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The chitosan (CS) material as the skeleton nano-drug delivery system has the advantages of sustained release, biodegradability, and modifiability, and has broad application prospects. In the previous experiments, biotin (Bio) was grafted onto CS to synthesize biotin-modified chitosan (Bio-CS), and it was confirmed that it has liver cancer targeting properties. Single-targeted nanomaterials are susceptible to pathological and physiological factors, resulting in a state of ineffective binding between ligands and receptors, so there is still room for improvement in the targeting of liver cancer. Based on the high expression of folate (FA) receptors on the surface of liver cancers, FA was grafted onto Bio-CS by chemical synthesis to optimize the synthesis of folic acid-modified biotinylated chitosan (FA-CS-Bio), verified by infrared spectroscopy and hydrogen-1 nuclear magnetic resonance spectroscopy. The release of FA-CS-Bio/fluorouracil (5-FU) had three obvious stages: fast release stage, steady release stage, and slow release stage, with an obvious sustained release effect. Compared with Bio-CS, FA-CS-Bio could promote the inhibition of the proliferation and migration of liver cancer by 5-FU, and the concentration of 5-FU in hepatoma cells was significantly increased dose-dependently. Laser confocal experiments confirmed that FA-CS-Bio caused a significant increase in the fluorescence intensity in liver cancer cells. In terms of animal experiments, FA-CS-Bio increased the concentration of 5-FU in liver cancer tissue by 1.6 times on the basis of Bio-CS and the number of monophotons in liver cancer tissue by in vivo dynamic imaging experiments was significantly stronger than that of Bio-CS, indicating that the targeting ability of FA-CS-Bio was further improved. Compared with Bio-CS, FA-CS-Bio can significantly prolong the survival time of 5-FU in the orthotopic liver cancer transplantation model in mice, and has a relieving effect on liver function damage and bone marrow suppression caused by 5-FU. In conclusion, FA-CS-Bio nanomaterials have been optimized for synthesis. In vivo and in vitro experiments confirmed that FA-CS-Bio can significantly improve the targeting of liver cancer compared with Bio-CS. FA-CS-Bio/5-FU nanoparticles can improve the targeted inhibition of the proliferation and migration of liver cancer cells, prolong the survival period of tumor-bearing mice, and alleviate the toxic and side effects.
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Introduction

Chitosan (CS) has the advantages of non-toxicity, low immunogenicity, good biocompatibility, and degradability, and has been widely used in the fields of medicine and biomedicine (1). The molecular weight and degree of deacetylation of CS have important effects on its physicochemical and biological properties, and the amino and carboxyl groups on CS also provide the possibility for targeted material modification. Nanocarriers are linked to target targets through ligands to accurately identify and localize tumor cells and tissues (2). The drug carrier targeting function has the following characteristics (3–5): effective for loading anti-tumor drugs; a targeting group that corresponds to the corresponding target cell or tissue; and nanoscale size. As a target cell or tissue, the receptor expressed on it should meet the following two conditions (6): a sufficient amount on the surface of malignant cells and a small amount on the surface of normal cells. So, cell-targeting groups were screened for a variety of tumors and linked to CS nano-drug delivery systems by grafting.

Biotin (Bio), with a molecular weight of 244 Da, is a water-soluble vitamin that binds to its corresponding receptor and exerts corresponding biological functions. Due to the rapidly proliferative nature of malignant tumors, large amounts of vitamins are required during the proliferation process. A large number of biotin receptors are expressed on the surface of tumor cells, so Bio can be used as a tumor targeting ligand to achieve the purpose of targeted drug delivery. The biological functions of Bio in the normal human body mainly include the following aspects (7–9): participate in the metabolism of the three major nutrients; a clear correlation with the metabolism of other vitamins; the metabolism of other nutrients, such as methylation transfer reactions and coenzyme metabolic processes. In biology and medicine, Bio has developed new applications in the past 10 years, such as non-radioactive labeling technology. Bio-nucleic acid probe labeling technology has been developed. There is a trend to replace isotope probes with microspheres, and it has the advantages of economy, safety, reliability, rapidity, and stability; at the same time, it has certain application value in immunoelectron microscopy, radioimmunoassay, and disease monitoring. A large number of Bio receptors are expressed on the surface of malignant tumor cells, and their expression level in liver cancer cells is 39.6 times that in normal liver cells (10), which have a targeted adsorption effect on Bio (11). Our previous experiments found that Bio and CS synthesized biotinylated chitosan (Bio-CS) (12), and found that Bio-CS nanomaterials have strong liver cancer targeting, and its targeting effect is mainly through the nanomaterials. Bio is combined with Bio receptors on liver cancer cells, and the Bio-CS nanoparticles can carry genes in vivo, which has an obvious inhibitory effect on the orthotopic liver cancer model, and there are no obvious side effects.

At present, research on drug delivery systems for liver cancer at home and abroad mainly focuses on single-targeted drug delivery systems (13, 14). When a single targeted nanoparticle binds to its corresponding receptor, its binding effect is often affected by a variety of pathological and physiological factors, and sometimes some receptors and ligands fail to bind, resulting in the failure of targeted therapy. For example, in patients with liver disease, the activity and density of the asialoglycoprotein receptor (ASGPR) on hepatocytes is markedly reduced, resulting in a decrease in the number of receptors bound to hepatocytes by approximately 95% (15). Therefore, the active liver targeting effect mediated by a single ASGPR was significantly reduced or even disappeared. In addition, single receptors are not highly expressed in all target cells, resulting in less binding of single-targeted nanoparticles to target cell receptors, resulting in reduced efficacy of targeted therapy (16). There is still room for improvement in the liver cancer targeting of the previous nanomaterial, Bio-CS. The idea of how to reduce the drug concentration in liver tissue and further increase the drug concentration in liver cancer target tissue is an important idea for the transformation of Bio-CS materials. Therefore, our team group proposes to synthesize dual-targeted nanomaterials for liver cancer on the basis of previous experiments, which have shown that they can reduce the drug concentration in liver tissue and increase the drug concentration in liver cancer tissue.

Folic acid (FA) is a small molecule vitamin with no immunogenicity, low cost and easy availability, good stability, and simple and easy chemical bonding with drugs or carriers. Therefore, using FA as a targeting molecule to construct a drug delivery system has become one of the research hotspots in active targeted tumor therapy (17). The FA receptor is a membrane glycoprotein linked to glycosyl-phosphatidylinositol and has a high affinity for FA. As one of the specific receptors that mediate cellular internalization, the FA receptor is capable of uptake of folate into the cytoplasm of eukaryotic cells and is a high-affinity receptor (18). The expression of FA receptor was significantly increased in malignant epithelial tissues and mesothelial tumor cells, and the expression level of FA receptor was not affected by the resistance of tumor cells to chemotherapy (19), based on the difference in FA receptor expression between tumor cells and normal cells, enabling active targeted delivery of FA-drug conjugates (20). After the FA-drug conjugate specifically binds to the FA receptor on the surface of tumor cells, it enters tumor cells through endocytosis. In the weakly acidic environment (pH 5) in the cell, the configuration of the FA receptor changes, the FA-drug conjugate is released, and the receptor can return to the cell membrane surface and then transport other FA molecules or FA-drug conjugates (21, 22). Compared with other macromolecular targeting molecules such as monoclonal antibodies, using FA as a targeting molecule has many unique advantages, such as small relative molecular mass, no immunogenicity, being cheap and easy to obtain, good stability, and compatibility with drug molecules or carriers. The chemical bonding between them is simple and easy, and the targeting application has a wide range.

Therefore, our team group proposed using FA and Bio, dual cancer cell-targeting substances, to synthesize glycosylated chitosan modified by FA (FA-CS-Bio) nanomaterials with CS to solve the defects of single-targeted liver cancer, such as weak targeting and easy targeting failure. In this study, FA-CS-Bio nanomaterials were synthesized with fluorouracil (5-FU) nanoparticles. In vivo and in vitro liver cancer targeting tests were performed. In terms of animal experiments, the FA-CS-Bio drug-loaded nanoparticles were injected into the tail vein of the mouse orthotopic liver cancer transplantation model, and the 5-FU was transported to the liver through the blood circulation. The Bio and FA on the nanoparticle surface were combined with the corresponding receptors, so that 5-FU can reach the liver cancer tissue smoothly, play the active targeting role of nanoparticle liver cancer, minimize the drug concentration in liver tissue, thereby reducing the toxicity of the drug to normal liver cells, and remove liver cancer in mice, to achieve the purpose of treatment. The results were reported as follows:



Materials and methods


Mice and cell lines

The BLAB/C mice, male and female, aged 5-7 weeks and weighing 18–20 g, were raised under a specific pathogen-free humidity and temperature control environment, purchased from the Jiangsu Gempharmatech Co., Ltd. SK-HEP-1, SW480 and normal liver cell line QSG7701 were purchased from the ATCC cell bank in the United States.



Material synthesis and orthogonal experiment design

Taking the yield of FA-CS-Bio as the investigation index, the factors affecting the synthesis of FA-CS-Bio are the ratio of raw materials, the dosage of catalyst, the reaction time and the temperature during the experiment.

	

	Determining the best raw material ratio: Synthesize FA-CS-Bio with FA: Bio-CS in molar ratios of 24:1, 25:1, 26:1, 27:1, and 28:1, and study the effect of different ratios on the production of FA-CS-Bio. The best FA: Bio-CS with the highest PY was selected.

