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Meiotic nuclear divisions 1 suppresses the proliferation and invasion of pancreatic cancer cells via regulating H2A.X variant histone
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Abstract: Introduction: Among all malignant tumors of the digestive system, pancreatic carcinoma exhibits the highest mortality rate. Currently, prevention and effective treatment are urgent issues that need to be addressed. Methods: The study focused on meiotic nuclear divisions 1 (MND1), integrating data from the Gene Expression Profiling Interactive Analysis (GEPIA) database with prognostic survival analysis. Simultaneously, experiments at cellular level were employed to demonstrate the effect of MND1 on the proliferation and migration of PC. The small-molecule inhibitor of MND1 was used to suppress the migration of PC cells by knocking down MND1 using small interfering RNA (siRNA) in Patu-8988 and Panc1 cell lines. Results: The results of Cell Counting Kit-8 indicated that the suppression of MND1 resulted in a decrease in cell proliferation. Wound healing and Transwell assays revealed that MND1 knockdown reduced cell migration and invasion. Flow cytometry revealed that inhibiting MND1 hindered the cell cycle. Furthermore, MND1 could stimulate the proliferation, migration, and invasion of Patu-8988 and Panc1 cells by increasing the expression of MND1. Notably, MND1 had a positive effect on H2AFX expression in PC cells. Elevated MND1 expression suggests the low overall survival rate of individuals diagnosed with PC. Conclusion: These findings suggest that MND1 has the potential to be a gene with the ability to accurately diagnose and treat PC.
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Introduction

Pancreatic carcinoma (PC) is one of the most dangerous cancers related to the digestive tract, ranking fourth and sixth in America and China, respectively, as the leading cause of cancer-related death [1], and it is projected to be the second leading cause of cancer-related death by 2030 [2]. PC is a malignant disease characterized by low survival and high recurrence rate, and patients are mostly at the stage of locally advanced or metastatic disease when first diagnosed [3]. Presently, imaging examination and CA19-9 (cancer antigen 19-9) were used to diagnose PC [4,5], however, the overall survival failed to improve due to resistance to chemotherapy drugs [6,7]. Therefore, it is crucial to define the fundamental molecular process and discover new therapies for PC.

Meiotic nuclear divisions 1 (MND1) plays an essential role in meiosis and associates with homologous pairing protein 2 (HOP2) to create a stable heterodimeric complex, facilitating the repair of homologous chromosome pairing DNA double-strand breaks (DSBs) repair during meiosis [8,9]. In squamous cell lung cancer, lung adenocarcinoma, kidney renal clear cell carcinoma, and hepatocellular carcinoma, MND1 has been highly shown to be demonstrated, serving as a potential biomarker for poor prognosis [9–13]. In previous studies, we confirmed the oncogenic function of MND1 in human PC cells. MND1 has the ability to stimulate cell growth and advance cell cycle progression. The current research seeked to confirm that H2AFX is a downstream regulatory molecule of MND1 through experimental methods, taking into account the earlier finding that MND1 has an oncogene role in PC.

H2A.X variant histone (H2AFX) is one part of the histone H2A gene family, essential for DNA repair, replication, transcription regulation, and chromosomal stability [14]. Previous studies have confirmed the presence of H2AFX in various types of cancers, such as hepatocellular carcinoma [14,15], Leukemia [16], head and neck squamous cell carcinoma [17], and non-Hodgkin lymphoma [18]; nevertheless, the effects of H2AFX on the progression of PC malignancy have not been documented. In order to achieve this objective, we evaluated how H2AFX was expressed in PC cells when MND1 was either inhibited or overexpressed.

Our comprehensive analysis revealed the function of MND1 in the cell growth, cell cycle, migration, and invasion in vitro. Additionally, H2AFX was pinpointed as a target for MND1 in PC cells. Furthermore, our research investigated if MND1 performs its biological role by controlling H2AFX in PC cells, demonstrating MND1’s tumor-enhancing effects through increased H2AFX levels in PC cells. The findings of our research offer a justification for focusing on MND1 as an innovative treatment target in PCs.

