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The diaphanous-related formin subfamily includes diaphanous homolog 1 (DIAPH1), DIAPH2, and DIAPH3. DIAPHs play a role in the regulation of actin nucleation and polymerization and in microtubule stability. DIAPH3 also regulates the assembly and bipolarity of mitotic spindles. Accumulating evidence has shown that DIAPHs are anomalously regulated during malignancy. In this study, we reviewed The Cancer Genome Atlas database and found that DIAPHs are abundantly expressed in pancreatic adenocarcinoma (PAAD). Furthermore, we analyzed the gene alteration profiles, protein expression, prognosis, and immune reactivity of DIAPHs in PAAD using data from several well-established databases. In addition, we conducted gene set enrichment analysis to investigate the potential mechanisms underlying the roles of DIAPHs in the carcinogenesis of PAAD. Finally, we performed the experimental validation of DIAPHs expression in several pancreatic cancer cell lines and tissues of patients. This study demonstrated significant correlations between DIAPHs expression and clinical prognosis, oncogenic signature gene sets, T helper 2 cell infiltration, plasmacytoid dendritic cell infiltration, myeloid-derived suppressor cell infiltration, ImmunoScore, and immune checkpoints in PAAD. These data may provide important information regarding the role and mechanisms of DIAPHs in tumorigenesis and PAAD immunotherapy.
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INTRODUCTION
Diaphanous-related formins are conserved cellular elements linking signal transduction pathways with both the microfilament and microtubule-based cytoskeleton (Chesarone et al., 2010). Mammals possess three members of this protein family, diaphanous homolog 1 (DIAPH1), DIAPH2, and DIAPH3, which have been implicated in both normal cell physiology and tumor progression. Lynch and others first identified DIAPH1 and DIAPH2 in 1997 (Lynch et al., 1997). DIAPH1 plays a role in the regulation of actin nucleation and polymerization (Lammers et al., 2008). Rho acts on DIAPH1 to produce straight actin filaments and aligns microtubules (Yamana et al., 2006). DIAPH2 plays an essential role in achieving stable kinetochore microtubule attachment, regulated by Aurora B phosphorylation (Cheng et al., 2011). Katoh identified the human DIAPH3 gene in 2004 (Katoh and Katoh, 2004). DIAPH3 has similar functions in the regulation of the remodeling cytoskeleton as DIAPH1 and DIAPH2 (Palazzo et al., 2001), and it also regulates the assembly and bipolarity of the mitotic spindle (Lau et al., 2021).
DIAPH1, DIAPH2, and DIAPH3 (DIAPHs) are aberrantly regulated during malignancy. DIAPH1 is an essential regulator of tissue shape change and initiating invasion via the epithelial tissues (Fessenden et al., 2018). DIAPH1 expression is increased in patients with colorectal cancer, and its downregulation strongly reduces the metastatic capacity of colon carcinoma cells (Lin et al., 2014). Knockdown of DIAPH1 also inhibits the migration of human glioma cells (Zhang et al., 2017). DIAPH2 and DIAPH3 are required for invadopodia formation and tumor cell invasion (Lizárraga et al., 2009). DIAPH2 alterations increase cellular motility and may contribute to the onset and metastasis of laryngeal cancer (Kostrzewska-Poczekaj et al., 2019; Śnit et al., 2021). DIAPH3 is highly expressed in tissues of patients with pancreatic cancer, lung adenocarcinoma, and hepatocellular carcinoma (Dong et al., 2018; Xiang et al., 2019; Rong et al., 2021). A recent study demonstrated that paracrine activin A-DIAPH3 axis promotes squamous carcinogenesis via fibroblast reprogramming (Cangkrama et al., 2020). Indeed, DIAPH3 regulates the function of mitochondria in dermal fibroblasts, promoting a protumorigenic cancer-associated fibroblasts phenotype (Cangkrama et al., 2022). Pancreatic adenocarcinoma (PAAD) is prone to distant metastasis and remains a leading cause of cancer-related deaths worldwide (Klein, 2021). The underlying mechanism(s) for the role of DIAPHs in PAAD remain unelucidated. We reviewed The Cancer Genome Atlas (TCGA) database and found that DIAPHs are abundantly expressed in PAAD. Thus, bioinformatics analysis of DIAPHs may provide new insights into the molecular mechanisms underlying the occurrence, recurrence, and immunotherapy of PAAD.
In the present study, we analyzed the profiles of gene alterations, protein expression, prognosis, and immune reactivity of DIAPHs in PAAD based on several well-established databases. Furthermore, we conducted a DIAPHs-related gene enrichment analysis to investigate the mechanisms underlying the role of DIAPHs in PAAD. In addition, we performed western blotting of DIAPHs in several pancreatic cancer cell lines and immunohistochemical staining of DIAPH1, DIAPH2, DIAPH3, CD3, CD4, and CD68 in human pancreatic tumor tissues for experimental validation. This study aimed to explore the roles and mechanisms of DIAPHs in PAAD progression.