	Establishment of the optimal catalyst usage ratio: Based on the best FA: Bio-CS, according to FA with 1-Ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride (EDC.HCl) in the molar ratio of 1:5, 1:6, 1:7, 1:8, and 1:9, FA-CS-Bio was synthesized, and its effect on the PY was observed. The highest best FA: EDC.HCl was selected.

	Determining the best reaction time: Based on the optimal FA: Bio-CS and FA: EDC.HCl, the reaction times were 6 h, 12 h, 24 h, 48 h, and 72 h, respectively. The best reaction time was selected.

	Determining the best reaction temperature: The reaction temperatures were room temperature, 46~55°C, 56~65°C, 66~ 75°C and 76~85°C, respectively, based on the optimal FA: Bio-CS, FA: EDC.HCl, and reaction time. The effect of reaction temperature on PY was studied, and the best reaction temperature was selected.

	The solvent’s influence on PY: Based on the optimal FA: Bio-CS, FA: EDC.HCl, reaction time and temperature, the reaction solvents were divided into dimethylacetamide (DMAc), dimethylformamide (DMF), and dimethyl sulfoxide (DMSO), and the effect of different solvents on the PY was studied.



Taking the PY of FA-CS-Bio as the investigation index, the main factors affecting the synthesis (raw material ratio, catalyst usage, reaction time, and temperature) were analyzed. The orthogonal experiment of L9 (34) was designed according to three different levels, so as to obtain the optimal.



Fourier transform infrared spectroscopy

The samples of Bio, CS, FA, Bio-CS and FA-CS-Bio were recorded using a Nexus Fourier Transform Infrared Spectrometer (Nicolet™ Natus Medical Incorporated, San Carlos, CA, USA). The infrared spectrometer obtained infrared spectra of samples with five grades. Background readings were taken before each series of measurements. The spectra of the powder samples were scanned at 25°C with 64 scans, the background was removed, and the resolution of the scans was 4 cm-1 (23). The spectral range was from 4000 cm-1 to 400 cm-1.



Hydrogen-1 nuclear magnetic resonance spectroscopy

The Bio, CS, FA, FA-CS, Bio-CS and FA-CS-Bio were tested by hydrogen-1 nuclear magnetic resonance spectroscopy (1H-NMR, 600 MHz, Agilent Technologies, Santa Clara, CA, USA), and the chemical structures of these final products were observed. The sample was dissolved in a mixed solution of deuterated hydrochloric acid and deuterated water, using tetramethylsilane as the internal standard. The sample was dissolved in a mix of deuterated hydrochloric acid and deuterated water to form a mixed solution. The sample was measured at a frequency of 600 MHz, and the internal standard of the sample was tetramethylsilane (24). And according to the integral area of the characteristic proton peaks of FA, Bio and CS, the degree of substitution (DS) of FA (Bio) was calculated as integrated area FA (or Bio)/integrated area CS×100%.



Preparation of FA-CS-Bio/5-FU nanoparticles

The FA-CS-Bio/5-FU mass ratio was set to 1:4 (25), and the FA-CS-Bio was placed in a centrifuge tube with an appropriate amount of deionized water and glacial acetic acid (HAC) before being placed in a 50°C water bath. The HAC, deionized water, and 50 mM NaAC were added after heating for more than 10 min to dissolve, and the water bath was placed at 45~50°C for 5~10 min to obtain the FA-CS-Bio solution. The 5-FU was heated to 45~55°C for 5~10 min before being poured into the FA-CS-Bio solution, immediately vortexed (2000 rpm) for 30 s, the sample was lifted for more than 30 min and centrifuged at about 4000 rpm, the residue was washed, dispersed, centrifuged and washed to remove NaOH and 5-FU, etc., and then was redispersed in deionized water, freeze-dried, and saved for later use.



Particle size analysis and zeta potential determination

The nanoparticle suspension with a 5 mL syringe was sucked and injected into Zeta Potential measurements were taken with a Zetasizer HS3000 (Malvern Instruments, Malvern, UK) in a potential conduit, and particle shapes were determined using a TECNA10 transmission electron microscope (Philips Company, Philips, the Netherlands).



Preparation of the 5-FU standard curve

The 5-FU standard substance was accurately weighed; the 5-FU concentration with simulated body fluid into a series of standard solutions with concentrations of 0.1, 0.2, 0.5, 1.0, 5.0, 10 and 20 g/mL was prepared, respectively; and 20 mL of the above-mentioned solutions was accurately drawn and injected into a liquid chromatograph (Shimadzu Corp., Kyoto, Japan), and the peak area was measured and recorded according to the chromatographic conditions (26). The regression was performed with the concentration of 5-FU (x) and the corresponding peak area (y).

Conditions used for chromatography: As the stationary phase, an octadecylsilane (C18) column with a particle size of 3.5 µm, an inner diameter of 3.0 mm, and a length of 100 mm was used at 30°C. The mobile phase consisted of acetonitrile, MeOH, and 20 mM ammonium acetate in a volume ratio of 54:36:10 and was used at a flow rate of 1.0 mL/min, with injections limited to 20 L per injection.



In vitro release, encapsulation efficiency, and drug loading assay

20 mg of FA-CS-Bio/5-FU nanoparticles and 5-FU were weighed respectively and put into a dialysis bag. 30 mL of simulated body fluid (SBF) was added to form a suspension (pH 7.4) and shaken at 37°C at a constant temperature. Dynamic dialysis was carried out in the device (frequency of 60 r/min); after 0, 20 min, 40 min, 60 min… (That is, 6 hours), 1 d, 2 d, 3 d… 10 d, the dialysate was taken out, and 30 mL of fresh SBF was added at the same time. The original volume was kept unchanged, and the absorbance value was measured. The amount of 5-FU released by nanoparticles at different times was calculated according to the standard absorption curve (27). The concentration was calculated according to the standard curve equation, and the average value of three experiments was performed. Cumulative drug release (%) = (5-FU released from samples)/(total amount of 5-FU) ×100%

The nanoparticles were destroyed with 1% HCL, SBF was added to the volume, the SBF was used as a blank control, and its absorbance at 254 nm was measured. The encapsulation efficiency and drug-loading capacity of FA-CS-Bio/5-FU nanoparticles were calculated according to the following formula compared to the standard curve of 5-FU in SBF.

	

	



Cell proliferation assay

SW480 and SK-HEP-1 were subcultured in DMEM medium containing 10% fetal bovine serum and dual antibodies (100 U/mL each of penicillin and streptomycin) at 37°C in a 5% carbon dioxide incubator, the tumor cells was collected, centrifuged at 1000 rpm for 5 min, the cell density was adjusted with DMEM medium, and cells in a 96-well plate at 1000 cells/100µL/well was seeded. Each drug (control group, 5-FU, CS/5-FU, Bio-CS/5-FU, FA-CS/5-FU and FA-CS-Bio/5-FU) was fully cultured with DMEM, and formulated into 10, 3, 1, 0.3, 0.1, 0.03, 0.01 µg/mL. Three action time points of 24, 48 and 72 h were selected for each concentration group, and the absorbance was measured at 450 nm with an M5 multifunctional microplate reader (Bio-Rad, Hercules, CA, USA), and each group was detected three times (28). At the same time, the final concentration of 5-FU was 0.3 µg/mL, the cells treated with various treatments, the absorbance was detected 3 times at each time point of 1 d, 2 d, 3 d, 4 d, 5 d, 6 d and 7 d. Tumor inhibition rate = (Control A450-Experiment A450)/Control A450×100%.



Intracellular drug concentration of hepatocellular carcinoma by FA-CS-Bio

SK-HEP-1 and QSG 7701 cells were cultured. Actively proliferating cells were collected, counted, centrifuged at 1000 rpm for about 5 min, and seeded into culture wells at a concentration of 1000 cells/100 µL. The various drugs (5-FU, CS/5-FU, Bio-CS/5-FU, FA-CS/5-FU, and FA-CS-Bio/5-FU) were prepared in complete medium at 1 µg/mL, 2 µg/mL, 3 µg/mL, 6 µg/mL, and 12 µg/mL incubation time points for each drug concentration. At the same time, each drug group was treated for 1 h, 2 h, 4 h, 6 h, and 8 h with a final concentration of 3 µg/mL of 5-FU. The cells were washed three times, digested with enzymes, centrifuged, the supernatant was removed, 100 µL methanol was added, the cells were freeze-thawed, disrupted, and centrifuged with a high-speed centrifuge, 20 µL of the supernatant was collected, and the intracellular 5-FU concentration was measured by high-performance liquid chromatography according to the pretreatment method, three times in each group. The intracellular drug concentration was calculated from the standard curve. The ratio of the 5-FU concentration in liver cancer cells and hepatocytes reflects the targeting ability of the material to a certain extent. In this study, the ratio of SK-HEP-1/QSG 7701 (S/Q) was used.