Materials and Methods

Bioinformatics analysis

The TIMER2.0 database [19] was used to acquire the MND1 expression data of pancreatic. The survival prognosis data of MND1 were sourced from GEPIA2.0 [20] and Kaplan Meier Plotter databases [21].

Cell lines and cell culture

Human PC cells, including Patu-8988 and PANC1 cells, were cultured in Dulbecco’s modified Eagle’s medium (Gibco, New York, USA) with 10% fetal bovine serum, kept in a water-jacketed incubator at 37°C with 5% CO2. The most common driver mutations in PC are in genes KRAS, TP53, CDKN2A, and SMAD4. There is an early molecular event about KRAS gene mutation in PC, and the most common mutation sites are G12D and G12V. In reference [22], G12D mutation was detected in PANC-1 cells, and G12V mutation was detected in Patu8988 cells. The growth of PANC-1 cells was inhibited by 1 U/mL levaspase. PANC-1 cells were able to grow on soft agar and to tumorize in nude mice, while Patu-8988 were not able to tumorize in nude mice.

Reagents and antibodies

Cell Counting Kit-8(CCK8) was purchased from Sigma (St. Louis, Mo, USA). Transwell inserts and Matrigel were bought from Corning (Corning, New York, USA). Proteintech Group provided us with anti-MND1 (Cat#: 11636-1-AP, Wuhan, China) and anti-Vinculin (66305-1-ig, Wuhan, China) antibodies. Bimake was the source of Anti-H2AFX (A5728, Houston, Texas, USA), whereas anti-Tublin (#2148S, Proteintech Group Wuhan, China) and secondary antibodies were procured from Cell Signaling Technology (Danvers, Massachusetts, USA).

Transfection of siRNA sequences and plasmids

The siRNA (GenePharma, Shanghai, China) sequences were transfected with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s instructions. The MND1 siRNA sequences were designed in the following manner: 5′-CGC AAG UUG UGG AAG AAA UTT-3 (sense) and 5′-AUU UCU UCC ACA ACU UGC GTT-3′ (antisense). Design of the H2AFX siRNA sequences was as such: H2AFX-Homo-286, 5′-GAC AAC AAG AAG ACG CGA ATT-3′(sense) and 5′-UUC GCG UCU UCU UGU UGU CTT-3′ (antisense); H2AFX-Homo-1181, 5′-CUC CCU CCA UCU UCA UUC ATT-3′(sense) and 5′-UGA AUG AAG AUG GAG GGA GTT-3′(antisense); MND1-Homo-1408, 5′-GCA AAC UCA ACU CGG CAA UTT-3′ (sense) and 5′-AUU GCC GAG UUG AGU UUG CTT-3′ (antisense). All oligodeoxynucleotides referenced previously were obtained from Shanghai GenePharma, China.

Transfection of H2AFX plasmid (Youbio Changsha, China) sequences was conducted using Lipofectamine 3000 and p3000 reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. Subcloning of the H2AFX plasmid occurred into the mammalian expression structure pcDNA3.1. The cells were examined in accordance with the instructions provided in the results section.

Extraction of RNA and real-time polymerase chain reaction (RT-PCR)

Total cellular RNA was obtained using Magen Reagent (Biotechnology Co., Ltd., Guangzhou, China) following the guidelines provided by the manufacturer. The SYBR green RT-PCR assay (Vazyme, Nanjing, China) was employed to measure the levels of MND1 and H2AFX, which were then standardized against GAPDH. Primers used in PCR are as follows: MND1, forward primer, 5′-TGT GAG AGG ATC GGA ACT TCT-3′, Reverse Primer, 5′-CAC ATC GGC CAA TTT TAG CTT TC-3′, H2AFX, forward primer, 5′-TTC ACC GGT CTA CCT CGA TA-3′, reverse primer, 5′-CGG CTC AGC TCT TTC CAT GA-3′, GAPDH, forward primer, 5′-GGA GCG AGA TCC CTC CAA AAT-3′, reverse primer, 5′-GGC TGT TGT CAT ACT TCT CAT GG-3′.

