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Objective

Our previous work found COX4I2 was associated with angiogenesis in pheochromocytoma. The purpose of this study was to explore the role of COX4I2 in regulating angiogenesis in pheochromocytoma.



Methods

Distribution of COX4I2 was evaluated by scRNA-seq in one case of pheochromocytoma and the findings were verified by immunostaining. COX4I2 was further knocked down in target cells. Changes of angiogenesis-related genes were evaluated by qPCR in target cells.



Results

The scRNA-seq revealed high mRNA expression of COX4I2 in fibroblasts rather than tumor cells. Immunostaining of COX4I2 confirmed its distribution in fibroblasts. Knocking down COX4I2 in NIH3T3 cell line led to significant reduction of angiogenesis-related genes, especially ANG1 and HGF.



Conclusions

Fibroblasts mediate the angiogenesis of pheochromocytoma by increasing COX4I2 expression, possibly by affecting ANG1 and HGF.
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Introduction

Pheochromocytomas are endocrine tumors arising from the adrenal medulla (1, 2). The blood supply of pheochromocytoma is abnormally rich. The surface of tumor is covered with dilated and tortuous vascular network. This pathological change makes pheochromocytoma challenging for surgeons to completely expose the tumor. In our previous study (3), we used high-throughput proteomics to conduct in-depth analysis of pheochromocytoma with or without abundant blood vessels. Mitochondrial cytochrome C oxidase subunit 4 subtype 2 (COX4I2) showed significant up-regulation in the vascular rich group. Furthermore, we found that the protein level of COX4I2 was positively correlated with the microvessel density in pheochromocytoma.

COX4I2 is the second isoform of subunit IV encoded by cytochrome C oxidase nuclear gene. As a terminal enzyme in the mitochondrial electron transport chain, it is involved in driving oxidative phosphorylation and catalyzing the transfer of electrons from reduced cytochrome C to oxygen (4–7). At present, there are not many studies reporting that COX4I2 is directly related to angiogenesis. In a study on endometriosis (8), COX4I2 was found to be targeted by MLL1 and is essential for the process of endometrial decidualization. Enzymes containing COX4I2 reduce oxygen affinity, leading to hypoxia in the endometrial microenvironment, which is critical for successful endometrial implantation and angiogenesis. HIF-2α expression was increased during decidualization in vitro, but knockdown of COX4I2 blocked HIF-2α expression. This study suggests that the expression of HIF-2α in the stroma can be regulated by COX4. Furthermore, another study found that increasing the expression of COX4I2 increased the production of reactive oxygen species associated with angiogenesis (9–11).

Single-cell RNA sequencing (ScRNA-seq) was first reported in 2009, which refers to a new technology for high-throughput sequencing and analysis of RNA at the single-cell level (12). Due to technical limitations, traditional sequencing technology is performed at the multicellular level. The gene expression information obtained is the average signal of the cell population, and the specific gene expression information of individual cell is lost (13–15). ScRNA-seq can independently provide the RNA expression profile of each cell, and study the relationship between gene expression and cell function more precisely and intuitively. It has been widely used in many disciplines. In the tumor microenvironment (TME), in addition to the tumor cells themselves, various types of immune inflammatory cells, fibroblasts, epithelial cells, and various growth factors, enzymes, microvessels and intercellular substances near the tumor area are involved in the occurrence, development, invasion and metastasis of tumors (16–18). The convenience of scRNA-seq is that it can use different marker genes to identify different cell types under TME. In this study, we performed scRNA-seq in one case of pheochromocytoma tissue. By comparing with the expression profile of COX4I2, we can better observe its accurate localization in pheochromocytoma. The purpose of this study is to explore the accurate localization and expression of COX4I2 in pheochromocytoma tissue and to preliminarily verify whether it plays an exact role in angiogenesis in tumor microenvironment.



Materials and methods


Tissue preparations

This work was approved by the clinical research ethics committee of Ruijin Hospital. Informed consent was obtained from patients prior to surgery. The pathological diagnosis was confirmed by pathologists.