Cell migration assay

50 µL of 5 µg/mL Fibronectin gel (ProSpec-Tany TechnoGene Ltd., Ness-Ziona, Israel) was dropped onto a Transwell chamber (Corning Inc., Corning, NY, USA), and air-dried overnight in a biological safety cabinet. SK-HEP-1 cells were subcultured in DMEM containing 10% FBS at 37°C in a 5% carbon dioxide incubator. SK-HEP-1 cells were collected, counted, centrifuged at 1000 rpm for 5 min, and adjusted the cell density with DMEM; 2000 cells/100 µL/well, seeded cells in the upper chamber, without serum. For the lower chamber, 500 µL of SK-HEP-1 cells containing 10% FBS was collected. In the upper chamber, five drugs (5-FU, CS/5-FU, Bio-CS/5-FU, FA-CS/5-FU and FA-CS-Bio/5-FU) were performed with 0.3 µg/mL of 5-FU. After 48 h of incubation, 50 µL of 0.5% crystal violet solution was added to the upper chamber and photographed. The cells were digested under the chamber with trypsin to make 20 µL of cell suspension. A small amount of the suspension was drawn to fill the counting plate pool, and 5 fields of view under the microscope (the upper, middle, lower, left, and right) were tokenized at 200 magnification and counted through the chamber (28). The number of cells that passed through the membrane was used to evaluate the migration ability, and each group of results was repeated 3 times.



Animal model establishment

After the mouse model was successfully established by inoculating H22 cells into BLAB/C mice subcutaneously, when the tumor grew to 2~3 cm, the mice were sacrificed, the tumor tissue was dissected out, and the vigorous and fresh tumor tissue was selected to make 6 × 107 cells/mL of tumor cell suspension. After intraperitoneal anesthesia with 20% Ulatan, a median incision was made, and 50 µL of tumor cell suspension was injected into the left hepatic lobe capsule with a 1 mL syringe (29).



Drug concentration of FA-CS-Bio/5-FU nanoparticles in various tissues

After the orthotopic liver cancer transplantation model was established, they were randomly divided into 5 groups with 3 animal models in each group and were injected into the tail vein with the 5-FU, CS/5-FU, FA-CS/5-FU, Bio-CS/5-FU and FA-CS-Bio/5-FU at doses of 0.5 µg/g, and the mice were sacrificed 24 hours later, and the liver, spleen, kidney, lung, and heart tissues of the animal model were washed with normal saline (blood removed), blotted dry with filter paper, then 0.1 g of tissue was placed in a centrifuge tube, and 1 mL of 50% methanol was added. The cells were crushed into a homogenate with an ultrasonic cell crusher and centrifuged at 8000 r/min for 10 min (30). 20 µL of the supernatant was aspirated, and the concentration of 5-FU in each tissue was measured by high performance liquid chromatography.



Laser confocal detection

SK-HEP-1 cells and QSG 7701 cells were seeded in 6-well plates, incubated for 24 h, and then fresh medium containing different FITC-labeled CS, FA-CS, Bio-CS, and FA-CS-Bio nanoparticles was incubated for 4 h. Thereafter, after fixing cells with 4% paraformaldehyde for 20 min at room temperature, the nuclei were stained with the fluorescent dye Hoechst 33258 (Biyuntian Biotechnology Co., Ltd., Shanghai, China), and washed three times with 0.01 M PBS. The coverslip was taken out with small tweezers and placed on a glass slide. After mounting with glycerol buffer solution, the fluorescence images of the samples were observed by a laser co-polymerization microscope (Olympus FV-1000, Tokyo, Japan) (31). Laser excitation wavelength during scanning: FITC was 488 nm, Hoechst 33258 was 405 nm, Alexa was 633 nm, and the captured images were superimposed with NIS element imaging software.



Dynamic imaging of FA-CS-Bio nanoparticles in vivo

In order to ensure that the fluorescence signal intensity of different modified nanoparticles was consistent, some amino groups on the nano-framework CS with Rhodamine B Isothiocyanate (RBITC) were reacted to obtain the same amount of isothiocyanate. Rhodamine B-labeled nanomaterials RBITC-CS, and then synthesized RBITC-Bio-CS, RBITC-FA-CS, and RBITC-FA-CS-Bio. On the fifth day after the orthotopic liver cancer transplantation model in mice, RBITC-CS, RBITC-Bio-CS, RBITC-FA-CS, and RBITC-FA-CS-Bio nanoparticles were injected from the tail vein at a dose of 0.4 mg/20 g. In mice, the dynamic distribution of CS, Bio-CS, FA-CS, and FA-CS-Bio in mice was dynamically observed by a small animal in vivo imaging system (CRi Maestro™, USA). The observation time points were 2 h and 4 h, 8 h, 12 h, and 24 h, respectively. Three mice in each group were sacrificed at each time point, and the fluorescence intensities in liver, kidney, spleen, and brain tissues were detected, representing the amount of nanoparticles entering the site. After the mice were sacrificed at the time point of 24 h, the number of fluorescent photons in the liver and liver cancer areas was detected by the CRi Maestro™ imaging system (32), and the fluorescence ratio of liver cancer (C)/liver (L) was calculated.



Survival analysis of FA-CS-Bio/5-FU nanoparticles in the mouse orthotopic liver cancer transplantation model

On the 5th day after the mouse orthotopic liver cancer transplantation model was established, the liver cancer tissue was about 4~6 mm, and the experimental model was divided into 6 groups: control, FA-CS-Bio, 5-FU, CS/5-FU, FA-CS/5-FU, Bio-CS/5-FU and FA-CS-Bio/5-FU groups. The control group received an intravenous injection of normal saline. The dose was 200µL. FA-CS-Bio group: 200 µL was intravenously injected with FA-CS-Bio. 5-FU, CS/5-FU, FA-CS/5-FU, Bio-CS/5-FU, and FA-CS-Bio/5-FU groups were respectively given corresponding drugs in 200 µL (containing 0.371 mg of 5-FU). Beginning on the 6th day after molding, administration through the tail vein continued for 5 days. Nine experimental model mice in each group were used for survival analysis.



Blood biochemical analysis

After 10 days of treatment, the serum samples of the mice in each group were taken, and the blood biochemical indexes alanine aminotransferase (ALT) and aspartate aminotransferase were detected by the DA 3500 Discrete Analyzer automatic chemical analyzer (Fuji Medical System Co., Ltd., Tokyo). The white blood cells (WBC), red blood cells (RBC), hemoglobin (Hgb), and platelets (PLT) were detected by the Sysmex XS-800i automatic blood cell analyzer (Sysmex Shanghai Ltd, Shanghai, China).



Statistical analysis

Normally distributed data are expressed as mean ± standard deviation, A t-test was used to compare the two groups; an one-way analysis of variance (ANOVA) was used to compare multiple groups; and the least significant difference method (LSD-t) was used for pairwise comparison between groups. Survival time was analyzed by the Kaplan-Meier method, and p<0.05 was regarded as statistically significant.




Results


Optimized synthesis of FA-CS-Bio materials

It can be seen from Table 1 that when the molar ratio of FA: Bio-CS was from 24:1 to 26:1, the PY of synthesizing FA-CS-Bio gradually increased, while its PY gradually decreased from 26:1 to 28:1, and the optimal FA: Bio-CS molar ratio was 26:1. On the basis of the synthesis molar ratio of FA: Bio-CS of 26:1, the PY of FA-CS-Bio synthesized from the molar ratio of FA: EDC.HCl gradually increased from 1:5~1:8, while its PY appeared to have gradually decreased from 1:8~1:9, and its optimal FA: EDC.HCl molar ratio was 1:8; based on the synthesis molar ratios of FA: Bio-CS and FA: EDC.HCl were 26:1 and 1:8, respectively. FA-CS-Bio’s PY increased significantly when the reaction time was from 6 h to 24 h, and its PY decreased significantly when the reaction time was from 24 h to 72 h, indicating that the optimal reaction time was 24 h; the molar ratios of FA: Bio-CS and FA: EDC.HCl were 26:1 and 1:8, respectively, and the reaction time was 24 h to synthesize FA-CS-Bio. The PY was the best at room temperature, and the PY decreased significantly with the increase in temperature; there was no significant difference in the PY of FA-CS-Bio synthesized in DMAc, DMF, and DMSO solvents.


Table 1 | Analysis of influencing factors on FA-CS-Bio material synthesis.



Taking the synthetic yield of FA-CS-Bio as the investigation index, the ratio of synthetic raw materials, catalyst usage ratio, reaction time, and temperature were studied. Each factor was designed according to three levels, and the L9 (23) experimental scheme was designed, and the following process was formulated (Table 2).


Table 2 | Synthetic Bio-GC orthogonal experiment design.



1 g of FA-CS-Bio was accurately weighed and dissolved in DMSO solvent. An orthogonal test was performed according to Table 3. After synthesizing FA-CS-Bio, the yield was calculated and optimized according to the yield. It is now known that R represents the range analysis value of three levels, and the larger the value, the greater the influence of this factor on the yield of synthetic Bio-GC. It could be seen from Table 2.9 that the range analysis shown that the influence factors on the PY of FA-CS-Bio was B > D > A > C, that was, the influence factors on the yield of FA-CS-Bio were FA: EDC. HCl, temperature, FA : Bio-CS and reaction time in descending order. From the analysis of the average yield in different levels, it could be seen that the optimal conditions for the synthesis of Bio-GC were A2B2C2D1 as the best yield, that was, when FA : Bio-CS was 26:1, FA : EDC.HCl was 1:8, and the reaction time was 24 h, the PY of FA-CS-Bio was the highest when the reaction was carried out at room temperature.


Table 3 | The experimental results of orthogonal test arrangement.



Verification of the optimized synthesis conditions by Bio-GC: FA and EDC.HCl was dissolved in DMSO at a molar ratio of 1:8 in the dark at 25°C, and mixed with magnetic stirring for 3 h to obtain an FA solution. Then continue to add Bio-CS with a molar ratio of FA : Bio-CS of 26:1 to the above solution slowly under magnetic stirring, and reacted at room temperature for 24 h. After the reaction, the reaction solution was moved to a dialysis bag and dialyzed with distilled water for 3 d. The water was changed every 6 h, and FA-CS-Bio was obtained by freeze-drying, and its PY was 23.76%.