Western blotting

Total protein was isolated through a chilled radioimmunoprecipitation assay (RIPA, Beyotime Biotechnology, Beijing, China) solution containing proteinase inhibitors. Quantification of the protein was conducted using a BCA assay kit (Beyotime Biotechnology, Beijing, China), separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to polyvinylidene fluoride (PVDF, Massachusetts, USA) membranes and with a fast-blocking solution (Epizyme, Shanghai, China) for 15–30 min. Then, the PVDF membranes were incubated with the indicated antibodies as follows: MND1, H2AFX, vinculin, and tubulin, and were kept 4°C for at least 12 h, as described previously [22]. Subsequently, the membrane underwent three washes using Tris-buffered saline (Servicebio, Wuhan, China) containing Tween 20 (NeoFroxx GmbH, Einhausen, Germany), each for 10 min. And then it underwent incubation with the secondary antibody working solution for 2 h at ambient temperature.

Cell counting kit-8 assay

PC cells underwent seeding in 6-well plates (Corning, New York, USA) overnight and transfected with MND1 siRNA or cDNA and H2AFX siRNA or cDNA for 24 h. Then, these cells were trypsinized and placed in 96-well plates (Corning, New York, USA) for 24, 48, and 72 h. Cell viability was detected by CCK8 assay as described previously [23].

Wound healing assay

Following the aforementioned transfection process, PC cells were planted in 6-well plates and left to incubate overnight until they reached 95% confluence. To create the scratch wound, the surface cells of the plates were scraped using a pipette tip, followed by cleansing the separated cells with PBS (Servicebio, Wuhan, China). Then, the residual connected cells in 6-well plates underwent a 24-h incubation. The wound healing in each well at 0 h and 24 h was photographed.

Transwell migration and invasion assay

Cell migration and invasion were detected by transwell assay as described before [22]. Cells were placed in transwell chambers with 8.0-mm pore membranes within 24-well plates (Corning, New York, USA). In the invasion assay, the chambers were set up by applying a slender coating of Matrigel (Corning, New York, USA) prior to cell seeding. Following a 24-h incubation period, the bottom-surfaced cells of the chamber were stained with Giemsa solution (Beyotime Biotechnology, Beijing, China), captured in photographs, and tallied using a microscope. Migration is the ability of a cell to move, while invasion is the ability of a cell to secrete proteins that digest the extracellular matrix (ECM) or basement membrane extract (BME) while moving, removing barriers to movement, an experiment that better mimics the in vivo environment of the human body.

Cell cycle assay

PC cells were seeded in a 60 mm dish (Corning, New York, USA) at 5 × 105 cells/well and incubated overnight. After transfection with different cMND1 cDNA constructs, MND1 siRNA, H2AFX cDNA construct, and H2AFX siRNA as mentioned above. Over a period of 24 h, cells were gathered, washed with cold PBS, and stabilized using 70% ethanol (Macklin, Shanghai, China) for at least 4 h at 4°C. Following three cold PBS washes, the cell pellets were reconstituted in 500 μL of 1 × PI staining solution (Beyotime Biotechnology, Beijing, China) and left to incubate for 30 min at 37°C in darkness. Subsequently, the cell cycle was assessed using a BD Aria III Flow Cytometer (BD Biosciences, San Jose, California, USA), and each phase (sub-G1, G1, S, G2) was analyzed using FlowJo software (BD Biosciences, San Jose, California, USA).

Statistical analysis

Statistical examination of the data was conducted using the Student’s t-test for two-group comparisons and ANOVA for multiple group comparisons, employing GraphPad Prism 8.0 (GraphPad, La Jolla, CA, USA). A p-value less than 0.05 was deemed to hold statistical significance.

