antithrombotic effects were not observed in other CRC cells without hepsin expression, such as DLD-1 and HCT-116 cells (Supplementary Figures S4, S5; Supplementary Table S1).
TABLE 3 | Thrombin generation parameters in plasma preincubated with basal and hepsin overexpressing Caco-2 cells in the presence and absence of venetoclax.
[image: Table 3]3.8 Venetoclax effect on CRC cells invasiveness in vivo
The higher in vitro invasiveness of Caco-2-HPN was confirmed in vivo by using a xenotransplantation model in zebrafish larvae. Interestingly, pretreatment of these cells with venetoclax reduced their invasiveness to levels found in Caco-2 cells (Figure 7), confirming the results of the in vitro studies and further showing its therapeutic potential for the treatment of CRC.
[image: Figure 7]FIGURE 7 | Venetoclax reduces Caco-2-HPN cell invasion in zebrafish larvae. (A) Experimental design of the zebrafish larvae xenotransplantation experiments and representative pictures of no invaded and invaded larvae showing red-labelled Caco-2 cells at the injection site (arrow) and several invasion foci (arrowheads). (B) Evaluation of invasion score 3 days after injection in the yolk sac of 2-dpf casper zebrafish larvae. The results showed are a pool of three different experiments. dpf, days post-fertilization; ***: p-value < 0.001; n, number of larvae per treatment; CACO WT, Caco-2 cells with hepsin basal expression; CACO HPN, Caco-2 cells overexpressing hepsin; HPN + V, Caco-2 cells overexpressing hepsin pretreated with venetoclax.
4 DISCUSSION
Hepsin is a TTSP that exerts a complex influence on different types of cancer (Zhang et al., 2016; Damalanka et al., 2021; Tervonen et al., 2021; Lu et al., 2022), parallel to the activation of the hemostatic system, and comprises critical nodes where multiple signaling pathways converge with coagulation cascade effectors. CRC is a suitable model to explore these interactions owing to the downstream regulation of hepsin, which depends on the Ras/Erk1/2 signaling pathway (Tervonen et al., 2021), as well as the worse prognosis and greater thrombotic risk associated with the activation of this signaling pathway (Ades et al., 2015; Ottaiano et al., 2020). Recently, we identified hepsin from primary tumor as a prognostic marker for metastasis and thrombosis in patients with localized tumors (Zaragoza-Huesca et al., 2022). Interestingly, although the serine protease domain of hepsin is located in the extracellular region, some articles support its secretion, making it possible to monitor hepsin levels in the blood (Wang et al., 2019). This enabled us to evaluate it as a possible prognostic or predictive biomarker of tumor stage and thrombotic risk in the plasma. In addition, the role of hepsin in CRC remains to be elucidated. This led us to explore the possible hepsin-mediated mechanisms that might be linked to CRC tumorigenesis and thrombotic risk and to search for drugs that target this TTSP.
Our results in plasma from patients suggest that hepsin overexpression is associated with a metastatic phenotype, which corroborates the findings of Tieng et al. (2020), who reported elevated serum hepsin levels in patients with metastatic CRC, prompting its use as a soluble biomarker. Hepsin has an extracellular fraction that can be released from the transmembrane region of tumor cells (Wang et al., 2019). The fact that hepsin is differentially expressed in the plasma of metastatic patients could be due to its release by cells from metastatic niches and not from the primary tumor, where the role of hepsin would no longer be relevant (Willbold et al., 2019). Although the statistical evidence is limited, our results are consistent with earlier observations that implicate hepsin in processes related to Ras-dependent tumorigenesis (Tervonen et al., 2021). Therefore, the association between hepsin levels and Ras-dependent tumorigenesis should be reviewed considering the soluble hepsin fraction.