Infrared spectroscopy and 1H NMR spectroscopy of FA-CS-Bio materials

It can be seen from Figure 1A that the FA-CS-Bio material was mainly obtained by grafting FA and Bio on its main chain by amidation of CS. It can be seen from the infrared spectrum that there were two characteristic absorption peaks of the amide bond of CS at 1597 cm-1 and 1652 cm-1; the infrared spectrum of Bio-CS shew that 1597 cm-1 of chitosan corresponded to the amino group (-NH2) in the bending vibration of the N-H bond, on the Bio-CS spectrum, the peak at 1590 cm-1 was greatly weakened, while the 1680 cm-1 corresponded to the stretching vibration of the carbon-oxygen double bond (C=O) in the amide bond. The absorption peak was greatly enhanced, so it can be proved that Bio was successfully coupled to CS through the amide bond. The absorption peaks of the amide I band and the amide II band corresponding to Bio were shifted and the peak shapes were changed, which fully indicated that amidation reaction occurred on the amino group of the chitosan molecular chain, and both Bio and FA were coupled connect.




Figure 1 | Synthesis and sustained release of FA-CS-Bio nanomaterials (A) Fourier transform infrared spectra of different nanomaterials; (B) 1H NMR of different nanomaterials; (C) Transmission electron microscope image of FA-CS-Bio/5-FU nanoparticles; (D) Preparation of 5-FU standard curve; (E) In vitro release of FA-CS-Bio/5-FU nanoparticles.



It can be seen from Figure 1B that the vibration peaks at 1 and 2 on the CS nuclear magnetic spectrum correspond to the protons in its molecular structure diagram; for Bio, 3 (4.99 ppm), 4 (5.69 ppm), 5 (6.60 ppm), 6 (7.63 ppm), and 7 (9.98 ppm) were the vibrational peaks of protons in the molecular structure, respectively, and the vibrational peak at 8 (15.63 ppm) was attributed to the carboxyl proton hydrogen at the end of the five-carbon chain. Bio was activated by NHS and DCC, and participated in after the amidation reaction; the carboxyl hydrogen no longer existed, so there was no proton vibration peak associated with it at the corresponding chemical shift in the Bio-CS hydrogen spectrum of the product. There were characteristic peaks corresponding to protons in Bio molecular structures such as 3, 4, 5, 6, and 7 at 3.22, 4.47 ppm, etc., respectively. As for the peaks corresponding to protons at 1 and 2 of the CS spectrum, they appeared in chemical shift at 1.94 and 3.04 ppm. The NMR peaks of the synthesized material Bio-CS indicated that Bio was successfully coupled to CS to obtain Bio-CS. It can be seen from Figure 1B that the characteristic peaks 1 and 2 on the FA-CS-Bio hydrogen spectrum were assigned to the corresponding protons in CS, of which the integral area of ​​1 was 14.56, and the characteristic peaks 3, 4, and 5 were assigned to Bio molecules, of which the integral area of ​​4 was 4.24. The NMR peaks of the synthesized material Bio-CS indicated that Bio was successfully coupled to CS to obtain Bio-CS with a DS of 29.12% (4.24/14.56). The proton vibration peaked in the structure, the characteristic peaked at 6 (7.2 ppm), 7 (7.9 ppm), and 8 (8.9 ppm) correspond to protons in three different chemical environments in the FA molecule, of which the integral area of ​​8 was 1. The NMR peaks of the synthesized material FA-CS-Bio indicated that FA was successfully coupled to Bio-CS to obtain FA-CS-Bio with a DS of 6.87% (1/14.56). From the above-mentioned infrared spectroscopy and nuclear magnetic determination of the material, combined with the spectral analysis, it was fully shown that the FA-CS-Bio material was successfully synthesized.



Synthesis and characterization of FA-CS-Bio/5-FU nanoparticles

It can be seen from Figure 1C that FA-CS-Bio/5-FU nanoparticles were shown by the electron microscope: FA-CS-Bio/5-FU nanoparticles were spherical, with smooth surface, uniform size, good dispersion, and no agglomeration; the particle size was 80.7 nm, the Zeta potential was 16.4 mV, the encapsulation efficiency was 81.5%, and the drug loading was 14.68%.

It can be seen from Figure 1D that the 5-FU concentration had a good linear relationship with the peak area between 0.1 and 20 mg/L, and the regression equation was y=9413x+10362 (r=0.9999). It can be seen from Figure 1E that the cumulative release rate of 5-FU in the simulated body fluid reached 96.5% within 1 h, showing a near-linear rapid release, while the release of FA-CS-Bio/5-FU nanoparticles had three distinct stages: Rapid release stage: the time was 0~6 h, the cumulative release rate was 16.41% due to the rapid diffusion of the drug on the surface of the nanoparticle or the superficial layer of the nanoparticle into the simulated body fluid; steady release stage: the time was 7 h~7 d, Its release was steady, the cumulative release rate was 82.11%, and the cumulative release rate increased by 65.7% during this period; slow release stage: the time was 8 d~10 d, this stage may be related to the complete degradation of nanomaterials, the cumulative release rate was 89.56%, and the cumulative release rate increased by 7.45% in this stage.



FA-CS-Bio/5-FU nanoparticles inhibit the proliferation of hepatocellular carcinoma cells

From Figures 2A-C, it can be seen that in the FA-CS-Bio/5-FU, FA-CS/5-FU, Bio-CS/5-FU, CS/5-FU, and 5-FU groups with 5-FU administration, with the increase in concentration, the inhibition rate of tumor cells increased significantly (p<0.01). From Figure 2D, the tumor inhibition rate of the 5-FU group increased significantly with the prolongation of the action time within the time range of 1 d to 7 d (p<0.01). In the FA-CS-Bio/5-FU group, the tumor inhibition rates of SK-HEP-1 and SW480 cells were the highest (p<0.01). The mechanism was related to the dual targeting of FA-CS-Bio nanomaterials to both liver cancer and colon cancer cells. The tumor inhibition rate of SK-HEP-1 and SW480 cells in the CS/5-FU group was lower than that in the 5-FU group within 1 d~2 d (p<0.01). Their mechanism may be related to the fact that the concentration of 5-FU released by non-targeting of nanomaterials to tumor cells in the range of 1 d to 2 d was significantly lower than that of 5-FU, resulting in a decrease in the inhibition rate. After 3 d~6 d, the nanoparticles released 5-FU in a consistent and sustained manner, and the tumor inhibition rate was significantly higher than in the 5-FU group.




Figure 2 | Effects of different 5-FU nanoformulations on the proliferation and intracellular 5-FU concentration of liver cancer cells (A) After 24 hours of culture, the effects of various 5-FU nanoformulations on tumor cell proliferation Note: compared with 5-FU, ap<0.01; compared with CS/5-FU, bp<0.01; compared with FA-CS/5-FU or Bio-CS/5-FU, cp<0.01. (B) The effects of various 5-FU nanoformulations on tumor cell proliferation after 48 hours of culture. Note: compared with 5-FU, ap<0.01; compared with CS/5-FU, bp<0.01; compared with FA-CS/5-FU or Bio-CS/5-FU, cp<0.01. (C) The effect of different 5-FU nano-formulations on tumor cell proliferation after 72 hours of culture. Note: compared with 5-FU, ap<0.01; compared with CS/5-FU, bp<0.01; compared with FA-CS/5-FU or Bio-CS/5-FU dosage form, cp<0.01. (D) The effect of different 5-FU nano-formulations on the proliferation of tumor cells cultured for 1–7 days at a 5-FU concentration of 0.3 g/mL. Note: compared with cultured 1 d, ap<0.01; compared with cultured 2 d, bp<0.01; compared with cultured 3 d, cp<0.01; compared with cultured 4 d, dp<0.01; compared with cultured 5 d, ep<0.01; compared with cultured 6 d, ep<0.01; compared with cultured 7 d, fp<0.01. (E) The effect of nanoformulations with different 5-FU concentrations on the intracellular drug concentration of liver cancer cells. Note: compared with 1 μg/mL, ap<0.01; compared with 2μ g/mL, bp<0.01; compared with 3μg/mL, c p<0.01; compared with 6μg/mL, dp<0.01; compared with CS/5-FU, ep<0.01; compared with 5-FU, fp<0.01; compared with FA-CS/5-FU or Bio-CS/5-FU, gp<0.01. (F) Effects of different 5-FU nanoformulations on the intracellular drug concentration of hepatoma cells after culturing for 1-8 h Note: compared with 1 h, ap<0.01; compared with 2 h, bp<0.01; compared with CS/5-FU, cp<0.01; compared with 5-FU, dp<0.01; compared with FA-CS/5-FU or Bio-CS/5-FU comparison, ep<0.01. (G) The effects of various 5-FU nanoformulations on drug concentration in hepatoma cells and hepatocytes cultured for 1–8 h Note: compared with 1 h, ap<0.01; compared with 2 h, bp<0.01. (H) The impact of different 5-FU nanoformulations on the S/Q ratio after culturing for 1-8 h. Note: compared with FA-CS or Bio-CS, ap<0.01.