Results

Pancreatic carcinoma has an increased expression of meiotic nuclear divisions 1

We employed the GEPIA database to investigate the presence of MND1 in both tumor and non-tumor tissues by examining its expression in PC. The GEPIA database indicates that MND1 is expressed at a high level, as depicted in (Fig. 1A). Concurrently, we used the Kaplan Meier analysis to investigate the prognosis of the high and low expression groups of MND1 in PC. The finding showed that the elevated MND1 expression predicted an unfavorable prognosis (Fig. 1B). In addition, we employed western blotting and qRT-PCR to explore MND1 expression in both normal pancreatic epithelial cells and PC. As illustrated in Figs. 1C and 1D, the MND1 expression was higher than the MND1 expression in the normal pancreatic epithelial cells Line HPDEC6-7.
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Figure 1: Meiotic nuclear divisions 1 (MND1) is overexpression in PC. (A) MND1 is highly expressed in the gene expression profiling interactive analysis (GEPIA) database. (B) KM survival curve for MND1 in GEPIA database. (C and D) Compared with normal pancreatic epithelial cells (HPDE6-C7), MND1 is highly expressed at the RNA and protein levels in Patu-8988 and PANC-1 cells. The data presentation was in the form of mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

Meiotic nuclear divisions 1 overexpression promoted cell proliferation, migration, and invasion in vitro

We introduced the MND1 cDNA construct into PC cells and noticed an increase in MND1 mRNA and protein levels when MND1 cDNA was transfected into PC cells (Figs. 2A and 2B). The CCK8 assay results (Fig. 2C) demonstrated that an increase in MND1 expression led to an increase in cell proliferation. We also performed a cell scratch test and a transwell test to ascertain the migration and invasion capabilities of PC cells. From the wound healing assay results, we saw that overexpressed MND1 promoted cell migration in PC cells (Fig. 2D). Meanwhile, we found that overexpression of MND1 enhanced the migration and invasion capacity in PC cells (Fig. 2E). Migration is the ability of a cell to move, while invasion is the ability of a cell to secrete proteins that digest the ECM or BME while moving, removing barriers to movement, an experiment that better mimics the in vivo environment of the human body. To put it succinctly, overexpression of MND1 in Patu-8988 and PANC-1 cells resulted in enhanced growth, migration, and invasion.
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Figure 2: Meiotic nuclear divisions 1 (MND1) overexpression promoted cell proliferation, migration, and invasion in vitro. (A and B) Quantitative real-time polymerase chain reaction and western blotting validated the overexpression effect of MND1 plasmid. (C) CCK-8 assay was conducted in pancreatic cancer cells after MND1 overexpression. (D) Wound healing assay was conducted to assess the migratory capacity in PC cells following excessive MND1 overexpression. (E) Experiments on migration and invasion were conducted to assess the migratory and invasive capacity in Patu-8988 cells and PANC-1 cells in response to MND1 overexpression. Data were represented as mean ± SD. *p < 0.05; **p < 0.01, ***p < 0.001 ****p < 0.0001 vs. empty vector. EV: Empty vector. MND1: MND1 vector.

Meiotic nuclear divisions 1 controls the expression of H2A.X variant histone

We explored whether MND1 regulates other cellular signaling pathways in PC cells, impacting the cell cycle and migratory abilities. We observed that MND1 had a positive effect on H2AFX mRNA expression (Fig. 3A). Furthermore, western blotting showed that the downregulation of MND1 reduced protein levels of H2AFX in PC cells (Fig. 3B). In the meanwhile, a positive correlation was observed between MND1 and H2AFX, as evidenced by a correlation coefficient of 0.49 in the GEPIA database (Fig. 3C). Our findings provide evidence that MND1 plays a pivotal role in affecting the expression levels of H2AFX. In summary, our finding suggests that MND1 is responsible for governing H2AFX expression in PC cells.
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Figure 3: Meiotic nuclear divisions 1 (MND1) controls H2A.X variant histone (H2AFX) expression. (A) Real-time-polymerase chain reaction was used to measure the mRNA levels of MND1 and H2AFX in pancreatic cancer (PC) cells after MND1 siRNA transfection. (B) Western blotting analysis was employed to identify the expression of MND1 and H2AFX in PC cells after MND1 inhibition. (C) MND1 is positively correlated with H2AFX in the gene expression profiling interactive analysis database. Data were represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. NC: Negative Control siRNA. si: siRNA-MND1.