MATERIALS AND METHODS
RNA level expression analysis in pan-cancer
Pan-cancer RNA-Seq data were downloaded from the “TCGA TARGET GTEx” cohort of the UCSC Xena (https://xenabrowser.net/datapages/, accessed on 16 January 2022) and were processed by Toil recompute to create a consistent meta-analysis of TCGA cohorts and GTEx cohorts (Vivian et al., 2017). Using the rma function in the R package, DIAPHs mRNA-seq data were transformed with log2 (TPM + 1).
Genetic and protein expression analysis in PAAD
The PAAD genetic alteration characteristics of DIAPHs based on TCGA database and four selected studies (Biankin et al., 2012; Witkiewicz et al., 2015; Bailey et al., 2016; Cao et al., 2021) were queried from cBioportal (https://www.cbioportal.org/, accessed on 18 January 2022) (Gao et al., 2013). The expression of DIAPHs between PAAD tumor tissues and normal tissues was further carried out through the “Box Plot” module of Gene Expression Profiling Interactive Analysis, version2 (GEPIA2) (http://gepia2.cancer-pku.cn/, accessed on 18 January 2022) (Tang et al., 2019). UALCAN (http://ualcan.path.uab.edu/analysis-prot.html, accessed on 18 January 2022) was used to conduct DIAPHs protein expression analysis in the Clinical Proteomic Tumor Analysis Consortium (CPTAC) Confirmatory/Discovery dataset (Chen et al., 2019).
Survival and receiver operating characteristic analysis
The log-rank test was applied to the hypothesis test, and survival plots were obtained using the Kaplan-Meier “Survival Analysis” module of GEPIA2. Nomograms are widely used for cancer prognosis (Iasonos et al., 2008). Using clinical and biological variables, such as age, gender, histologic grade, and expression levels of DIAPHs, the intention was to graphically depict a prognostic model that generates the overall survival of PAAD. The R packages, “rms” and “survival” in the R software were used to perform prognostic nomograms (Liu et al., 2018). In addition, the R package “pROC” was used to perform receiver operating characteristic (ROC) curves (Robin et al., 2011). ROC curves are used to determine the diagnostic value of DIAPHs for PAAD.
Protein-protein interactions and similar genes in PAAD
Using the STRING tool (https://string-db.org/, accessed on 20 January 2022), protein–protein interaction (PPI) analyses were performed with 50 available experimentally determined proteins that individually interacted with DIAPH1, DIAPH2, and DIAPH3, and these proteins were visualized in the PPI network. Based on the PAAD data from TCGA cohort, the top 100 DIAPH1-, DIAPH2-, and DIAPH3-correlated and -targeting genes were obtained from the “Similar Genes Detection” module of GEPIA2. Using the Venn diagram, we conducted intersection analyses to compare the DIAPHs-interacting and DIAPHs-correlated genes. After combining the two datasets, the R package “clusterProfiler” was used to perform the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and the Gene Ontology (GO) enrichment analysis, which included the biological processes (BP), the molecular functions (MF), and the cellular components (CC) (Yu et al., 2012). The intersected genes (if any) or the expression of the top five selected genes in PAAD are shown in a heatmap. In addition, a Spearman’s correlation test was performed on the intersected genes or top five selected genes using the “Gene_Corr” module of the TIMER2 website to obtain a pan-cancer heatmap.
Gene set enrichment analysis
To explore the biological and oncogenic signaling, gene set enrichment analysis (GSEA) was performed on the low- and high-expression groups based on the mean expression values of DIAPHs in PAAD of TCGA database. The R package “clusterProfiler” was used to perform C6 (oncogenic signature gene sets) and MSigDB H (hallmark gene sets) enrichment analyses. The gene sets with |NES| > 1, FDR <0.25, and p. adjust <0.05, were considered to be significantly enriched.
Immune reactivity analysis
The R package, “GSVA”, was used to perform the correlation between DIAPHs expression and infiltration of 24 common immune cells in PAAD of TCGA dataset by single-sample GSEA (ssGSEA) (Bindea et al., 2013; Hänzelmann et al., 2013). The correlation between DIAPHs expression and infiltration of myeloid-derived suppressor cells (MDSCs) using the TIDE algorithm in PAAD of TCGA database was obtained from the TIMER2 website. The R package “estimate” was used to perform the ImmunoScore between low- and high-expression groups based on the median expression values of DIAPHs in PAAD of TCGA dataset (Yoshihara et al., 2013). The SangerBox (http://sangerbox.com/, accessed on 22 January 2022) online platform was used to explore the relationship between DIAPHs expression and various immune checkpoints. Cellular heterogeneity of DIAPH3 expression in PAAD was conducted using Cancer Single-cell Expression Map (https://ngdc.cncb.ac.cn/cancerscem/index, last accessed on 1 April 2022) (Zeng et al., 2022).