FA-CS-Bio nanomaterials on drug concentrations in hepatocellular carcinoma cells

It can be seen from Figure 2E that after SK-HEP-1 cells were treated with different strategies, the concentration of 5-FU in liver cancer cells increased with the increase of the administration concentration (p<0.01), and the non-targeted administration groups (5-FU-SK-HEP-1 and CS/5-FU-SK-HEP-1) reached a plateau period when the concentration of 5-FU in tumor cells reached 6 µg/mL, while there was no platform period between the targeted drug groups (FA-CS-Bio/5-FU-SK-HEP-1, FA-CS/5-FU-SK-HEP-1, and Bio-CS/5-FU-SK-HEP-1). The 5-FU concentration in the targeted administration groups in liver cancer cells at each time point (FA-CS-Bio/5-FU-SK-HEP-1, FA-CS/5-FU-SK-HEP-1 and Bio-CS/5-FU-SK-HEP-1) was significantly higher than that in the non-targeted administration groups (5-FU-SK-HEP-1 and CS/5-FU-SK-HEP-1) (p<0.01). In the FA-CS-Bio/5-FU-SK-HEP-1 group, the concentration of 5-FU in liver cancer cells was the highest, which was significantly higher than that in the single-targeted administration mode (FA-CS/5-FU-SK-HEP-1 and Bio-CS/5-FU-SK-HEP-1) (p<0.01).

As can be seen from Figure 2F, with the increase in culture time, the concentration of 5-FU in tumor cells increased significantly (p<0.01). When the culture time reached 4 h, the concentration of 5-FU in tumor cells increased slowly, similar to the phenomenon of drug saturation in tumor cells. The concentration of 5-FU in tumor cells was significantly higher in the targeted drug delivery group (FA-CS-Bio/5-FU-SK-HEP-1, FA-CS/5-FU-HEP-1, and Bio-CS/5-FU-HEP-1) than in the non-targeted administration group (5-FU-SK-HEP-1 and CS/5-FU-SK-HEP-1) (p<0.01). The intracellular concentration of 5-FU in the FA-CS-Bio/5-FU-SK-HEP-1 group was the highest, which was significantly higher than that in the single targeting groups (FA-CS/5-FU-SK-HEP-1 and Bio-CS/5- FU-SK-HEP-1) (p<0.01). In the non-targeted group, the concentration of 5-FU in tumor cells in the 5-FU-SK-HEP-1 group was significantly higher than that in the CS/5-FU-SK-HEP-1 group, which may have had a slow-release effect compared to CS, so, the concentration of 5-FU was significantly lower than that of pure 5-FU within 4 h.

It can be seen from Figure 2G that the concentration of 5-FU in hepatoma cells of the FA-CS-Bio/5-FU-SK-HEP-1 group was significantly higher than that of the FA-CS/5-FU-SK-HEP-1 and Bio-CS/5-FU-SK-HEP-1 groups within the range of 1-8 h of cell culture (p<0.01). There was no significant difference in the 5-FU concentration in hepatocytes among the 5-FU, FA-CS-Bio/5-FU-SK-HEP-1, FA-CS/5-FU-SK-HEP-1 and Bio-CS/5-FU-SK-HEP-1 groups (p > 0.05). From Figure 2F, it can be seen that the S/Q level in the FA-CS-Bio/5-FU-SK-HEP-1 group was significantly higher than that in the FA-CS/5-FU-SK-HEP-1 and Bio-CS/5-FU-SK-HEP-1 groups (p<0.01), indicating that the targeting of FA-CS-Bio nanomaterials to liver cancer was significantly stronger than that of FA-CS and Bio-CS nanomaterials.



FA-CS-Bio/5-FU nanoparticles on the migration ability of liver cancer cells

From Figure 3A, the tumor cell counts were the least in the FA-CS-Bio/5-FU group (p<0.01). The number of tumor cells through the membrane to enter the lower chamber in the FA-CS/5-FU and Bio-CS5-FU groups was the second, and the tumor cell counts increased sequentially from CS/5-FU, 5-FU, and the control group (p<0.01). The control and FA-CS-Bio groups showed tumor cell counts were the most (p<0.01). It shows that nanomaterials carrying 5-FU can inhibit the migration of liver cancer cells. Among them, the nanomaterial FA-CS-Bio with dual liver cancer targeting properties has the strongest inhibitory effect on the migration of liver cancer cells, which is obviously stronger than that of single targeting. The nanomaterials (FA-CS and Bio-CS) can significantly improve 5-FU inhibition of hepatoma cell migration.




Figure 3 | Targeting of different 5-FU nanoformulations on hepatoma cells. (A) Effects of different 5-FU nanoformulations on the migration of liver cancer cells. Note: compared with control, ap<0.01; compared with 5-FU, b p<0.01; compared with CS/5-FU, cp<0.01; compared with FA-CS/5-FU or Bio-CS/5-FU, dp<0.01. (B) Effects of different 5-FU nano-formulations on the concentration of 5-FU in different tissues of mouse orthotopic liver cancer transplantation model. Note: compared with 5-FU, ap<0.01; compared with CS/5-FU, bp<0.01; compared with FA-CS/5-FU or Bio-CS/5-FU, cp<0.01. (C) Confocal detection of endocytosis of liver cancer cells by different nanomaterials. (D) In vivo imaging of different nanomaterials in a mouse orthotopic liver cancer model. (E) Fluorescence photon numbers of different nanomaterials in liver cancer and liver tissue. Note: compared with CS, ap<0.01; compared with FA-CS or Bio-C, cp<0.01. (F) Comparison of C/L ratios of different nanomaterials. Note: compared with CS, ap<0.01; compared with FA-CS or Bio-C, cp<0.01.





5-FU concentration of FA-CS-Bio/5-FU in liver cancer tissue

Figure 3B shows that the concentration of 5-FU in the liver cancer tissue of the FA-CS-Bio/5-FU group was as high as 174.94 µg/mL after 24 h, which was 4 times higher than that of the 5-FU group, which was 42.88 µg/mL. The concentration of liver cancer tissue in the/5-FU group was 83.60 µg/mL, which was 1.9 times that of the 5-FU group, which may be related to the sustained release effect of CS nanomaterials. The liver cancer tissue concentrations of the single-targeted FA-CS/5-FU group and Bio-CS were 127.20 µg/mL and 112.61 µg/mL, which were 2.9 and 2.6 times higher than that of the 5-FU group, respectively. On the basis of Bio-CS, FA-CS-Bio nanomaterials improved the targeting of liver cancer by 1.6 times. Similarly, compared with other nanomaterials, the plasma drug concentration of Bio-GC in liver cells was also significantly improved, but the increase rate was significantly lower than that in liver cancer tissues.



Targeting effect of FA-CS-Bio/5-FU nanoparticles on liver cancer

In Figure 3C, through in vitro experiments, human normal hepatocytes QSG 7701 and human hepatoma cells SK-HEP-1 were used as models. The fluorescence intensity of the endocytosed nanoparticles was observed. It was found that FA-CS-Bio nanoparticles had the strongest green fluorescence in HepG2 cells, which was significantly higher than that of Bio-CS and FA-CS nanomaterials, and untargeted CS had the lowest fluorescence intensity. At the same time, it was found that after FA-CS-Bio treated liver cells with QSG 7701, only a small amount of green fluorescence was seen in the cells.

In order to further confirm the in vivo targeting of FA-CS-Bio nanomaterials, the dynamic distribution of FA-CS-Bio nanomaterials in a mouse orthotopic liver cancer transplantation model was designed. Rhodamine B was used to label the nanoparticles. From Figures 3D, E, it can be seen that at 24 h, the double liver cancer targeting nanomaterial FA-CS-Bio had the strongest photon number in liver cancer tissue (p<0.01), which was significantly higher than that of the single liver cancer targets FA-CS and Bio-CS (p<0.01). The photon number of the single-targeted nanomaterials was significantly higher than that of the non-targeted nanomaterials CS (p<0.01). There was no significant difference in the number of photons in liver tissue among dual-targeted, single-targeted, and non-targeted nanomaterials (P>0.05). The C/L ratio reflects the targeting index of liver cancer. From Figure 3D, it can be seen that the C/L ratio of the dual-targeted liver cancer material was the highest, and the C/L ratio of the single-targeted nanomaterials FA-CS and Bio-CS was significantly higher than that of the non-targeted nanomaterials (p<0.01), but there was no significant difference between single-targeted nanomaterials (p >0.05).



Inhibitory of FA-CS-Bio/5-FU nanoparticles on mouse orthotopic liver cancer transplantation model

Figure 4 shows that all mice died between 6 and 15 days after the models were formed, with a median survival time of 12 days; all mice in the FA-CS-Bio group died between the 5th and 15th day, with a median survival time of 10 days. All mice died from 9 d to 25 d, and the median survival time was 17 d; the CS/5-FU group died from 11 d to 30 d, and the median survival time was 22 d; the Bio-CS/5-FU group from 15 d to 15 d. All mice died at 38 d, with a median survival time of 28 d; the FA-CS/5-FU group died from 13 d to 37 d, with a median survival time of 27 d; and the FA-CS-Bio/5-FU group died from 16 d to 37 d. All mice died at 16 d~44 d, and the median survival time was 35 d. The Kaplan-Meier survival analysis showed that the difference was statistically significant (χ2 = 76.055, p<0.01), and the FA-CS-Bio/5-FU group had the longest survival time, which was significantly better than the single-targeted groups (Bio-CS/5-FU and FA-CS/5-FU) and non-targeting group (CS/5-FU group) (p<0.01), while the survival time of the single-targeting group was significantly longer than that of the non-targeting group (p<0.01). The inhibition of tumor-bearing mice carried by nanomaterials with 5-FU is significantly better than 5-FU, indicating that nanomaterials can help to improve the curative effect of tumor inhibition. At the same time, the nanomaterial FA-CS-Bio with dual liver cancer targeting is better than simple liver targeting. The nanomaterial Bio-CS is more beneficial for improving the efficacy of 5-FU in inhibiting liver cancer.