H2A.X variant histone is overexpression overexpressed in Pancreatic Carcinoma

Investigating H2AFX expression in both tumor and non-tumor tissues, we used the GEPIA database and analyzed the expression of H2AFX in PC. The result is shown in (Fig. 4A). At the same time, we used western blot and qRT-PCR to explore H2AFX expression in normal pancreatic epithelial cells and PC. As shown in Figs. 4B and 4C, H2AFX expression was higher than the H2AFX expression in the normal pancreatic epithelial cells Line HPDEC6-7.
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Figure 4: H2A.X variant histone (H2AFX) is overexpressed in pancreatic carcinoma. (A) H2AFX is highly expressed in the gene expression profiling interactive analysis database. (B and C) Compared with normal pancreatic epithelial cells (HPDE6-C7), H2AFX is highly expressed at the RNA and protein levels in Patu-8988 and PANC-1 cells. Data were represented as mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Downregulation of H2A.X variant histone (inhibited cell growth, migration, invasion, and cell cycle in PC cells

To investigate the part H2AFX plays in PC cell growth, we selected a single, most effective siRNA for H2AFX by analyzing the results of western blotting and qRT-PCR, as illustrated in Figs. 5A and 5B. SiH2AFX-3 knockdown was the most effective. PC cells transfected with H2AFX siRNA underwent the CCK8 assay. The downregulation of H2AFX inhibited the growth in PC cells (Fig. 5C). Findings from the wound healing assay revealed that H2AFX downregulation inhibited cell migration in both PANC-1 and Patu-8988 cells (Fig. 6A). Moreover, data of transwell chamber assay demonstrated that reducing H2AFX levels hindered the cell migration and invasion in PC cells (Fig. 6B). We further observed that H2AFX downregulation inhibited cell cycle progression in PC cells (Fig. 6C). Collectively, our data indicates that H2AFX plays a role in promoting tumor growth in PCs.
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Figure 5: Downregulation of H2A.X variant histone (H2AFX) inhibited growth, migration, invasion, and cell cycle in pancreatic carcinoma (PC) cells. (A) Quantitative real-time-polymerase chain reaction confirmed that the expression of H2AFX was inhibited by H2AFX siRNA and overexpression. (B) The transfection efficiency of si-H2AFX and H2AFX overexpression in the Patu-8988 and Panc-1 cells was detected by western blotting. (C) Cell counting Kit-8 assay was conducted in PC cells after H2AFX was inhibited. Data were represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. NC. NC: Negative Control siRNA. si: siRNA-H2AFX. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. empty vector. EV: Empty vector. H2AFX: H2AFX vector.
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Figure 6: Downregulation of H2A.X variant histone (H2AFX) inhibited growth, migration, invasion, and cell cycle in pancreatic carcinoma (PC) cells. (A) Wound healing assay was conducted to assess the migratory capacity of PC cells when exposed to H2AFX inhibition. (B) Migration and invasion assays were conducted to assess the migratory capacity in Patu-8988 cells and PANC-1 cells in response to H2AFX inhibition. (C) Flow cytometry cell cycle experiment was measured in Patu-8988 cells and PANC-1 cells after H2AFX knockdown. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Negative Control. NC: Negative Control. si: siRNA-H2AFX.

Upregulation of H2A.X variant histone rescues meiotic nuclear divisions 1 knockdown-induced tumor suppressive effects in PC cells