The proteolytic enzymes involved in metastasis might also account for the two-way links between thrombosis and cancer (Carmona-Bayonas et al., 2019; Kim et al., 2020; Mahajan et al., 2022), in which the degradation of the extracellular matrix by proteases is coupled to activating the hemostatic system (Fernandes et al., 2019). In our plasma series from patients, the incidence of thromboembolic disease was low, consistent with the literature (Riedl et al., 2017; Rees et al., 2018). Despite anecdotal evidence, it is striking that none of the metastatic individuals with hepsin levels ≤Q3 exhibited a thrombotic event in the first 24 months, whereas in metastatic patients with hepsin levels >Q3, 24-month thrombosis CI was 34.7%. These results could be explained by our in vitro experiments, where hepsin increased thrombin generation promoted by CRC cells, probably because of its capacity to activate coagulation factor VII (Halabian et al., 2009; Khandekar and Jagadeeswaran, 2014). Interestingly, in our published study, increased hepsin expression from primary tumor was a potential biomarker of thrombosis in patients with localized CRC, but not in metastatic ones (Zaragoza-Huesca et al., 2022). The fact that hepsin is not associated with an increased thrombotic risk in biopsies from metastatic patients could also be due to its delivering in plasma, since it is no longer useful in a tumor which has already invaded distant tissues. The results obtained in the plasma of the patients and in vitro in thrombin generation assays, together with the fact that thromboembolic diseases are often associated with metastasis (Carmona-Bayonas et al., 2019), led us to hypothesize that some TTSPs, including hepsin, contribute to hypercoagulability in vivo by generating thrombin at the boundary phase of the tumor invasion and migration front, together with other mediators (Razak et al., 2018; Reddel et al., 2019). To shed light on the mechanisms underlying tumorigenesis, we studied the influence of hepsin in CRC cell lines. Our results confirmed that hepsin expression was associated with increased CRC cell invasion. This is in line with findings in other pathologies, such as prostate cancer, in which hepsin proteolyzes laminin-332, a cell matrix molecule necessary for cell-to-cell adhesion, thereby enhancing tumor cell invasion (Pant et al., 2018). These actions are exerted directly or by inducing and activating matrix metalloproteinases, resulting in potent extracellular matrix destruction (Wilkinson et al., 2017). Hepsin is not the only TTSP involved in CRC invasion and metastasis. The upregulation of other key TTSPs, such as tissue-type plasminogen activator, urokinase-type plasminogen activator, plasminogen activator inhibitor type-1, and others, play an essential role in CRC tumorigenesis (Heissig et al., 2021; Sakamoto et al., 2021; Zhai et al., 2022). Together, they comprise a complex, redundant and multistage system that determines the degradation of the basement membrane and extracellular matrix by proteases.