The fresh tissue specimen was immersed in the preservation solution, and immediately sent for single-cell suspension preparation. The tissue was cut up into small pieces and digested in a shaker with collagenase at 37°C. After digestion, the cell suspension was filtered through a 40-micron cell sieve to filter out the tissues that have not been fully digested. The filtered cell suspension was centrifuged, discarded the supernatant, resuspended with erythrocyte lysate, washed with PBS, and repeated twice. Finally, cell count and viability test were evaluated.



Single-cell RNA sequencing

The single cell suspension, barcode-containing gel beads and enzyme mixture were combined, and the droplets were wrapped by a microfluid "double cross" cross system to form a water-in-oil microsystem (Gel Bead-In-Emulsions, GEMs). Then, cell lysis was performed in GEMs, the gel beads were automatically dissolved, and a large number of barcode sequences were released at the same time. Then mRNA was reverse transcribed into cDNA, and cDNA was used as a template for PCR amplification. After the cDNA amplification was completed, quality control of the amplified product should be carried out. Finally, after the amplified product passed the inspection, a sequencing library was constructed and sequenced through the Illumina sequencing platform to obtain sequencing data and perform subsequent data analysis. Use t-distributed stochastic neighbor embedding (t-SNE) for dimensionality reduction; use "Seurat" package to identify important clusters.



Histological evaluation

The pheochromocytoma tissues were fixed with 10% formalin, embedded in paraffin, and sectioned with a thickness of 5 μm. The paraffin embedded samples were dewaxed and rehydrated with dimethylbenzene followed by gradient ethanol. The nuclei were stained with hematoxylin and the cytoplasm was stained with eosin.

Antibodies included COX4I2 antibody (Diluted 1:100, Catalog number: 11463-1-AP, Proteintech, China), Smooth Muscle Actin Polyclonal Antibody (α-SMA) antibody (Diluted 1:100, Catalog number: 14395-1-AP, Proteintech, China) and Anti-Chromogranin A (CgA) antibody (Diluted 1:100, Catalog number: ab220189, Abcam, UK). The sections were incubated with primary antibody overnight in a humidified chamber at 4°C, and then washed with phosphate buffered saline.

Then, immunostaining was performed with UltraSensitive™ SP (Mouse/Rabbit) IHC Kit (Maixin, China) according to its protocol. The sections were incubated with biotin-labeled secondary antibody at room temperature for 10 minutes. Afterwards, diaminobenzidine staining and hematoxylin counterstaining were used. Slices were fixed with neutral gum.

IF was performed with secondary antibody Alexa Fluor 488 nm or 568nm (Thermo Fisher Scientific, USA). The sections were then washed three times in PBS and the nuclei were stained with DAPI (Thermo Fisher Scientific, USA). Finally, the stained sections were observed and photographed with an optical microscope (Olympus, Japan).



Cell culture

Mouse embryonic fibroblast NIH3T3 cells were cultured in Dulbecco’s modified Minimal Essential Medium (DMEM, Yobibio, China) supplemented with 10% fetal bovine serum (FBS, Gibco, USA) and penicillin/streptomycin (Gibco, USA) in a 37°C, 5% CO2 and humid atmosphere.



RNA interference

The small interfering RNA (siRNA) lentiviral particle packaging used for COX4I2 interference was purchased from Shanghai Genechem Company. Three COX4I2 siRNA and negative control (NC) sequences were designed as followed in Table 1. NIH3T3 cells in logarithmic growth phase were digested by trypsin, and a complete medium was used to make a cell suspension of 30000-50000 cells/ml. The cells were inoculated into the culture plate to ensure that the plate amount reached about 15-30% when infected. According to the manufacturer’s instructions, the infected cells should be changed to the conventional medium within 8-16 hours after infection and continued to culture for 48-72 hours.


Table 1 | Three COX4I2 siRNA and NC (Negative Control) sequences.





RNA extraction and qPCR

Total RNA was extracted from NIH3T3 cells by Eastep® Super Total RNA Extraction Kit (Promega, China) according to the manufacturer’s instructions. The concentration and purity of extracted RNA samples were detected by Nanodrop 2000C spectrometer (Thermo Scientific, USA). Then, total RNA was reversely transcribed to cDNA with a reverse transcription Kit (Promega, China). QPCR was then performed on a QuantstudioTM Dx Real‐Time PCR System (Thermo Fisher Scientific, USA) by using SYBR® Green Premix Pro Taq HS qPCR Kit (Agbio, China). The program was run with the following settings: preheated at 95°C for 30 s, denatured at 95°C for 5 s, annealed at 60°C for 30 s. The total of 40 cycles were repeated. The Ct values of the target genes were corrected by using the internal reference Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) of the same sample. The synthesized primers are shown in Table 2.