In an effort to ascertain if MND1 promotes tumor growth by increasing H2AFX levels, PC cells were transfected with siMND1 in combination with H2AFX cDNA. Our western blot data showed that the H2AFX protein expression level was the lowest in the MND1 interference group and the highest in the H2AFX overexpression group, whereas the H2AFX expression level in the combined action group was intermediate and about the same as that of the NC group, revealed that H2AFX upregulation was rescued by MND1 low expression in PC cells (Fig. 7A). The results of CCK8 assay indicated that the MND1 interference group had the weakest cell proliferation ability, and the H2AFX overexpression group had the strongest cell proliferation ability. The cell proliferation ability of the combined group was in the middle, and there was no statistically significant difference between the NC group and the combined group. We found that H2AFX upregulation abrogated MND1-induced cell growth inhibition in PC cells (Fig. 7B). Aligning with previous findings, the flow cell cycle results suggested that the MND1 interference group had the highest proportion of G1 phase, indicating that the cell cycle process was blocked, the H2AFX overexpression group had an increased proportion of S phase compared with the NC group, indicating that the cell cycle process was promoted. Meanwhile, the results of both groups were close to those of the NC group. We observed that H2AFX upregulation abolished MND1-triggered cell cycle (Fig. 7C). Findings from the wound healing assay and transwell assay demonstrated that the MND1 interference group had the weakest migratory and invasive ability, the H2AFX overexpression group had the strongest migratory and invasive ability, and both groups had results close to those of the NC group, as compared with the NC group. Strikingly, the upregulation of H2AFX rescued MND1-triggered inhibition of cell migration and invasion in PC cells (Figs. 8A and 8B). Altogether, these results coherently demonstrate that MND1’s tumor-promoting effects are partly due to the control of H2AFX in PC cells.
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Figure 7: Upregulation of H2A.X variant histone (H2AFX) rescues meiotic nuclear divisions 1 (MND1) knockdown-induced tumor suppressive effects in pancreatic carcinoma (PC) cells. (A) To measure the levels of MND1 and H2AFX in PC cells following MND1 siRNA and H2AFX overexpression transfection, western blotting was performed (B) Cell counting Kit-8 test was performed on PC cells after MND1 siRNA transfection and H2AFX overexpression. (C) Flow cytometry was performed to examine the cell cycle in Patu-8988 cells and PANC-1 cells after MND1 siRNA transfection and H2AFX overexpression. Data are represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. NC. NC: Negative Control siRNA. si: siRNA-MND1. H2AFX: H2AFX vector. BOTH: siRNA-MND1 and H2AFX vector.
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Figure 8: Upregulation of H2A.X variant histone (H2AFX) rescues meiotic nuclear divisions 1 (MND1) knockdown-induced tumor suppressive effects in pancreatic carcinoma (PC) cells. (A) Wound healing assay was conducted to assess the migratory capacity of PC cells following the introduction of MND1 siRNA and H2AFX overexpression. (B) Experiments on migration and invasion were conducted to assess the migratory abilities of Patu-8988 cells and PANC-1 cells in response to MND1 siRNA transfection and H2AFX overexpression. Data were represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001 vs. NC. NC: Negative Control siRNA. Si: siRNA-MND1. H2AFX: H2AFX vector. BOTH: siRNA-MND1 and H2AFX vector.

Discussion

The role of MND1 has been a hot topic in recent years. MND1 is a meiosis-specific protein that specifically targets the pairing of homologous chromosomes [8,23]. The repair of DNA double-strand break (DSB) during meiosis by MND1 is significant and associates with HOP2 to form a stable heterodimeric complex and facilitates the repair of homologous chromosome pairing DNA double-strand break (DSB) repair during meiosis [24,25]. Koob [23] demonstrated that MND1 localized to DSBs, where it stimulated DNA repair through homologous recombination (HR). Importantly, MND1 is not involved in the response to replication-associated DSBs, which implies that it is dispensable for HR-mediated repair of one-ended DSBs. Hop2 and Mnd1 were discovered to work together as a complex that promotes homologous chromosome pairing and DSB repair during meiosis [8,24,26]. Conversely, numerous studies have demonstrated that MND1 facilitates tumor function in certain cancers. Corresponding to this view, Bao et al. [27] utilized bioinformatics tools and conducted experiments to validate the correlation between elevated MND1 expression and unfavorable Breast Cancer Survival. In lung adenocarcinoma, MND1 regulates the progression of the cell cycle by activating a KLF6/E2F1 positive feedback loop, while simultaneously functioning as a proto-oncogene [9]. MND1 has the potential to serve as a prognostic biomarker linked to the cell cycle and immune infiltration in kidney renal clear cell carcinoma [12]. Through genetic network and gene set enrichment analyses, MND1 has been identified as a promising gene for diagnosing and treating lung adenocarcinoma [11]. Recent studies have indicated that MND1 may be a viable gene for diagnosing and treating gastric cancer [28]. The above studies suggest that MND1 is involved in the process of malignant tumor progression. However, the role of MND1 in the development of PC and its underlying mechanism are yet to be fully understood. Therefore, we first analyzed the expression of MND1 in PC tumor tissues and normal tissues as well as the relationship between high and low MND1 expression groups in tumor tissues and survival prognosis using the GEPIA online database, and the results showed that MND1 was highly expressed in PC and that high expression of MND1 predicted a poorer prognosis (Figs. 1A and 1B). In addition, Western blot and qRT-PCR experiments were utilized to confirm that MND1 expression was increased in PC cells compared with normal epithelial cells of pancreatic ducts (Figs. 1C and 1D). Further in vitro experiments revealed that overexpression of MND1 promoted the proliferation, migration, and invasion of PC cells (Figs. 2A–2E). Our current research, which included CCK8 assay, wound healing assay, and transwell migration and invasion assay, demonstrated that MND1 had a considerable impact on PC cell growth and mobility in vitro. Our results revealed that MND1 may be a viable option for PC therapy due to its ability to stimulate tumor growth in PCs.