Cell culture and western blotting
HPDE-6, MIAPACA-2, and CAPAN-1 are purchased from BeNa Culture Collection (Beijing, China). HPDE-6 cells were cultured in RPMI-1640 supplemented with 10% FBS and 1% Penicillin-Streptomycin. MIAPACA-2 cells were cultured in DMEM supplemented with 10% FBS, 2.5% human serum, and 1% Penicillin-Streptomycin. CAPAN-1 were cultured in IMDM supplemented with 20% FBS and 1% Penicillin-Streptomycin. All the cells were cultured in a 37°C humidified incubator with a 5% CO2 environment.
Western blot the proteins through an SDS-PAGE gel and subsequently transferring them to 0.45 μm PVDF membrane (Merck). The membrane was blocked with 5% milk for 1 h, and then incubated with the primary antibody (DIAPH1: 1:5000 dilution, ab129167, Abcam; DIAPH2: 1:10,000 dilution, HPA005647, Sigma-Aldrich; DIAPH3: 1:5000 dilution, ab189373, Abcam; β-Tubulin: 1:1000 dilution, 10068-1-AP, Proteintech) overnight at 4°C. After three washes with TBST (each for 6 min), the membrane was incubated with the appropriate secondary antibodies at room temperature for 1 h, washed with TBST, and visualized using the ECL by ChemoStudio Imaging System (Analytik Jena).
Immunohistochemical staining of pancreatic tissue samples
The pancreatic tissue samples used in this study were obtained from patients who underwent surgical treatment and diagnosed with pancreatic ductal adenocarcinoma at Hunan Provincial People’s Hospital (n = 5) and all patients provided written informed consent. The present study was conducted in accordance with the Declaration of Helsinki, and all experiments were approved by the ethics committees of Hunan Provincial People’s Hospital. Tissues were subjected to standard tissue processing and paraffin embedding. The tissues were sliced serially into sections 3 μm thick for hematoxylin and eosin (H&E) staining as described (Fischer et al., 2008). For immunohistochemical staining (IHC), the tissue sections were preheated in Tris-EDTA buffer (pH 9.0) and then maintain at a sub-boiling temperature for 20 min to retrieve the immunoreactivities of antigens. To block endogenous peroxidase activity, quench the tissue sections with 3.0% hydrogen peroxide at room temperature for 10 min. Antibodies against DIAPH1(1:800 dilution, ab129167; Abcam, United Kingdom), DIAPH2(1:1000 dilution, HPA005647; Sigma-Aldrich, United States), DIAPH3 (1:50 dilution, ab189373; Abcam, United Kingdom), CA19-9 (MAB-0778; MXB Biotechnologies, China), CK7 (KIT-0021; MXB Biotechnologies, China), CD3 (MAB-0740; MXB Biotechnologies, China), CD4 (RMA-0620; MXB Biotechnologies, China), and CD68 (KIT-0026; MXB Biotechnologies, China) were used to incubate the tissue sections for 1 h at room temperature. Sections were incubated with MaxVision HRP-Polymer anti-Mouse/Rabbit IHC Kit (KIT-5030, MXB Biotechnologies, China) for 30 min. The working solution of DAB (DAB-2032, MXB Biotechnologies, China) was applied to the tissue sections for the chromogenic reaction. The tissue sections were examined using an upright microscope (Eclipse Ni-U, Nikon Instruments, Japan).
Statistical analysis
Gene expression data from TCGA and GTEx datasets were evaluated using the Wilcoxon signed-rank test. The protein expression data from the UALCAN database and western blotting were analyzed using Student’s t-test. Survival data from the GEPIA2 dataset were analyzed using the log-rank test. R software (Version 4.1.1) was used to perform prognostic nomograms, ROC curves, ImmunoScore, GO, KEGG pathway, MSigDB H, and C6 enrichment analyses. Correlation analysis was performed in the TIMER2 database using a purity-adjusted Spearman’s rho. Correlation analysis of immune checkpoints was performed using Pearson’s correlation coefficients. A p value less than 0.05 was considered to be statistically significant.
RESULTS
Gene expression data in pan-cancer
Analysis of the expression data of DIAPHs in different tumor tissues and normal tissues in the consensus datasets TCGA and GTEx showed that the expression levels of DIAPH1 and DIAPH3 were significantly higher in tumor tissues than in normal tissues across most of the tumors in TCGA database (Figures 1A,C), while the expression levels of DIAPH2 were significantly lower in tumor tissues than in normal tissues across different types of cancers (Figure 1B). Notably, the expression levels of DIAPH1, DIAPH2, and DIAPH3 were significantly higher in PAAD tumor tissues than in normal tissues.
[image: Figure 1]FIGURE 1 | mRNA expression levels of DIAPHs in pan-cancer. (A) DIAPH1 expression. (B) DIAPH2 expression. (C) DIAPH3 expression. Log2 (TPM+1) transformed the expression data for plotting. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, in Wilcoxon test. TPM, transcripts per million; N and T, normal and tumor tissues.