Moreover, we found that hepsin overexpression was associated with greater Erk1/2 phosphorylation and STAT3 activation. Erk1/2-mediated signaling amplification has been shown to promote hepatic metastases in CRC (Urosevic et al., 2020). Interestingly, proteins that reduce Erk1/2 activation, such as CMTM4, have shown anti-tumor effects in CRC and other types of cancer (Xue et al., 2019). Simultaneously, the JAK2/STAT3 signaling pathway plays an important role in regulating apoptosis and enhancing clonogenic potential (Park et al., 2019). The mechanism underlying hepsin’s activation of these pathways remains unknown and this is a matter that merits study in the future. Hepsin can cleave the epidermal growth factor receptor (EGFR) so that the fragments are tyrosine-phosphorylated. However, it is not clear which downstream signaling pathways are activated since hepsin-induced EGFR cleavage does not correlate with increased Erk1/2 activation (Chen and Chai, 2017).
Due to pro-invasive and prothrombotic effects of hepsin, we also investigated its role as a potential therapeutic target in CRC. Initially, we silenced hepsin expression using siRNAs (Supplementary Figure S6); however, as the migration and invasion experiments took 72 h, transient silencing was gradually reversed and no statistical differences were observed between Caco-2 and Caco-2-HPN cells. Therefore, a different strategy was implemented. To this end, we used VS to identify the potential hepsin inhibitors. We identified venetoclax, a drug used in combination to treat acute myeloid leukemia and relapsed or refractory chronic lymphocytic leukemia (DiNardo et al., 2018; Seymour et al., 2018). We demonstrated that venetoclax inhibited the protumoral and prothrombotic effects of hepsin in CRC cells. It is important to note that venetoclax also exerts these inhibitory effects on Caco-2 cells because these cells also exhibit basal hepsin expression. Venetoclax had no clear effect on thrombin generation in CRC cells lacking hepsin expression. Surprisingly, although venetoclax is a BCL2 inhibitor, an anti-apoptotic protein that is pathologically overexpressed and crucial to the survival of certain cancer cells, Caco-2 cell proliferation was not affected by treatment with this drug. This may be due to drug efflux pumps preventing it from reaching the inside of the cell (Giacomini et al., 2010), although this was not investigated in the present study. Overall, these observations support the notion that the antitumor effect of venetoclax in Caco-2 cells occurs in the extracellular space via hepsin inhibition. Most importantly, in zebrafish larvae, venetoclax significantly reduced the invasion of hepsin-overexpressing cells to the levels found in parental cells, demonstrating its efficacy in an in vivo model. Although other hepsin inhibitors have been reported, their usefulness is limited by their decreased stability in vivo. Moreover, some drugs exhibit off-target actions that diminish their inhibitory effectiveness (Damalanka et al., 2018).
Our study had limitations that should be borne in mind. The scant samples did not allow for a solid analysis of the association between plasma hepsin and thrombotic risk in metastatic patients. As with any other biomarker, interpreting the effect of its levels is complex because it is contingent on specific molecular pathways (e.g., the mitogen-activated protein kinase pathway) and presumably depends on circumstances such as tumor burden, tumor response to chemotherapy, or antagonistic or paradoxical effects (Halabian et al., 2009; Kim et al., 2020; Mahajan et al., 2022). Consequently, the results should be interpreted as hypothesis generators, which are reviewed later. First, there is no correlation between the findings found in the plasma and biopsies of patients with CRC (Zaragoza-Huesca et al., 2022), and more studies are needed to determine the potential of hepsin as a biomarker and therapeutic target in patients with metastasis. Second, although this study sheds light on the status of two key pathways in CRC (Erk1/2 and JAK2/STAT3 signaling pathways), the causal order is unclear. Third, our research revealed the antitumor and potentially anti-thrombotic effects of venetoclax, an FDA-approved oral agent, possibly due to its anti-hepsin activity. However, it cannot be ruled out that this effect might be mediated by its action on other proteins. Identifying patients with CRC who could benefit from venetoclax in clinical trials is also necessary.