Table 2 | Primers used for qPCR.





Statistical analysis

Statistical analysis was conducted using GraphPad Prism software version 8 (GraphPad Software, USA). The relative expression levels of target genes were calculated through the 2−ΔΔCt method. Comparisons were made by two‐tailed Student’s t‐test. P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) and P < 0.0001 (****) were considered statistically significant.




Results


ScRNA-Seq found COX4I2 expression mainly in fibroblast

A total of 11,099 cells were obtained. T-SNE found 21 cell clusters (Figure 1A). Some cell clusters are described in detail below: Tyrosine hydroxylase (TH) and Chromogranin A (CgA or CHGA) positive pheochromocytoma tumor cells (Figures 1B, C), Protein Tyrosine Phosphatase Receptor Type C (PTPRC) positive immune cells (Figure 1D), Von Willebrand factor (VWF), Platelet and Endothelial Cell Adhesion Molecule 1 (PECAM1) and Plasmalemma Vesicle Associated Protein (PLVAP) positive endothelium Cells (Figures 1E–G), Actin Alpha 2 (ACTA2 or α-SMA) and Platelet derived growth factor receptor B (PDGFRB) positive fibroblasts (Figures 1H, I). Interestingly, COX4I2 is highly expressed mainly in fibroblasts (Figure 1J).




Figure 1 | Single cell atlas of pheochromocytoma. (A) Two-dimensional t-SNE clustering analysis showed that the cells were divided into 21 clusters and labeled with different colors. (B, C) The expression of TH and CHGA genes was used to identify pheochromocytoma tumor cells. (D) The expression of PTPRC gene was used to identify immune cells. (E–G) The expression of VWF, PECAM1 and PLVAP genes was used to identify endothelial cells. (H, I) The expression of ACTA2 and PDGFRB genes was used to identify fibroblasts. (J) Location and expression of COX4I2 gene in all cells.





COX4I2 staining in pheochromocytoma

Hematoxylin and eosin staining was performed on the pheochromocytoma tissue, as shown in Figures 2A, B. This area can clearly see the vascular lumen area of the pheochromocytoma. Immunostaining of COX4I2, CgA and α-SMA were performed in the same area of pheochromocytoma tissue. The results are shown in Figures 2C–X. In the vascular lumen area, COX4I2 and α-SMA staining were positive, where CgA staining was negative (Figures 2C–H, I–L, S–T). Immunostaining showed that COX4I2 colocalized with α-SMA but not CgA (Figures 2M–P, U–X). It can be seen clearly that the co-localized immunofluorescence staining of COX4I2 and CgA in the vascular luminal region of the pheochromocytoma tissue in Supplementary File Video 1. This further confirmed the results obtained by the scRNA-Seq analysis.




Figure 2 | Different staining analysis of the same vascular area in pheochromocytoma tissue. (A, B) Hematoxylin and eosin staining showed the vascular lumen area. (C–H) Immunostaining of COX4I2, α-SMA and CgA was performed in the same area. (I–X). Immunofluorescence staining of COX4I2, α-SMA, DAPI and CgA was performed in the same area.





Knockdown of COX4I2 led to changes of angiogenesis-related factors in fibroblast cell line NIH3T3

The expression of COX4I2 mRNA in NIH3T3 cell line was interfered by three siRNA target sequences, respectively. Figure 3A showed successful knockdown of COX4I2 by KD1 and KD3. With knockdown of COX4I2, the expression of angiogenic related genes in NIH3T3 cell line were reduced. As shown in Figure 3B, angiogenic related factors Ang1 and HGF were significantly down-regulated.




Figure 3 | The knockdown of COX4I2 in NIH3T3 cell line resulted in changes of angiogenesis-related factors. (A) Changes of COX4I2 mRNA in NIH3T3 cell line after interference of three targets. (B) Changes of angiogenesis-related factors VEGFA, ANG1, ANG2 and HGF mRNA in NIH3T3 cell line after COX4I2 knockdown. (NS: No Significance; *: P<0.05; **: P<0.01; ***: P<0.001).