Figure 4 | Survival analysis of different 5-FU nanoformulations in mouse orthotopic liver cancer model.





Side effects of FA-CS-Bio/5-FU nanoparticles on tumor-bearing mice

In order to understand whether FA-CS-Bio nanoparticles have side effects on the body (such as liver and kidney function damage and bone marrow suppression, etc.), blood indicators in mice were detected after treatment. It can be seen from Table 4 that there was no significant difference in serum creatinine and Hgb between before and after treatment (p >0.05). After treatment, the serum ALT and AST levels in the 5-FU group were significantly increased compared with the control group, and the levels of PLT, WBC, and RBC were significantly decreased, while the FA-CS-Bio and FA-CS-Bio/5-FU groups showed no significant difference in serum ALT and AST levels. It is speculated that FA-CS-Bio nanomaterials can significantly alleviate or reduce the side effects of 5-FU on tumor-bearing mice.


Table 4 | Toxic and side effects of FA-CS-Bio/5-FU nanoparticles on tumor-bearing mice.






Discussion


Optimized synthesis of FA-CS-Bio and sustained release of FA-CS-Bio/5-FU nanoparticles

The factors affecting the synthesis of FA-CS-Bio were optimized, and it was found that the molar ratios of FA: Bio-CS and FA: EDC.HCl were 26:1 and 1:8, respectively, and the reaction time was 24 h to synthesize FA-CS-Bio. The yield was the best at room temperature, and its FA-CS-Bio yield was the highest. FA-CS-Bio was successfully synthesized by the above optimal synthesis regulation and verified by infrared spectrum and 1H-NMR. Compared with CS, Bio-CS showed characteristic proton peaks of Bio residues at 1.94 and 3.04 ppm in the 1H-NMR, indicating that the amino group of CS was successfully grafted with Bio. Compared with Bio-CS, FA-CS-Bio has characteristic proton peaks of FA at 7.2, 7.9, and 8.9 ppm, indicating that FA has been successfully grafted onto Bio-CS to form a new FA-CS-Bio nanomaterial. The DS of FA was 6.87%. Combined with the amination reaction in the infrared spectrum, it indicated that FA was successfully grafted onto Bio-CS nanomaterials.

In order to confirm whether Bio-GC nanomaterials have the characteristics of carrying chemotherapeutic drugs, a drug (5-FU) with a definite curative effect on tumor chemotherapy but relatively large toxic and side effects was selected to study the effect of Bio-GC nanomaterials carrying 5-FU on liver cancer cells. 5-FU has a broad anti-cancer spectrum and is widely used in digestive tract tumors. Like other commonly used anti-tumor drugs, it is a non-selective anti-tumor drug, which is non-specifically distributed in the body and has large toxic and side effects, which limits its clinical use to a certain extent. Therefore, scholars have carried out a lot of research on ultra-micro targeting and controlled release systems. In the early days, natural degradable materials such as serum protein (33), collagen (34) and gelatin (23) were used in the treatment of tumors. Although these materials have good biocompatibility, their widespread clinical use is limited to a certain extent due to their difficulties in preparation, high cost, uncontrollable quality, and inability to mass-produce them. In this study, the readily available biodegradable material FA-CS-Bio has the advantages of good histocompatibility and low price, and has great advantages in clinical use. Scanning electron microscopy showed that the FA-CS-Bio/5-FU nanoparticles were spherical, with a smooth surface, uniform size, good dispersion, and no agglomeration. The particle size was 80.7 nm, which was an ideal particle size. When the particle size is<30 nm, the nanoparticles are easily metabolized and cleared by the kidneys; when the particle size is >300 nm, the nanoparticles are easily cleared by the macrophage system in the liver and spleen (35). The concentration of nanoparticles entering the tissue has a greater impact. Normal vascular endothelial space is less than 20 nm, malignant space is greater than 200 nm, and some are greater than 400 nm (36). Therefore, when the particle size of the drug delivery system is between 20 nm and 300 nm, it is easier for the drug-loaded nanoparticles to enter the tumor tissue, but it is more difficult to enter the surrounding tissue. Significantly higher drug concentrations enhance tumor-suppressive effects (37, 38). The release of FA-CS-Bio/5-FU nanoparticles in SBF has three distinct release stages, namely the fast release stage, the steady release stage, and the slow-release stage. The rapid release stage may be caused by the rapid diffusion of the 5-FU physically encapsulated in the nanoparticles, and the release rate is relatively fast; the steady release stage may be caused by the hydrolysis of the amide bonds of the nanomaterials, so that the 5-FU drug encapsulated in the nanoparticle can be stabilized. The slow phase may be related to the slow and complete degradation of the nanomaterials, resulting in the slow release of 5-FU.



FA-CS-Bio/5-FU nanoparticles inhibit liver cancer proliferation and migration by increasing intracellular 5-FU concentration

Malignant tumors are characterized by unrestricted proliferation, invasion, and metastasis, ultimately leading to death in patients with cancer (39, 40). In order to determine whether FA-CS-Bio/5-FU nanoparticles have an effect on the proliferation, invasion, and migration of hepatoma cells, we set up an experiment of FA-CS-Bio/5-FU nanoparticles on the proliferation of hepatoma cells, and found that the inhibitory effect of FA-CS-Bio/5-FU nanoparticles on liver cancer cells was positively correlated with time and drug dose, and FA-CS-Bio/5-FU nanoparticles were found to have the same inhibitory effect on liver cancer cells as colon cancer cells. This indicates that the dual cancer-targeting FA-CS-Bio nanomaterials have stronger targeting to liver cancer and colon cancer cells than the single liver cancer-targeting nanomaterials (FA-CS and Bio-CS), which may be related to the nanomaterials mediating intracellular 5-FU concentration being higher, which showed stronger inhibition of the proliferation of liver cancer cells. In the liver cancer migration experiment, it was found that the tumor cells in the upper chamber of the Trans well in the FA-CS-Bio/5-FU group had the largest number of apoptosis, which was significantly higher than that in the FA-CS/5-FU and Bio-CS/5-FU groups, while the cells in the lower compartment showed the opposite change, that is, the smallest number of cells. This indicates that FA-CS-Bio/5-FU nanoparticles can make more 5-FU enter into liver cancer cells through biotin and folate receptors, and 5-FU regulates intracellular apoptosis signals (41) so as to achieve an inhibitory effect on liver cancer migration. This study found that FA-CS-Bio can significantly increase the concentration of 5-FU in liver cancer cells compared with single-targeted and non-targeted nanomaterials and found that FA-CS-Bio did not increase the concentration of 5-FU in liver cells. Non-targeted nanomaterials carry 5-FU to treat liver cancer cells. With the increase of 5-FU administration concentration, a plateau phase occurs after the intracellular 5-FU concentration rises, while liver cancer-targeted nanomaterials carry 5-FU. In the treatment of liver cancer, the increase of intracellular 5-FU concentration has no obvious plateau, which may be related to the entry of 5-FU into the cell through the receptor by the targeted nanomaterials. Within 1-4 h of culture, the concentration of 5-FU in the cells increased significantly, while the increase in the concentration of 5-FU in tumor cells slowed down significantly after more than 4 h. In this study, it was found that the S/Q mediated by FA-CS-Bio nanomaterials was significantly higher than that of Bio-CS, indicating that the grafting of FA into Bio-CS significantly improved the targeting of liver cancer cells, thereby increasing the intracellular 5-FU concentration.



Targeting effect of FA-CS-Bio nanomaterials on liver cancer in vitro and in vivo

In the laser confocal experiment, it was also found that FA-CS-Bio nano-mediated endocytosis was significantly stronger than that of single-targeted and non-targeted nanomaterials, and it was found that after FA-CS-Bio was treated with liver cells, only a small amount of intracellular green fluorescence. It shows that FA-CS-Bio nanomaterials have an obvious targeting effect on liver cancer cells, and the mechanism is related to the active targeting effect mediated by ligand receptors. After grafting FA into the Bio-CS material, the endocytosis of the nanomaterials by hepatoma cells was significantly enhanced, and the intracellular green fluorescence was significantly enhanced. Together with the FA-CS-Bio nanomaterials, the nanomaterials also possessed FA that bound to the receptors of hepatoma cells. It is related to the two ligands of Bio, which have stronger targeting for liver cancer. In addition, FA-CS-Bio nanomaterials with two ligands (FA and Bio) for liver cancer were found in the dynamic distribution experiment of living mice, which made the fluorescence signal the strongest in liver cancer tissue and had the maximum number of fluorescence photons per unit area. The mechanism is related to the characteristics of the FA-CS-Bio nanomaterial itself: it has both FA and Bio liver cancer targeting ligands. After the nanomaterial is injected into the tail vein, the nanomaterial first enters the liver through the portal vein, so FA-CS-Bio materials have the ability to aggregate nanomaterials into liver cancer tissue. In terms of cellular mechanism, since liver cancer cells have both FA and Bio receptors, they have dual liver cancer targeting to liver cancer cells. The concentration of dual-targeted nanomaterials on tumor cells is significantly stronger than that of single-targeted nanomaterials (42), so it is inferred that FA-CS-Bio material mediates the significantly higher concentration of 5-FU in liver cancer tissue than in FA-CS and Bio-CS nanomaterials, as confirmed in the mouse orthotopic liver cancer transplantation model. This study found that the concentration of 5-FU in the liver cancer tissue of the FA-CS-Bio/5-FU group increased by 4 times at 24 h compared with the 5-FU group and increased by 1.6 times compared with the single-targeted Bio-CS/5-FU group. Similarly, compared with other nanomaterials, FA-CS-Bio can also improve the blood drug concentration of liver cells, but the increase is significantly lower than that of liver cancer tissue. It shows that the modified FA-CS-Bio nanomaterial has a significant improvement in the targeting of liver cancer compared with Bio-CS. The concentration of 5-FU in liver cancer tissue is the highest, followed by liver tissue, but 5-FU in liver tissue has the highest concentration. The concentration was significantly lower than that of Bio-CS, indicating that compared with Bio-CS, FA-CS-Bio nanomaterials can increase the concentration of 5-FU in liver cancer tissue and reduce the concentration of 5-FU in normal liver tissue.