In conclusion, our results demonstrated that high hepsin levels are associated to a more aggressive tumor phenotype because of the higher potential for invasion of CRC cells and greater activation of coagulation. Furthermore, we identified hepsin as a novel therapeutic target for these malignancies and their underlying pathologies. In this context, this study reports, for the first time, an anti-migratory, anti-invasive and anti-thrombotic effect of venetoclax, which could indicate its use as a new molecular-targeted treatment for CRC and other hepsin-overexpressing tumors.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Ethics Committee of the Morales Meseguer University Hospital (EST: 07/15). The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Counseling of Water, Agriculture, Livestock, and Fisheries of the Autonomous Community of the Region of Murcia (CARM authorization number # A13180602).
AUTHOR CONTRIBUTIONS
HP-S, AC-B, and IM-M contributed to the conceptualization, formal analysis, funding acquisition, project administration, supervision and writing of the manuscript. MR, JP-M, IP-S, DZ-H, CO-S, JP-G, SE, GR, SM, FA-D, GL-G, AN, FG-M, and FB contributed to investigation, methodology, and data curation. MR did original draft and writing. VV, FB, ML-L, and VM contributed to review and editing. HP-S, AC-B, and IM-M had full access to the data and were ultimately responsible for the decision to submit this manuscript for publication. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication. 
FUNDING
This research was funded by Carlos III Health Institute (Grant Number PI17/00050 & FEDER, PI21/00210 & FEDER), Spanish Ministry of Economy and Competitiveness (grant numbers 2020-113660RB-I00, FEDER, and CTQ2017-87974-R), Fundación Séneca (Project 20988/PI/18), and generous donations to crowdfunding precipitation (FECYT).
ACKNOWLEDGMENTS
The authors thank María Eugenia de la Morena-Barrio, Javier Corral, Manuel Sánchez-Canovas, and Alberto Martínez for technical assistance.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2023.1182925/full#supplementary-material
REFERENCES
 Ades, S., Kumar, S., Alam, M., Goodwin, A., Weckstein, D., Dugan, M., et al. (2015). Tumor oncogene (KRAS) status and risk of venous thrombosis in patients with metastatic colorectal cancer. J. Thromb. Haemost. 13, 998–1003. doi:10.1111/JTH.12910
 Alburquerque-González, B., Bernabé-García, Á., Bernabé-García, M., Ruiz-Sanz, J., López-Calderón, F. F., Gonnelli, L., et al. (2021). The FDA-approved antiviral raltegravir inhibits fascin1-dependent invasion of colorectal tumor cells in vitro and in vivo. Cancers (Basel) 13, 861. doi:10.3390/cancers13040861
 Anderson, M. A., Deng, J., Seymour, J. F., Tam, C., Kim, S. Y., Fein, J., et al. (2016). The BCL2 selective inhibitor venetoclax induces rapid onset apoptosis of CLL cells in patients via a TP53-independent mechanism. Blood 127, 3215–3224. doi:10.1182/blood-2016-01-688796
 Blay, V., Li, M. C., Ho, S. P., Stoller, M. L., Hsieh, H. P., and Houston, D. R. (2020). Design of drug-like hepsin inhibitors against prostate cancer and kidney stones. Acta Pharm. Sin. B 10, 1309–1320. doi:10.1016/j.apsb.2019.09.008
 Bylsma, L. C., Gillezeau, C., Garawin, T. A., Kelsh, M. A., Fryzek, J. P., Sangaré, L., et al. (2020). Prevalence of ras and braf mutations in metastatic colorectal cancer patients by tumor sidedness: A systematic review and meta-analysis. Cancer Med. 9, 1044–1057. doi:10.1002/CAM4.2747