Latest research has underscored the importance of H2AFX in development of cancer. As an example, in non-small lung cancer, H2AFX serves as a novel DNA damage repair-related marker for forecasting prognostic and treatment response in non-small lung cancer [29]. H2AFX was considered as a necroptosis-related gene signature for the prediction of prognosis and tumor immunity in lung adenocarcinoma [30]. Al-Harazi et al. [15] speculated that H2AFX could potentially serve as a diagnostic and prognostic indicator for early-stage hepatocellular carcinoma. Studies have shown that H2AFX is the most critical gene linked to the primary Salivary gland carcinoma [31]. Additionally, miR-24-2 has been found to directly control H2AFX expression and induces apoptosis in MCF-7 and HeLa cells [32], while miR-328-3p has been shown to stimulate migration and invasion by targeting H2AFX in head and neck squamous cell carcinoma [17]. Nevertheless, the regulatory relationship between MND1 and H2AFX in PC had not been clarified, and our analysis using the GEPIA database revealed a positive correlation between MND1 and H2AFX, which was consistent with the results of Western blot and qRT-PCR experiments, which MND1 controls positively H2AFX expression (Figs. 3A–3C). Subsequently, the increased expression of H2AFX in PC tissues was analyzed using the GEPIA online database, and the Western blot and qRT-PCR results similarly demonstrated that H2AFX was more highly expressed in PC cells than in normal epithelial cells of the pancreas (Figs. 4A–4C). In vitro experiments further confirmed that silencing H2AFX inhibited the proliferation, migration, and invasive ability of PC cells (Figs. 5A–5C, 6A and 6B) and blocked the cell cycle at the G1 phase (Fig. 6C), suggesting that it may intervene in the malignant biological behaviors of PC cells by affecting the progression of the cell cycle. Our results revealed that H2AFX functions as a tumor promotion in PCs, suggesting that H2AFX might be a potential target for PC treatment.

In the present study, we report that MND1 positively controls the expression of H2AFX in PC cells. First, we used Western blotting to verify that the level of H2AFX protein expression in the combined effect group of interfering with MND1 and overexpressing H2AFX was intermediate between interfering and MND1 overexpressing H2AFX in PCs (Fig. 7A). Following that, the results of CCK8 assay, wound healing assay and transwell assay revealed that the proliferation, migration and invasion ability of the combined effector group of interfering with MND1 and overexpressing H2AFX were intermediate between that of interfering with MND1 and overexpressing H2AFX (Figs. 7B, 8A and 8B). Meanwhile, the flow cell cycle results suggested that H2AFX upregulation abolished the MND1-triggered cell cycle. It is noteworthy that the overexpression of MND1 abrogated H2AFX knockdown-induced tumor inhibition in PC cells, suggesting that H2AFX is involved in MND1-mediated promo-cancer activity in PC. Taken together, we conclude that the MND1/H2AFX axis plays a role in the advancement of PC. Focusing on this axis may represent a useful approach for treating PC. In summary, our findings unravel new molecular mechanisms of MND1-mediated tumor promotion in PC cells. This research further indicates that the reducing MND1 and H2AFX levels could be an innovative approach in treating PC.
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