Gene expression data in PAAD
The genetic alteration profiles of PAAD in TCGA dataset and four selected studies showed that 1.1% of the enrolled patients had DIAPH1 genetic alterations, 1.1% had DIAPH2 genetic alterations (predominantly missense mutations), and 0.9% had DIAPH3 genetic alterations (Figures 2A–C). The expression levels of DIAPH1, DIAPH2, and DIAPH3 in PAAD tumor tissues were significantly higher than in normal tissues in the consensus databases of TCGA and GTEx (Figures 2D–F). In the CPTAC database, the total DIAPH1 and DIAPH2 protein expression levels were higher in PAAD tumor tissues than in normal tissues (Figures 3G,H), whereas DIAPH3 protein expression did not differ between PAAD tumor tissues and normal tissues (Figure 3I).
[image: Figure 2]FIGURE 2 | DIAPHs expression data in PAAD. (A–C) The PAAD genetic alteration characteristics of DIAPHs. (D–F) mRNA expression levels of DIAPHs in PAAD. Log2 (TPM+1) transformed the expression data for plotting. **p < 0.01, in Wilcoxon test. (G–I) Total protein expression levels of DIAPHs in PAAD. Z values represent standard deviations from the median across samples. *p < 0.05, ****p < 0.0001, in Student’s t test. TPM, transcripts per million.
[image: Figure 3]FIGURE 3 | Relations between DIAPHs expression and prognosis of PAAD in TCGA database. (A–B) Overall survival and disease-free survival analyses between the DIAPHs high-expression and low-expression cohort. High-cutoff (50%) and low-cutoff (50%) values were used as the expression thresholds for separating the high-expression and low-expression cohorts, in log-rank test. HR, hazard ratio. (C) AUC of DIAPH1, DIAPH2, and DIAPH3 expression for PAAD. AUC, area under ROC curve. (D) DIAPHs as risk factors in nomograms for overall survival and progression-free survival in patients with PAAD.
Survival and ROC analysis
Based on the expression levels of DIAPHs in PAAD, the correlation between DIAPHs expression and the prognoses of PAAD was explored in TCGA database. Increased levels of DIAPH1, DIAPH2, and DIAPH3 were significantly associated with poor overall survival and disease-free survival (Figures 3A,B). The area under the ROC curve (AUC) of DIAPH1, DIAPH2, and DIAPH3 expression for PAAD was 0.949, 0.970, and 0.977, respectively (Figure 3C). Nomograms for overall survival and progression-free survival in patients with PAAD showed that high DIAPHs expression were risk factors (Figure 3D). In addition, the baseline TNM stages and age in patients with PAAD did not differ between the low- and high-expression groups based on the median expression values of DIAPHs (Supplementary Tables S1–S3).
Protein-protein interactions of DIAPHs and similar genes in PAAD
To further explore the mechanism of DIAPHs in PAAD carcinogenesis, we conducted a series of pathway enrichment analyses for the proteins that interacted with DIAPHs and for genes that correlated with DIAPHs based on STRING tool and GEPIA2. Fifty proteins that experimentally interacted with DIAPH1 were identified in the PPI network (Figure 4A). In addition, the top 100 DIAPH1-correlated genes in PAAD of TCGA cohort were obtained (Supplementary Table S4). An intersection analysis of the genes that directly interacted with or were related to DIAPH1 identified four genes: IQ motif containing GTPase activating protein 1 (IQGAP1), Ras homolog family member F, filopodia associated (RHOF), testin LIM domain protein (TES), and zinc finger DHHC-type palmitoyltransferase 5 (ZDHHC5) (Figure 4B). The expression of these four genes in PAAD was significantly and positively associated with DIAPH1 expression (Figure 4C). Combining the two datasets, GO enrichment analysis indicated that the genes directly interacting with or related to DIAPH1 were mainly related to the BP of “cell junction organization” and “adherens junction organization,” the CC of “focal adhesion” and “cell-cell junction,” and the MF of “cadherin binding” and “cell adhesion molecule binding”. KEGG pathway analysis further suggested that the “adherens junction” and “proteoglycans in cancer” may be potential mechanisms underlying the effect of DIAPH1 on PAAD carcinogenesis (Figure 4D). In addition, the corresponding heatmap data in pan-cancer showed a significant positive correlation between DIAPH1 and the four intersecting genes in most cancer types in TCGA cohort (Figure 4E).
[image: Figure 4]FIGURE 4 | DIAPH1-related gene network, KEGG pathway analysis, and GO enrichment analysis. (A) A total of 50 available experimentally determined DIAPH1-interacting proteins using STRING tool. (B) An intersection analysis of the DIAPH1-interacting and -correlated genes. (C) The correlation between DIAPH1 expression and four intersected genes expression in PAAD. ***p < 0.001, in Spearman’s rho. TPM, transcripts per million. (D) GO enrichment and KEGG pathway analyses based on the DIAPH1-interacting and -correlated genes. Adjusted p-values were obtained from multiple hypotheses test using the Benjamini–Hochberg procedure; p. adjust <0.05 was considered statistically significant. (E) Correlation between DIAPH1 and intersected four genes expression in pan-cancer, in purity-adjusted partial Spearman’s rho.