 Carmona-Bayonas, A., Jiménez-Fonseca, P., Garrido, M., Custodio, A., Hernandez, R., Lacalle, A., et al. (2019). Multistate models: Accurate and dynamic methods to improve predictions of thrombotic risk in patients with cancer. Thromb. Haemost. 119, 1849–1859. doi:10.1055/s-0039-1694012
 Chen, L. M., and Chai, K. X. (2017). Proteolytic cleavages in the extracellular domain of receptor tyrosine kinases by membrane-associated serine proteases. Oncotarget 8, 56490–56505. doi:10.18632/oncotarget.17009
 Damalanka, V. C., Han, Z., Karmakar, P., O’Donoghue, A. J., La Greca, F., Kim, T., et al. (2018). Discovery of selective matriptase and hepsin serine protease inhibitors: Useful chemical tools for cancer cell biology. J. Med. Chem. 62, 480–490. doi:10.1021/acs.jmedchem.8b01536
 Damalanka, V. C., and Janetka, J. W. (2019). Recent progress on inhibitors of the type II transmembrane serine proteases, hepsin, matriptase and matriptase-2. Future Med. Chem. 11 (7), 743–769. doi:10.4155/fmc-2018-0446
 Damalanka, V. C., Voss, J. J. L. P., Mahoney, M. W., Primeau, T., Li, S., Klampfer, L., et al. (2021). Macrocyclic inhibitors of HGF-activating serine proteases overcome resistance to receptor tyrosine kinase inhibitors and block lung cancer progression. J. Med. Chem. 64 (24), 18158–18174. doi:10.1021/acs.jmedchem.1c01671
 DiNardo, C. D., Pratz, K. W., Letai, A., Jonas, B. A., Wei, A. H., Thirman, M., et al. (2018). Safety and preliminary efficacy of venetoclax with decitabine or azacitidine in elderly patients with previously untreated acute myeloid leukaemia: A non-randomised, open-label, phase 1b study. Lancet Oncol. 19, 216–228. doi:10.1016/S1470-2045(18)30010-X
 Fernandes, C. J., Morinaga, L. T. K., Alves, J. L., Castro, M. A., Calderaro, D., Jardim, C. V. P., et al. (2019). Cancer-associated thrombosis: The when, how and why. Eur. Respir. Rev. 28 (151), 180119. doi:10.1183/16000617.0119-2018
 Fu, J., Su, X., Li, Z., Deng, L., Liu, X., Feng, X., et al. (2021). HGF/c-MET pathway in cancer: From molecular characterization to clinical evidence. Oncogene 40, 4625–4651. doi:10.1038/s41388-021-01863-w
 Gabellini, C., Gómez-Abenza, E., Ibáñez-Molero, S., Tupone, M. G., Pérez-Oliva, A. B., de Oliveira, S., et al. (2018). Interleukin 8 mediates bcl-xL-induced enhancement of human melanoma cell dissemination and angiogenesis in a zebrafish xenograft model. Int. J. cancer 142, 584–596. doi:10.1002/ijc.31075
 Giacomini, K. M., Huang, S. M., Tweedie, D. J., Benet, L. Z., Brouwer, K. L. R., Chu, X., et al. (2010). Membrane transporters in drug development. Nat. Rev. Drug Discov. 9, 215–236. doi:10.1038/nrd3028
 Halabian, R., Roudkenar, M. H., Esmaeili, N. S., Masroori, N., Roushandeh, A. M., and Najafabadi, A. J. (2009). Establishment of a cell line expressing recombinant factor VII and its subsequent conversion to active form FVIIa through hepsin by genetic engineering method. Vox Sang. 96, 309–315. doi:10.1111/j.1423-0410.2008.01158.x
 Heissig, B., Salama, Y., Osada, T., Okumura, K., and Hattori, K. (2021). The multifaceted role of plasminogen in cancer. Int. J. Mol. Sci. 22 (5), 2304. doi:10.3390/ijms22052304
 Khandekar, G., and Jagadeeswaran, P. (2014). Role of hepsin in factor VII activation in zebrafish. Blood Cells. Mol. Dis. 52, 76–81. doi:10.1016/J.BCMD.2013.07.014
 Kim, A. S., Khorana, A. A., and McCrae, K. R. (2020). Mechanisms and biomarkers of cancer-associated thrombosis. Transl. Res. 225, 33–53. doi:10.1016/j.trsl.2020.06.012
 Li, R., Li, J., Yang, H., Bai, Y., Hu, C., Wu, H., et al. (2020). Hepsin promotes epithelial–mesenchymal transition and cell invasion through the miR-222/PPP2R2A/AKT Axis in prostate cancer. Onco. Targets Ther. 13, 12141–12149. doi:10.2147/OTT.S268025