Discussion

Our study firstly showed that COX4I2 is not localized in pheochromocytoma tumor cells, but in fibroblasts in the tumor microenvironment. This important discovery provides us with a clearer direction to study the involvement of COX4I2 in pheochromocytoma angiogenesis, allowing our research team to pay more attention to the tumor microenvironment rather than the tumor cells themselves in subsequent studies. By knocking down the expression of COX4I2 in fibroblasts, the expression of some angiogenic related factors is reduced, indicating that COX4I2 is significantly related to the angiogenesis process.

Angiogenesis is a complex physiological or pathological process involving multiple cells (19, 20). For tumors, the biological behavior of angiogenesis plays an extremely important role in its occurrence and development. Tumor angiogenesis refers to the growth of new capillary blood vessels in the existing capillaries and venules behind the capillaries in the tumor microenvironment (19, 21). It mainly includes the following processes: degradation of vascular endothelial matrix, activation, proliferation, migration of endothelial cells, formation of vascular rings and formation of new basement membrane. On the one hand, more and more studies show that most malignant tumors have dense angiogenesis and rapid growth. The new blood vessel structure of tumor tissue is abnormal and its function is not perfect (22), which provides great convenience for tumor cells to invade the inside of blood vessels and cause distant metastasis with blood flow, leading to a poor prognosis. On the other hand, the new blood vessels of tumors bring a huge challenge to surgery. The new blood vessels increase the possibility of bleeding during the operation, result in excessive blood loss of patients, and at the same time affect the exposure of the surgical field of vision, prolong the operation time and bring inconvenience to the operation.

A previous retrospective study completed by our team showed that in 303 cases of adrenal minimally invasive surgery (23), 62 cases (20%) of adrenal vein anatomical structure with tumor variation were observed, mainly manifested in the formation of new small vein branches or collateral circulation. The venous anatomical variation group had more intraoperative blood loss, longer operation time, longer hospital stays and higher operation cost than the normal anatomy group. Adrenal vein variants are more common in adrenal medullary tumors and larger adrenal masses. Tumor size and the diagnosis of pheochromocytoma are independent risk factors for anatomical variants of adrenal veins. Generally, most pheochromocytomas and paragangliomas were found to be highly vascularized tumors by preoperative imaging and intraoperative observation. In order to conduct a deeper exploration, our team once again implemented high-throughput proteomics research (3). We selected a batch of adrenal pheochromocytoma tissue samples and divided them into a rich blood supply group and a poor blood supply group. Using proteomics detection and analysis, it was found that the differential protein COX4I2 was significantly up-regulated in the pheochromocytoma samples of the rich blood supply group, while the differential protein in the poor blood supply group was PLAT. The results of proteomics were verified in another batch of pheochromocytoma samples by qPCR and immunostaining. In order to further clarify the location of cells and factors in the microenvironment of pheochromocytoma and their roles in tumor angiogenesis, we implemented this study.

Single-cell RNA sequencing technology provides great convenience for understanding the expression and location of COX4I2 in cells of different subtypes in pheochromocytoma tissue. By observing the expression of COX4I2 in different subtypes of cells, we have a clearer grasp of the location of COX4I2 in pheochromocytoma tissue, which suggests that we need to pay more attention to the interaction of various components in pheochromocytoma microenvironment, rather than the tumor cells themselves. Fibroblasts have a great influence on TME through the secretion of cytokines and chemokines, including factors related to angiogenesis (24). Cancer-associated fibroblast (CAF) is an activated form of fibroblast, which is formed by crosstalk between tumor cells and fibroblasts in TME (24). In TME, tumor cells can induce the activation of normal fibroblasts into CAF; on the contrary, CAF secretes related factors to affect the growth of tumor cells. Many studies believe that CAF can promote the formation of tumor blood vessels. First, CAF-derived Platelet-derived growth factor (PDGF) stimulates VEGF production, and the PDGF/PDGFR signaling pathway can regulate tumor angiogenesis; second, CAF can express or recruit angiogenesis-related proteins by itself, directly or indirectly exerting angiogenesis (25, 26).