Fifty proteins that experimentally interacted with DIAPH2 were identified in the PPI network (Figure 5A). In addition, the top 100 DIAPH2-correlated genes in TCGA cohort were obtained (Supplementary Table S4). No genes were identified by intersection analysis of genes that directly interacted with or were related to DIAPH2 (Figure 5B). The top five DIAPH2-correlated genes in PAAD of TCGA cohort were heterogeneous nuclear ribonucleoprotein F (HNRNRF) (R = 0.76), acyl-CoA binding domain containing 3 (ACBD3) (R = 0.76), minichromosome maintenance complex binding protein (MCMBP) (R = 0.75), KRAS proto-oncogene, GTPase (KRAS) (R = 0.75), and non-homologous end joining factor 1 (NHEJ1) (R = 0.75) (Figure 5C). Combining the two datasets, GO enrichment analysis indicated that the genes directly interacting with or related to DIAPH2 were mainly related to the BP of “actin filament organization” and “regulation of cell shape,” the CC of “cell cortex” and “focal junction,” and the MF of “GTP binding” and “GTPase activity”. KEGG pathway analysis further suggested that the “adherens junction” and “regulation of actin cytoskeleton” may be potential mechanisms underlying the effect of DIAPH2 in PAAD carcinogenesis (Figure 5D). In addition, the corresponding heatmap data in pan-cancer showed a significant positive correlation between DIAPH2 and the top five DIAPH2-correlated genes of PAAD in most cancer types in TCGA cohort (Figure 5E).
[image: Figure 5]FIGURE 5 | DIAPH2-related gene network, KEGG pathway analysis, and GO enrichment analysis. (A) A total of 50 available experimentally determined DIAPH2-interacting proteins using STRING tool. (B) An intersection analysis of the DIAPH2-interacting and -correlated genes. (C) The correlation between DIAPH2 expression and the top five DIAPH2-correlated genes expression in PAAD. ***p < 0.001, in Spearman’s rho. TPM, transcripts per million. (D) GO enrichment and KEGG pathway analyses based on the DIAPH2-interacting and -correlated genes. Adjusted p-values were obtained from multiple hypotheses test using the Benjamini–Hochberg procedure; p. adjust <0.05 was considered statistically significant. (E) Correlation between DIAPH2 and top five DIAPH2-correlated genes expression in pan-cancer, in purity-adjusted partial Spearman’s rho.
Fifty proteins that experimentally interacted with DIAPH3 were identified in the PPI network (Figure 6A). In addition, the top 100 DIAPH3-correlated genes in TCGA cohort were obtained (Supplementary Table S4). An intersection analysis of the genes that directly interacted with or were related to DIAPH3 identified four genes: cyclin B1 (CCNB1), CCNB2, centromere protein A (CENPA), and kinesin family member 14 (KIF14) (Figure 6B). The expression of these four genes in PAAD was significantly and positively associated with DIAPH3 expression (Figure 6C). Applying the combination of the two datasets, GO enrichment analysis indicated that the genes directly interacting with or related to DIAPH3 were mainly related to the BP of “mitotic nuclear division” and “chromosome segregation,” the CC of “spindle” and “chromosomal region,” and the MF of “microtubule binding” and “tubulin binding”. KEGG pathway analysis further suggested that the “cell cycle” and “focal adhesion” may be potential mechanisms underlying the effect of DIAPH3 on PAAD carcinogenesis (Figure 6D). In addition, the corresponding heatmap data in pan-cancer showed a significant positive correlation between DIAPH3 and the four intersected four genes in most cancer types in TCGA cohort (Figure 6E).
[image: Figure 6]FIGURE 6 | DIAPH3-related gene network, KEGG pathway analysis, and GO enrichment analysis. (A) A total of 50 available experimentally determined DIAPH3-interacting proteins using STRING tool. (B)An intersection analysis of the DIAPH3-interacting and -correlated genes. (C) The correlation between DIAPH3 expression and four intersected genes expression in PAAD. ***p < 0.001, in Spearman’s rho. TPM, transcripts per million. (D) GO enrichment and KEGG pathway analyses based on the DIAPH3-interacting and -correlated genes. Adjusted p-values were obtained from multiple hypotheses test using the Benjamini–Hochberg procedure; p. adjust <0.05 was considered statistically significant. (E) Correlation between DIAPH3 and intersected four genes expression in pan-cancer, in purity-adjusted partial Spearman’s rho.