 Lu, L., Cole, A., Huang, D., Wang, Q., Guo, Z., Yang, W., et al. (2022). Clinical significance of hepsin and underlying signaling pathways in prostate cancer. Biomolecules 12 (2), 203. doi:10.3390/biom12020203
 Luengo-Gil, G., Calvo, M. I., Martín-Villar, E., Águila, S., Bohdan, N., Antón, A. I., et al. (2016). Antithrombin controls tumor migration, invasion and angiogenesis by inhibition of enteropeptidase. Sci. Rep. 6, 27544–27614. doi:10.1038/srep27544
 Mahajan, A., Brunson, A., Adesina, O., Keegan, T. H. M., and Wun, T. (2022). The incidence of cancer-associated thrombosis is increasing over time. Blood Adv. 6 (1), 307–320. doi:10.1182/bloodadvances.2021005590
 Ottaiano, A., Normanno, N., Facchini, S., Cassata, A., Nappi, A., Romano, C., et al. (2020). Study of Ras mutations’ prognostic value in metastatic colorectal cancer: STORIA analysis. Cancers (Basel) 12, 1919. doi:10.3390/cancers12071919
 Pant, S. M., Belitskin, D., Ala-Hongisto, H., Klefström, J., and Tervonen, T. A. (2018). Analyzing the type II transmembrane serine protease hepsin-dependent basement membrane remodeling in 3D cell culture. Methods Mol. Biol. 1731, 169–178. doi:10.1007/978-1-4939-7595-2_16
 Park, S. Y., Lee, C. J., Choi, J. H., Kim, J. H., Kim, J. W., Kim, J. Y., et al. (2019). The JAK2/STAT3/CCND2 Axis promotes colorectal Cancer stem cell persistence and radioresistance. J. Exp. Clin. Cancer Res. 38, 399–418. doi:10.1186/s13046-019-1405-7
 Pascreau, T., de la Morena-Barrio, M. E., Lasne, D., Serrano, M., Bianchini, E., Kossorotoff, M., et al. (2019). Elevated thrombin generation in patients with congenital disorder of glycosylation and combined coagulation factor deficiencies. J. Thromb. Haemost. 17, 1798–1807. doi:10.1111/jth.14559
 Peñas-Martínez, J., Luengo-Gil, G., Espín, S., Bohdan, N., Ortega-Sabater, C., Ródenas, M. C., et al. (2021). Anti-tumor functions of prelatent antithrombin on glioblastoma multiforme cells. Biomedicines 9, 523. doi:10.3390/biomedicines9050523
 R Core Team (2014). R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. 
 Razak, N. B. A., Jones, G., Bhandari, M., Berndt, M. C., and Metharom, P. (2018). Cancer-associated thrombosis: An overview of mechanisms, risk factors, and treatment. Cancers (Basel) 10, 380. doi:10.3390/CANCERS10100380
 Reddel, C. J., Wen Tan, C., and Chen, V. M. (2019). Thrombin generation and cancer: Contributors and consequences. Cancers (Basel) 11 (1), 100. doi:10.3390/cancers11010100
 Rees, P. A., Clouston, H. W., Duff, S., and Kirwan, C. C. (2018). Colorectal cancer and thrombosis. Int. J. Colorectal Dis. 33, 105–108. doi:10.1007/S00384-017-2909-2
 Riedl, J. M., Posch, F., Bezan, A., Szkandera, J., Smolle, M. A., Winder, T., et al. (2017). Patterns of venous thromboembolism risk in patients with localized colorectal cancer undergoing adjuvant chemotherapy or active surveillance: An observational cohort study. BMC Cancer 17, 415. doi:10.1186/S12885-017-3392-4
 Sakamoto, H., Koma, Y. I., Higashino, N., Kodama, T., Tanigawa, K., Shimizu, M., et al. (2021). PAI-1 derived from cancer-associated fibroblasts in esophageal squamous cell carcinoma promotes the invasion of cancer cells and the migration of macrophages. Lab. Invest. 101 (3), 353–368. doi:10.1038/s41374-020-00512-2
 Salta, S., Papageorgiou, L., Larsen, A. K., Van Dreden, P., Soulier, C., Cokkinos, D. V., et al. (2018). Comparison of antithrombin-dependent and direct inhibitors of factor Xa or thrombin on the kinetics and qualitative characteristics of blood clots. Res. Pract. Thromb. Haemost. 2, 696–707. doi:10.1002/rth2.12120