FA-CS-Bio/5-FU nanoparticles can prolong the survival of tumor-bearing mice and reduce the side effects of 5-FU

In order to further understand the efficacy of Bio-GC/5-FU nanoparticles in inhibiting liver cancer in vivo, in this study, a mouse liver cancer orthotopic transplantation model was successfully constructed. After treatment with various nanotherapeutic strategies, survival analysis found that the FA-CS-Bio/5-FU group had the longest survival, which was significantly longer than the FA-CS/5-FU, Bio-CS/5-FU, CS/5-FU, and 5-FU groups. It shows that the CS/5-FU nanoparticles with sustained-release effect have a significantly higher efficacy than 5-FU in the treatment of liver cancer. The results showed that liver cancer-targeted nanomaterials can improve the efficacy of 5-FU in the treatment of orthotopic liver cancer models, and FA-CS-Bio nanomaterials help to increase the intracellular 5-FU concentration, which is expressed as the killing effect on hepatoma cells. It is known that the side effects of 5-FU are mainly bone marrow suppression and liver function damage, among which the reduction of WBC and PLT is the most obvious. In this study, it was found through animal experiments that compared with the control group, the levels of ALT and AST in the 5-FU group were significantly increased, and the levels of PLT, WBC, and RBC were significantly decreased, while there were no significant changes in the FA-CS-Bio and FA-CS-Bio/5-FU groups in those indicators. It shows that 5-FU can damage liver function and inhibit bone marrow, while FA-CS-Bio nanoparticles can alleviate the damage of 5-FU to liver cells and inhibit bone marrow hematopoiesis. Therefore, FA-CS-Bio nanoparticles can not only improve the targeting of 5-FU to liver cancer but also alleviate the liver damage and bone marrow suppression caused by chemotherapy drugs.




Conclusions

	The synthesis of FA-CS-Bio nanomaterials has been optimized. When FA: Bio-CS is 26:1, FA: EDC.HCl is 1:8, the reaction time is 24 h, and the reaction is carried out at room temperature, the highest yield of FA-CS-Bio was 23.67%, and the synthesis of FA-CS-Bio nanomaterials was confirmed by Fourier transform infrared spectroscopy and hydrogen nuclear magnetic resonance spectroscopy.

	Compared with Bio-CS, FA-CS-Bio nanomaterials can significantly improve the targeting of liver cancer and the concentration of drugs in liver cancer cells in both laser confocal experiments and in vivo mouse experiments. The concentration of 5-FU in liver cancer tissue in FA-CS-Bio/5-FU nanoparticles was increased by 1.6 times compared with the Bio-CS/5-FU nanoparticles.

	 iii. FA-CS-Bio/5-FU nanoparticles have obvious sustained-release effects, which are in the rapid release stage, steady release stage, and slow release stage. FA-CS-Bio/5-FU nanoparticles can inhibit the proliferation of hepatoma cells in a dose-and time-dependent manner and have a significant inhibitory effect on the migration of hepatoma cells.

	 iv. Compared with Bio-CS/5-FU nanoparticles, FA-CS-Bio/5-FU nanoparticles can significantly prolong the survival time of an orthotopic liver cancer transplantation model in mice, and FA-CS-Bio nanomaterials can significantly alleviate the toxic and side effects caused by 5-FU.
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Small molecule MMRi62 targets MDM4 for degradation and induces leukemic cell apoptosis regardless of p53 status
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MDM2 and MDM4 proteins are key negative regulators of tumor suppressor p53. MDM2 and MDM4 interact via their RING domains and form a heterodimer polyubiquitin E3 ligase essential for p53 degradation. MDM4 also forms heterodimer E3 ligases with MDM2 isoforms that lack p53-binding domains, which regulate p53 and MDM4 stability. We are working to identify small-molecule inhibitors targeting the RING domain of MDM2-MDM4 (MMRi) that can inactivate the total oncogenic activity of MDM2-MDM4 heterodimers. Here, we describe the identification and characterization of MMRi62 as an MDM4-degrader and apoptosis inducer in leukemia cells. Biochemically, in our experiments, MMRi62 bound to preformed RING domain heterodimers altered the substrate preference toward MDM4 ubiquitination and promoted MDM2-dependent MDM4 degradation in cells. This MDM4-degrader activity of MMRi62 was found to be associated with potent apoptosis induction in leukemia cells. Interestingly, MMRi62 effectively induced apoptosis in p53 mutant, multidrug-resistant leukemia cells and patient samples in addition to p53 wild-type cells. In contrast, MMRi67 as a RING heterodimer disruptor and an enzymatic inhibitor of the MDM2-MDM4 E3 complex lacked MDM4-degrader activity and failed to induce apoptosis in these cells. In summary, this study identifies MMRi62 as a novel MDM2-MDM4-targeting agent and suggests that small molecules capable of promoting MDM4 degradation may be a viable new approach to killing leukemia cells bearing non-functional p53 by apoptosis.




Keywords: MDM2, MDM4, E3 ligase, degradation, apoptosis, leukemia, ubiquitination, p53



Introduction

Leukemia, which was an incurable disease a century ago, is now highly manageable with cure rates ranging from 30% to >90% for the different subtypes (1, 2). This remarkable achievement can be attributed to the development of new chemotherapeutics, drug combinations, adjusted dose/scheduling regimens, and various targeted therapies. In particular, leukemia outcomes have been transformed by targeted therapies based on all-trans retinoic acid for the retinoic acid receptor alpha (RARα), arsenic trioxide for promyelocytic leukemia (PML)-RARα, imatinib for the BCR-ABL fusion gene, and ibrutinib for Bruton’s tyrosine kinase (RTK), as well as antibody-based therapies such as rituximab for CD-20 and gemtuzumab ozogamicin for CD33 (1, 2). In difficult-to-treat leukemia subtypes, new targeted therapies against FMS-like tyrosine kinase 3 (FLT3) and isocitrate dehydrogenase 1 and 2 (IDH1/IDH2), as well as venetoclax for B-cell lymphoma 2 (BCL-2), also have brought about improved long-term survival in recent years (2–5). Despite this tremendous progress, leukemia remains a major type of malignancy that contributes to ~24,000 estimated cancer deaths in the United States (6). Further progress will necessitate new targeted therapies that can improve outcomes for difficult-to-treat leukemias such as acute myeloid leukemia (AML) and other subtypes with frequent recurrence that no longer respond to current therapies.

Apoptosis is the predominant mechanism of DNA-damaging chemotherapies that kill leukemia cells (7), and evasion of apoptosis is known to contribute to the progression of cancer and resistance to therapy (8). For example, overexpression of BCL-2, an X-linked inhibitor of apoptosis protein (XIAP), and myeloid cell leukemia 1 (MCL-1) blocks the intrinsic apoptotic pathway and confers resistance to chemotherapy in leukemia (9–12). In addition to the involvement of BCL-2, XIAP, and MCL-1 (13), p53 mutant leukemia remains a challenge to treat because p53 positively regulates apoptosis by upregulating PUMA and NOXA, the pro-apoptotic BH3 (BCL-2 homology 3)-only members of the BCL-2 family (14), and these pathways may also play a role in disease progression. A TP53 mutation occurs in ~13% of AML cases (15), and this mutation is an independent prognosis factor for a lower response rate, inferior complete remission duration, and overall survival in chronic lymphocytic leukemia (CLL) (16), AML (17), myelodysplastic syndromes (18), and an ultra-high-risk group of relapsed pediatric T-cell acute lymphoblastic leukemia (TALL) patients (19).