Gene set enrichment analysis data
The MSigDB H (hallmark gene sets) and C6 (oncogenic gene sets) databases were analyzed in the present study. The enrichment of H analysis demonstrated that the low expression of DIAPHs in PAAD of TCGA cohort was associated with genes downregulated by KRAS activation, whereas the high expression of DIAPH3 was associated with genes involved in the G2/M checkpoint and genes defining epithelial-mesenchymal transition (EMT) (Figure 7A). The enrichment of C6 analysis showed that the low expression of DIAPHs in PAAD of TCGA cohort was associated with genes downregulated by KRAS overexpression in cancer cell lines, whereas the high expression of DIAPH3 was associated with several oncogenes, such as E2F and EGFR (Figure 7B).
[image: Figure 7]FIGURE 7 | Gene set enrichment analysis of DIAPHs. (A) Hallmark gene sets in DIAPHs expression groups. (B) Oncogenic signature gene sets in DIAPHs expression groups. ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate.
Immune reactivity analysis data
The correlation between DIAPHs expression and infiltration of 24 common immune cells in PAAD of TCGA dataset by ssGSEA showed that the expression of DIAPHs was significantly positively associated with T helper 2 (Th2) cell infiltration and significantly negatively associated with plasmacytoid dendritic cell (pDC) infiltration (Figure 8A). Furthermore, the levels of Th2 cell infiltration were significantly positively associated with DIAPH2 and DIAPH3 expression levels, as per the xCell algorithm with tumor purity adjustment (Figure 8B). In addition, significant positive correlations between the expression of DIAPH1 and DIAPH3 and the infiltration of MDSCs were observed in PAAD dataset of TCGA cohort (Figure 8C). The ImmunoScore was lower in the high DIAPH3 expression group than in the low expression group (Figure 8D). Notably, significant positive correlations between the expression of DIAPH3 and the infiltration of MDSCs were observed in all tumor types, except for THCA, UCS, GBM, and KICH in TCGA cohort (Supplementary Figure S1). Immune checkpoint analysis showed that the expression of DIAPHs in PAAD was significantly and positively correlated with immune checkpoints such as CD276, lymphocyte activating 3 (LAG3), high mobility group box 1 (HMGB1), hepatitis A virus cellular receptor 2 (HAVCR2), and B and T lymphocyte associated (BTLA) (Figure 8E). Single-cell data showed that DIAPHs was mainly expressed in malignant cells and also abundantly expressed in various immune cells in PAAD (Figure 9).
[image: Figure 8]FIGURE 8 | Immune reactivity analysis of DIAPHs in PAAD of TCGA database. (A) The correlation between DIAPHs expression and infiltration of 24 common immune cells in PAAD by ssGSEA. *p < 0.05, **p < 0.01, ***p < 0.001, in Spearman’s rho. (B) The correlation between DIAPHs expression and infiltration of CD4+ Th2 cells with xCell algorithm in PAAD, in purity-adjusted Spearman’s rho. (C) The correlation between DIAPHs expression and infiltration of MDSCs with TIDE algorithm in PAAD, in purity-adjusted Spearman’s rho. (D) ImmunoScore between high- and low-expression groups based on the median expression values of DIAPHs in PAAD. *p < 0.05, in Wilcoxon test. (E) The correlation analysis of the DIAPHs expression and immune checkpoints expression in PAAD. *p < 0.05, in Pearson’s correlation coefficients.
[image: Figure 9]FIGURE 9 | Single-cell data analysis of DIAPHs expression in PAAD. DIAPHs were mainly expressed in malignant cells and also abundantly expressed in various immune cells.
Experimental validation
The results showed that DIAPH1 is highly expressed in CAPAN-1 when compared to HPDE-6. However, DIAPH2 and DIAPH3 were poorly expressed in MIAPACA-2 and CAPAN-1 when compared to HPDE-6 (Figure 10A). The IHC data demonstrated that DIAPH1 and DIAPH3 expression were higher in tumor tissue when compared to adjacent normal tissue, and DIAPH2 was positively expressed in pancreatic acinar cells in adjacent normal tissue but not pancreatic ductal cells (Figure 10B). In addition, positive correlations between the expression of DIAPHs and the infiltration of CD3+ and CD4+ T lymphocytes, and CD68+ macrophages were observed in PAAD (Figure 11, Supplementary Figure S2).
[image: Figure 10]FIGURE 10 | DIAPHs expression in pancreatic cancer cell lines and human pancreatic ductal adenocarcinoma. (A) DIAPHs expression in HPDE-6, MIAPACA-2, and CAPAN-1 cell lines. (B) DIAPHs expression in pancreatic ductal adenocarcinoma compared with adjacent normal tissue (×100). *p < 0.05, **p < 0.01, ***p < 0.001, in Student’s t test.
[image: Figure 11]FIGURE 11 | H&E and IHC staining of human pancreatic ductal adenocarcinoma. H&E staining of pancreatic ductal adenocarcinoma (left, ×40, ×100). CA19-9, CK7 and DIAPHs expression and the infiltration of T lymphocytes and macrophages in pancreatic tumor tissue (right, ×100).