 Seymour, J. F., Kipps, T. J., Eichhorst, B., Hillmen, P., D’Rozario, J., Assouline, S., et al. (2018). Venetoclax–rituximab in relapsed or refractory chronic lymphocytic leukemia. N. Engl. J. Med. 378, 1107–1120. doi:10.1056/NEJMoa1713976
 Tanabe, L. M., and List, K. (2017). The role of type II transmembrane serine protease-mediated signaling in cancer. FEBS J. 284 (10), 1421–1436. doi:10.1111/febs.13971
 Tervonen, T. A., Pant, S. M., Belitskin, D., Englund, J. I., Narhi, K., Haglund, C., et al. (2021). Oncogenic Ras disrupts epithelial integrity by activating the transmembrane serine protease hepsin. Cancer Res. 81, 1513–1527. doi:10.1158/0008-5472.CAN-20-1760
 Tieng, F. Y. F., Abu, N., Sukor, S., Mohd Azman, Z. A., Mahamad Nadzir, N., Lee, L. H., et al. (2020). L1CAM, CA9, KLK6, HPN, and ALDH1A1 as potential serum markers in primary and metastatic colorectal cancer screening. Diagnostics 10, 444. doi:10.3390/diagnostics10070444
 Trott, O., and Olson, A. J. (2010). AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 31, 455–461. doi:10.1002/JCC.21334
 Urosevic, J., Blasco, M. T., Llorente, A., Bellmunt, A., Berenguer-Llergo, A., Guiu, M., et al. (2020). ERK1/2 signaling induces upregulation of ANGPT2 and CXCR4 to mediate liver metastasis in colon cancer. Cancer Res. 80, 4668–4680. doi:10.1158/0008-5472.CAN-19-4028
 Wang, L., Zhang, C., Sun, S., Chen, Y., Hu, Y., Wang, H., et al. (2019). Autoactivation and calpain-1-mediated shedding of hepsin in human hepatoma cells. Biochem. J. 476, 2355–2369. doi:10.1042/BCJ20190375
 Wenz, R., Conibear, E., Bugeon, L., and Dallman, M. (2020). Fast, easy and early (larval) identification of transparent mutant zebrafish using standard fluorescence microscopy. F1000Res 9, 963. doi:10.12688/f1000research.22464.1
 Westerfield, M. (2000). The zebrafish book: A guide for the laboratory use of zebrafish. Avaliable At: http//zfin.org/zf_info/zfbook/zfbk.html. 
 Wilkinson, D. J., Desilets, A., Lin, H., Charlton, S., Del Carmen Arques, M., Falconer, A., et al. (2017). The serine proteinase hepsin is an activator of pro-matrix metalloproteinases: Molecular mechanisms and implications for extracellular matrix turnover. Sci. Rep. 7, 16693. doi:10.1038/s41598-017-17028-3
 Willbold, R., Wirth, K., Martini, T., Sültmann, H., Bolenz, C., and Wittig, R. (2019). Excess hepsin proteolytic activity limits oncogenic signaling and induces ER stress and autophagy in prostate cancer cells. Cell. Death Dis. 10 (8), 601. doi:10.1038/s41419-019-1830-8
 Xue, H., Li, T., Wang, P., Mo, X., Zhang, H., Ding, S., et al. (2019). CMTM4 inhibits cell proliferation and migration via AKT, ERK1/2, and STAT3 pathway in colorectal cancer. Acta. Biochim. Biophys. Sin. (Shanghai) 51 (9), 915–924. doi:10.1093/abbs/gmz084
 Zaragoza-Huesca, D., Nieto-Olivares, A., García-Molina, F., Ricote, G., Montenegro, S., Sánchez-Cánovas, M., et al. (2022). Implication of hepsin from primary tumor in the prognosis of colorectal cancer patients. Cancers 14, 3106. doi:10.3390/CANCERS14133106
 Zhai, B. T., Tian, H., Sun, J., Zou, J. B., Zhang, X. F., Cheng, J. X., et al. (2022). Urokinase-type plasminogen activator receptor (uPAR) as a therapeutic target in cancer. J. Transl. Med. 20 (1), 135. doi:10.1186/s12967-022-03329-3
 Zhang, M., Zhao, J., Tang, W., Wang, Y., Peng, P., Li, L., et al. (2016). High Hepsin expression predicts poor prognosis in Gastric Cancer. Sci. Rep. 6, 36902–36910. doi:10.1038/srep36902
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Rodenas, Peñas-Martínez, Pardo-Sánchez, Zaragoza-Huesca, Ortega-Sabater, Peña-García, Espín, Ricote, Montenegro, Ayala-De La Peña, Luengo-Gil, Nieto, García-Molina, Vicente, Bernardi, Lozano, Mulero, Pérez-Sánchez, Carmona-Bayonas and Martínez-Martínez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-10-1182925-g005.gif