Both ACTA2 and PDGFR can be used to identify fibroblasts (24). CAF often expresses ACTA2, PDGFR, Fibroblast activation protein (FAP) and vimentin (Vimentin, VIM) and so on. ACTA2, also known as Alpha-smooth muscle actin (α-SMA), is a member of the actin family. It is the most commonly used marker to identify CAF and plays an important role in the maintenance of cell movement, cell structure and integrity. CAF is also called myofibroblasts because of the expression of α-SMA. PDGFR includes two subtypes of α and β, both of which can be used as general markers of fibroblasts. They are mainly distributed on the surface of fibroblasts, astrocytes, neural progenitor cells and pericytes. Overexpression of PDGFR has been observed in multiple tumor types (24). Related studies have pointed out that ACTA2 and PDGFRB have their own advantages and disadvantages as markers for identifying fibroblasts. ACTA2 can better reflect tumor-associated fibroblasts, but it can also be detected in smooth muscle cells and pericytes; PDGFR can be widely expressed in the entire fibroblast population that exists in tumors, and it is not specific for CAF. Therefore, the combined diagnosis of multiple molecular markers is often used in research.

By interfering with COX4I2 mRNA in fibroblasts, we observed a decrease in the expression of ANG1 and HGF, which suggests that COX4I2 may act as an upstream gene of ANG1 and HGF to mediate a pathway of pheochromocytoma angiogenesis. The angiogenin family includes four members, namely Ang1, Ang2, Ang3, and Ang4, which play an important role in tumor angiogenesis independent of the existence of the vascular endothelial growth factor family. Among them, Ang1 and Ang2 are most closely related to angiogenesis. At present, its specific mechanism is not completely clear, but there are increasing researches about members of this family in tumor angiogenesis. Ang1 and Ang2 combine with the ligand Tie2 to activate the Ang/Tie signaling pathway, and then play a role in vascular development, remodeling and stabilization (27). In biological function, Ang1 and Ang2 are slightly different. Ang1 promotes vascular remodeling, maturation and stability by regulating the interaction between endothelial cells and between endothelial cells and surrounding supporting cells. In addition, it can inhibit endothelial cell apoptosis and reduce blood vessel atrophy and degeneration. The main function of Ang2 is to competitively inhibit Ang1 to form unstable blood vessels (28, 29). Hepatocyte growth factor (HGF) was originally named for its ability to stimulate the growth of primary cultured hepatocytes (30, 31). It also plays an important role in the growth and differentiation of cells and some complex biological processes in vivo, such as organ formation and angiogenesis. It is a powerful polypeptide growth factor. As one of the cells that can secrete HGF, fibroblasts play an important role in promoting tumor angiogenesis in tumor microenvironment (32). HGF can activate vascular endothelial cells through MAPK and PI3-K pathway, induce the proliferation and migration of vascular endothelial cells, form lumen like structure, and participate in tumor angiogenesis (33, 34).

Both KD1 and KD3 groups successfully knocked down the expression of COX4I2 in NIH3T3 cells, and the KD1 group showed a better knockdown effect. However, compared with the KD3 group, the ANG1 and HGF in the NIH3T3 cells of the KD1 group did not appear more obvious down-regulation, and there was no obvious linear relationship between them. This may be because COX4I2- mediated angiogenesis is complex and diverse, not directly through a single pathway, but under the regulation of multiple factors, resulting in the down-regulation of angiogenesis- related factors. Its deeper mechanism is still worth our follow-up further study.



Conclusion

In conclusion, fibroblasts mediate the angiogenesis of pheochromocytoma by increasing COX4I2 expression, possibly by affecting ANG1 and HGF.
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Supplementary Video 1 | A video that can clearly see the co-localized immunofluorescence staining of COX4I2 and CgA in the vascular luminal region of a pheochromocytoma tissue. COX4I2 antibody was used to reflect the COX4I2-positive region (shown in green), and CgA antibody was used to reflect pheochromocytoma tumor cells (shown in red). The results of immunofluorescence colocalization staining showed that the COX4I2 positive area appeared in the luminal area, but did not overlap with the CgA positive region of the tumor cell region.
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