DISCUSSION
In the present study, we demonstrated that the mRNA expression level of DIAPHs were significantly higher in PAAD tumor tissues than that in normal pancreas tissues in the consensus databases of TCGA and GTEx, as well as that total DIAPH1 and DIAPH2 protein expression levels were higher in the primary cancers than those in normal tissues for PAAD in the CPTAC dataset. In addition, high expression of DIAPHs was significantly associated with poor prognosis of PAAD in TCGA cohort. Further, KEGG pathway and GO enrichment analyses based on DIAPHs-interacting and DIAPHs-correlated genes showed that “adherens junction,” “proteoglycans in cancer,” “regulation of actin cytoskeleton,” and “cell cycle” may be the mechanisms for the effect of DIAPHs on tumorigenesis of PAAD. The expression of DIAPHs in PAAD of TCGA cohort was associated with KRAS, E2F, and EGFR signaling; positively associated with Th2 cell infiltration; and negatively associated with pDCs infiltration. Further, expression of DIAPHs in PAAD was positively correlated with CD276, LAG3, HMGB1, HAVCR2, and BTLA immune checkpoints.
DIAPH1 is an essential regulator of tissue shape change and of cells in epithelial tissues that initiate invasion (Fessenden et al., 2018). Clinical studies have shown that the expression of the DIAPH1 protein is significantly upregulated in tissues of patients with colorectal cancer and laryngeal cancer (Lin et al., 2014; Yang et al., 2021). High DIAPH1 protein levels are associated with poor prognosis in ovarian cancer patients (Schiewek et al., 2018). Several studies have demonstrated that DIAPH1 controls the metastatic capacity of colon carcinoma and glioma cells (Lin et al., 2014; Lin et al., 2015; Zhang et al., 2017). DIAPH1 upregulation inhibits apoptosis in laryngeal carcinoma cells (Yang et al., 2019). DIAPH2 expression plays an important role in invadopodia formation and is required for tumor cell invasion (Yang et al., 2007; Lizárraga et al., 2009). DIAPH2 alterations increase cellular motility and may contribute to the onset and metastasis of laryngeal cancer (Kostrzewska-Poczekaj et al., 2019; Śnit et al., 2021). To our knowledge, no clinical study has investigated the role of DIAPH2 in PAAD. DIAPH3 functions similar to those of DIAPH1 and DIAPH2, in the regulation of the remodeling cytoskeleton, and it regulates the assembly and bipolarity of the mitotic spindle (Lau et al., 2021). However, the role of DIAPH3 varies among different cancers. DIAPH3 is highly expressed in tissues of patients with pancreatic cancer, lung adenocarcinoma, and hepatocellular carcinoma (Dong et al., 2018; Xiang et al., 2019; Rong et al., 2021). DIAPH3 knockdown inhibits the proliferation of cervical cancer cells (Wan et al., 2021). In contrast, another study showed that downregulation of DIAPH3 expression is associated with metastasis in human tumors (Hager et al., 2012). DIAPH3 expression level significantly decreases in tissues of patients with breast cancer, and overexpression of DIAPH3 inhibits the migration and invasion of breast cancer cells (Jiang, 2017). The present study showed that DIAPHs expression increased significantly in PAAD in TCGA cohort and was related to poor prognosis. These data demonstrate that upregulation of DIAPHs could lead to tumorigenesis and cancer metastasis in PAAD, warranting further investigation.
Using the data for both DIAPHs-interacting proteins and DIAPHs-correlated genes, KEGG pathway analysis showed that targeting the adherens junction, regulation of the actin cytoskeleton, and cell cycle may be important mechanisms for DIAPHs in PAAD tumorigenesis. Intersection analysis of DIAPH1-interacting proteins and DIAPH1-correlated genes identified four genes (IQGAP1, RHOF, TES, and ZDHHC5) that are potentially important molecules associated with DIAPH1 in the tumorigenesis of PAAD. The interaction between DIAPH1 and IQGAP1 has been detected using an anti-bait co-immunoprecipitation assay (Brandt et al., 2007). IQGAP1 is a scaffold protein that stimulates cell motility and invasion and promotes PAAD progression (Hu et al., 2019). RHOF plays a critical role in the regulation of liver cancer metastasis (Li et al., 2021). TES is a scaffold protein that contributes to cell adhesion and cell spreading; however, it may act as a tumor suppressor in gastric cancer (Ma et al., 2010). ZDHHC5 is present in the plasma membrane and regulates cell adhesion (Woodley and Collins, 2021). To our knowledge, it is unclear whether the interactions among DIAPH1, IQGAP1, RHOF, TES, and ZDHHC5 have synergistic effects on PAAD progression. Intersection analysis of DIAPH3-interacted proteins and DIAPH3-correlated genes identified four genes (CCNB1, CCNB2, CENPA, and KIF14) that are potentially important molecules associated with DIAPH3 in the tumorigenesis of PAAD. CCNB1 and CCNB2 are essential components of cell cycle regulatory machinery. CCNB1 downregulation inhibits cell proliferation and promotes senescence in PAAD (Zhang et al., 2018). A clinical study showed that CCNB2 overexpression is a poor prognostic biomarker in patients with non-small cell lung cancer (Qian et al., 2015). CENPA is a centromere protein, and the interaction between DIAPH3 and CENPA has been detected using affinity chromatography (Yasuda et al., 2004). CENPA overexpression promotes aneuploidy and correlates with a poor prognosis in human cancers (Shrestha et al., 2021). KIF14 is a member of the kinesin superfamily of microtubule-associated motors that plays an important role in the cell cycle (Nakagawa et al., 1997). KIF14 has been identified as an oncogene in PAAD (Klimaszewska-Wiśniewska et al., 2021). The interactions among DIAPH3, CCNB1, CCNB2, CENPA, and KIF14 may contribute to PAAD progression, warranting further investigation. In this study, GSEA showed that DIAPHs expression was associated with oncogenic KRAS signaling. Furthermore, high DIAPH3 expression is associated with EMT. The mechanisms of DIAPHs in PAAD may involve KRAS signaling and EMT.