OPS/images/fmolb-10-1182925-g006.gif
lmm
Mim ,
Mhm





OPS/images/fmolb-10-1182925-g003.gif





OPS/images/fmolb-10-1182925-g004.gif





OPS/images/fmolb-10-1182925-t002.jpg
Thrombin generation parameters Mean + SEM Caco-2 Mean + SEM Caco-2 HPN p-value

‘ ETP (nM*min) 8845 + 2323 ‘ 1,021 + 3826 022
pesk (nM) 1091 + 514 ‘ 1485 + 650 006
‘ Lag time (min) 25221 ‘ 12506 0043
‘ ttPeak (min) 76+ 47 ‘ 46+ 14 0022
‘7 Mean rate index (nM/min) 389 %228 \ 544 %346 0.16

ETP, endogenous thrombin potential; ttPeak, time-to-peak; SEM, standard error of mean; Caco-2-HPN, Caco-2 cells overexpressing hepsi

S e oally with Bapiis sl akprossioe.





OPS/images/fmolb-10-1182925-g007.gif





OPS/images/fmolb-10-1182925-t001.jpg
racteristics N (%)
Age. median (range) 63 (39-85)
Sex. male 49 (67.1)
TNM stage
Localized 20 (27.3)
Advanced 53 (726)
Line of therapy |
~ lstline 22600
- 2nd line 14 (19.1)
~ 3rd line 10 (13.6)
4th line 5(68)
‘Time from diagnosis of metastasis to hepsin sampling. median (range) 42(0-34)
Location of the primary tumor*
~ Right colon 28 (385)
Transverse colon 2(26)
Left colon 31 (424)
Rectum 12 (16.4)
Location of metastases
\
Liver 41 (56.1)
Lung 20 (27.3)
Lymph nodes 18 (24.6)
Bone 4(54)
Peritoneal 19 (260)
Surgery of the primary tumor 58 (79.4)
 Histological grade
Grade 1 20 (28.7)
Grade 2 | 38 (520)
~ Grade 3 9 (123)
Unknown 5(68)
KRAS
Mutant 22 (30.1)
Wild-type | 31 (424)
Not performed 20 (273)
Chemotherapy regimen when hepsin was obtained*
FOLFOX-based 11 (15.0)
Irinotecan-based 9 (123)
Anti-angiogenic 13 (17.8)
Anti-EGFR 1(13)
Regorafenib 227
None 44 (60.2)

SR firoe Hode: Dt AD Lasion st ssvconiivil onpasvan Momolasin DOL ROE sxiiilean-S (nnmursal- B sosdicnd crowth Botar tesipturcs ot sty tokisive:






OPS/xhtml/nav.xhtml
Contents

		Cover

		Venetoclax is a potent hepsin inhibitor that reduces the metastatic and prothrombotic phenotypes of hepsin-expressing colorectal cancer cells		1 Introduction

		2 Materials and methods		2.1 Ethics statement

		2.2 Samples and patient characteristics

		2.3 Plasma hepsin determination by ELISA

		2.4 Cell culture

		2.5 Cell transfection

		2.6 RT-qPCR

		2.7 Western blot analysis

		2.8 Wound healing assays

		2.9 Degradation of gelatin coated coverslips

		2.10 Proliferation assays

		2.11 Thrombin generation assay

		2.12 Virtual screening

		2.13 Effect of selected drugs on hepsin activity, cell migration, invasion, proliferation and thrombin generation

		2.14 Larval xenotransplantion assays

		2.15 Statistical analysis





		3 Results		3.1 Hepsin levels in plasma of CRC patients

		3.2 Hepsin levels affect Caco-2 cells invasion, but not migration and proliferation

		3.3 Pro-tumor hepsin signaling pathway

		3.4 Thrombin generation assay

		3.5 Virtual screening

		3.6 Venetoclax inhibition of hepsin

		3.7 Venetoclax effect on CRC cells

		3.8 Venetoclax effect on CRC cells invasiveness in vivo





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-10-1182925-g001.gif
A

[P ————






OPS/images/fmolb-10-1182925-g002.gif





OPS/images/fmolb-10-1182925-t003.jpg
Mean + SEM p-value

Caco-2 + Caco- Caco-2-HPN + Caco-2 vs. Caco-2 + Caco-2-HPN vs. Caco-2-
Venetoclax 2- HPN Venetoclax Venetoclax HPN + Venetoclax
ETP (nM*min) 8845 + 697.3 £ 2719 1021 = 967.1 + 299 014 078
2323 3826
Peak (nM) 109.1 % 68.71 £ 325 1485 = 65 1017 £ 397 011 015
514
Lag time (min) | 25 %2.1 3924 12£06 33£17 021 0001
ttPeak (min) 7.6 £47 98 £34 4614 77£26 035 0.003
Mean rate index | 389 +22.8 124£74 544 + 346 252413 0022 009
(nM/min)

SEAS ataidard orecs of rasht: Ciici 2 EIPH, Cadoed sl oatanrissng hagiin: Cico:2: Citasd salli with hepsii bissl mcpimssion: STV, sdopaious dhrombin posssin: Peak; il soseik









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