Considering the increasing significance of tumor microenvironment (TME), cancer research has increasingly focused on immune infiltration and immunotherapy (Sanmamed and Chen, 2018). However, the role of DIAPHs in immunity remains unclear. A recent study showed that loss of DIAPH1 causes immunodeficiency (Kaustio et al., 2021). Cytoskeletal remodeling mediated by DIAPH1 is essential for T cell and DC immune responses (Eisenmann et al., 2007; Tanizaki et al., 2010). In the present study, DIAPHs expression was positively associated with Th2 cell infiltration, whereas it was negatively associated with pDC infiltration. In addition, our experimental validation showed that positive correlations between the expression of DIAPH3 and the infiltration of CD3+ and CD4+ T lymphocytes, and CD68+ macrophages were observed in PAAD. Liu and others demonstrated that CD4+ T cells, but not CD8+ T cells, are essential for tissue healing and remodeling of the blood vasculature in cancer. The host-directed protective response is dependent on the Th2 cytokine interleukin-4 (IL-4), which indicates that type 2 immunity could be an effective tissue-level defense mechanism against cancer (Liu et al., 2020). Intratumoral Th2 cell infiltration correlates with a poor prognosis in patients with PAAD (De Monte et al., 2011). pDCs play a key role in the induction and maintenance of antitumor immunity (Palucka and Banchereau, 2012). A clinical study found that higher densities of intratumor pDCs were associated with prolonged survival in patients with colon cancer (Kießler et al., 2021). DC paucity leads to dysfunctional immune surveillance in PAAD (Hegde et al., 2020). Recent studies showed that IGFBP2 signaling pathway contributes to the macrophage-based immunosuppressive microenvironment in PAAD (Sun et al., 2021). Notably, DIAPH3 expression was positively associated with MDSC infiltration in PAAD of TCGA cohort. ImmunoScore was lower in the high DIAPH3 expression group than in the low expression group. MDSCs are immunomodulatory cells that suppress adaptive immune responses and promote tumor progression (Veglia et al., 2021). Specifically, depletion of MDSCs in PAAD increases the intratumoral accumulation of CD8+ T cells and apoptosis of tumor cells (Stromnes et al., 2014). The correlation among DIAPHs expression and Th2 cell, pDC, and MDSC infiltration in PAAD requires further investigation.
Immunotherapy is an emerging cancer treatment that helps the immune system fight tumors. Among the most attractive approaches to activate therapeutic antitumor immunity is blocking immune checkpoints (Pardoll, 2012). In the present study, the expression of DIAPHs in PAAD was positively correlated with immune checkpoints such as CD276, LAG3, and HMGB1. A clinical study reported that CD276 expression was significantly higher in PAAD tissues than in normal tissues and was associated with poor prognosis (Yamato et al., 2009). LAG3 expression by infiltrating T cells correlates with poor prognosis in patients with PAAD (Seifert et al., 2021). HMGB1 plays both oncogenic and tumor-suppressive roles in tumor development (Kang et al., 2013). Diminished HMGB1 expression in patients with PAAD correlates with poor overall survival (Kang et al., 2017). A large proportion of patients with positive initial responses may develop resistance to the immune checkpoint inhibitors (Schoenfeld and Hellmann, 2020). Two small-molecule intramimics (IMM-01 and IMM-02) of DIAPHs can slow tumor growth by targeting the cytoskeletal remodeling machinery in cancer cells (Lash et al., 2013). The combination of small-molecule drugs for DIAPHs and immune checkpoint blockers may be an effective option for the treatment of PAAD.
In conclusion, the present study revealed that DIAPHs could serve as novel prognostic biomarkers and TME regulators of PAAD. These data may provide important information regarding the role and mechanisms of DIAPHs in tumorigenesis and PAAD immunotherapy.
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