MDM2 and MDM4 are established cancer drug targets since they are inhibitors of p53 activity and are amplified in many cancer types (6, 20–22). In particular, the targeting of MDM2–p53 interactions is a strategy that is being actively pursued to unleash the antitumor activity of p53. Currently, multiple, potent, small-molecule inhibitors of MDM2–p53 interactions are in clinical trials with hematological malignancies as the primary targets (23). However, these inhibitors are not designed to work on p53 mutant leukemia. We previously reported that MDM2 does not act alone in regulating p53, and this regulatory process requires interaction with the MDM4 RING (really interesting new gene) domain to form a polyubiquitin E3 ligase that promotes p53 degradation (24). Consistent with this biochemical mechanism, genetic studies have found that the RING domains of both MDM2 and MDM4 are required for the two oncoproteins to restrict p53 activity in vivo (25–27). We also reported that MDM4 forms heterodimer E3 ligases with splice isoforms MDM2A and MDM2B, which lack p53 binding domains (28). In a recent genetic study using a Mdm2L466A mouse model that genetically separates E3 ligase-dependent functions from E3 ligase-independent functions of MDM2-MDM4 heterodimer, we further demonstrated that the E3 ligase activity of MDM2-MDM4 is essential not only for p53 regulation but also for timely G2/M cell cycle transition independent of p53 (29). Therefore, targeting the RING domains of MDM2-MDM4 may deliver broader antitumor effects since this will potentially inactivate all the E3 ligase activities of MDM4-MDM2, MDM4-MDM2A, and MDM4-MDM2B, thereby unleashing their downstream substrates including p53. In earlier work, we performed a high-throughput screen for the identification of MDM2-MDM4 RING domain inhibitors (designated as MMRi) and demonstrated that MMRi64 has higher p53-dependent pro-apoptotic activities than MDM2–p53 inhibitors (30). In this study, we report on the identification and characterization of small-molecule MMRi62 as an MDM4 degrader and a p53-independent apoptosis inducer with the potential to overcome daunorubicin resistance in p53 null leukemia cells.



Materials and methods


Cell culture and chemical compounds

All the leukemic cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and 50 U/ml of penicillin and 50 μg/ml of streptomycin. NALM6 (wt-p53, acute lymphoblastic leukemia (ALL)) and HL60 (AML, p53-null) were from the American Type Culture Collection (Manassas, VA, USA). MV4-11 (wt-p53, AML), Jurkat (p53-null, T-cell leukemia), and CCRF-CEM (p53-mut ALL) were gifts from Dr. John McGuire. NALM6shp53 cell line was established with recombinant lentivirus expressing pLKO.1-shp53 DNA (#19119 (31); Addgene, Watertown, MA, USA) followed by puromycin selection at 1 μg/ml for 2 days and then expansion in fully supplemented RPMI-1640 medium. Transfection was carried out with Lipofectamine™ 2000 (Invitrogen, Washington, DC, USA). MANCA, MANCA-mlp-puro, and MANCA-mlp-MDM2 were generated as described previously (32) and maintained in 10%FBS-Pen/Strep-RPMI-1640 medium. Small-molecule compounds MMRi62 and MMRi67 were synthesized in-house. The Betti reaction was used for MMRi62 and MMRi67 syntheses as described in the literature (33, 34), and the details and their characterization are provided in the Supplementary Methods. Other MMRi derivatives in the secondary screening were purchased from Hit2Lead ChemBridge Chemical Store (San Diego, CA, USA). The compounds were dissolved in dimethyl sulfoxide (DMSO) as 10 mM stocks. SPYRO Orange dye was purchased from Thermo Fisher (Waltham, MA, USA) and used in ThermoFluro and microscale thermophoresis (MST) assays.



Plasmids, antibodies, and primers

HA-FLAG-MDM4, HA-MDM2, and HA-MDM2B plasmids for insect cell and mammalian expression were described previously (24, 28). His-ubiquitin plasmid (pMT107) was a gift from Dr. Dirk P. Bohmann (University of Rochester Medical Center, Rochester, NY, USA). MDM2-MDM4 RING heterodimer constructs, pETDuet-MDM2R, and pETDuet-MDM4R were generated by PCR cloning of the RING domain of human MDM2 or MDM4 into pETDuet-1 (Novagen, Madison, WI, USA). Plasmid shp53 pLKO.1 puro was from Addgene (31). Detailed information on antibodies for Western blotting (WB) analysis as well as primer sequences and conditions for RT-PCR analysis of gene expression can be found in the Supplementary Methods.



In vitro and in vivo ubiquitination

In vitro assays for ubiquitination by MDM2-MDM4 were performed as described previously (24). Briefly, reactions were carried out at 30°C for 1 h in a reaction volume of 20 μl in the presence of different concentrations of MMRi or vehicle solvent DMSO, followed by WB of p53 with DO-1, MDM2 with anti-HA, MDM4 with a rabbit anti-MDM4 antibody, and polyubiquitin with an anti-ubiquitin. In vivo ubiquitination was performed as described previously (28). Briefly, 293 cells were transfected with pcDNA3.1-MDM2B and FLAG-MDM4, pEGFP with or without His-ubiquitin plasmid. Sixteen hours after transfection, cells were treated with 5 and 10 μM of MMRi62 or MMRi67 for 24 h before denatured His-pulldown of the proteins followed by WB for MDM2 and MDM4.



Biochemical and biophysical analyses of the compound effect on RING–RING domain interactions

In vitro pulldown assays using insect cell-expressed and affinity-purified FLAG-MDM4 and HA-MDM2B were performed as described previously (30). Briefly, after incubation of FLAG-MDM4 and HA-MDM2B proteins in the presence of different concentrations of compounds, FLAG-MDM4 was pulled down by anti-FLAG beads followed by multiple washing steps with wash buffer. MDM4-bound MDM2 was detected by WB with an anti-HA antibody. RING heterodimers of MDM2-MDM4 were used in MST and Thermofluor assays. RING heterodimers of MDM2-MDM4 were expressed and purified in Escherichia coli cells by a two-step method with chromatography using a HisTrap column and Superdex 75 columns as detailed in the Supplementary Methods. MST as detailed in the Supplementary Methods was used to determine the binding affinity of MMRi62 and MMRi67 on preformed RING heterodimers. Briefly, the RING complex was labeled with DY-547P1 dye, and compounds MMRi62 and MMRi67 were added to wells in 16 serial dilutions for final concentrations ranging from 100 µM to 3 nM; all samples were run together at a Monolith NT.115 in duplicates for every set of measurements. Kd ± standard errors and the fitting graphs were derived by using MO.Affinity Analysis v2.2. Thermofluor assays were performed as detailed in the Supplementary Methods to assess the effects of compounds on the thermal stability of MDM2-MDM4 RING heterodimers under conditions containing RING heterodimers at a final concentration of 33 µM mixed with MMRi62 or MMRi67 compounds at final concentrations of 5, 10, and 20 µM in buffer consisting of 500 mM of NaCl, 50 mM of Tris (pH 8), and 1 mM of Tris(2-carboxyethyl)phosphine hydrochloride (TCEP).



Docking analysis

The Sybyl X 2.2 (Tripos Inc.) software package and crystal structure of the MDM2-MDM4 RING domain heterodimer (PDB code: 2VJF) were used for the docking analysis, as detailed in the Supplementary Methods. The ligands were docked using the flexible protein feature, in which protein heavy atom and hydrogen shifts were enabled. Amino acid residues of interest and potential hydrogen bonds were displayed.



IC50 measurement

Cells at 5,000–10,000/well were plated in 96-well plates at 100 µl/well, and compounds of different concentrations at double dilutions with the corresponding medium were added to each well at 100 µl/well. After the cells were cultured for 70 h, 40 µl of 6× resazurin stock solution was added to each well to allow for the formation of fluorescent metabolites by viable cells for 2 h, followed by readings at an optical density of 600 nm (OD600) in a BioTek Synergy 2 Microplate Reader. The IC50 (half maximal inhibitory concentration) values were obtained by the Chou-Median-Effect Equation using CompuSyn software (35), and dose–effect curves were obtained by GraphPad using the affected fractions of compound-treated wells normalized against no-drug control wells with a non-linear regression model.



Apoptosis analysis by flow cytometry

NALM6 cells were treated with MMRi62 or MMRi67 for 48 h before flow cytometry analysis. Primary AML patient cells were grown in Serum-Free IMDM supplemented with essential factors as detailed in the Supplementary Methods. After cells were treated in triplicate at a concentration of 1 × 105 cells/ml in 24-well plates for 72 h, cells were processed with DNA staining dye 7-amino-actinomycin (7-AAD) and FITC-annexin-V as described by the manufacturer’s instructions, and apoptotic cells were measured by flow cytometry.



Colony-forming unit assays with acute myeloid leukemia patient samples

AML patient samples were obtained from multiple patients under institutional review board (IRB)-approved protocols from the Roswell Park Hematologic Procurement Shared Resource. Leukemic cells were treated for 4 h with compounds at different concentrations in a 37°C–5% CO2 incubator at 360,000 cells/450 µl of WMB (120,000 cells/150 µl) per condition. The ingredients of WMB are detailed in the Supplementary Method. After 4 h of drug treatment, 3.1 ml of MethoCult, a semisolid methylcellulose medium for the optimal growth of hematopoietic progenitor cells, was added to the 450 µl cell suspension, and then, the MethoCult suspension was spread out among three wells at 1 ml/well in a 6-well plate for 12–15 days. Colonies were quantified using a Spot-RT3 camera on an inverted microscope with SPOT-Basic imaging software. The MMRi62 IC50s were derived from the average colonies of three wells for each drug concentration for each patient sample treated with 1, 10, 25, and 50 µM.




Results


Identification of MMRi62 and MMRi67 with distinct mechanisms in the inhibition of MDM2-MDM4 E3 ligase and apoptosis induction

We previously reported on the identification of several MMRi hits in high-throughput screening and demonstrated that MMRi64 activates the p53 pathway with preferential induction of apoptosis in leukemia/lymphoma cells (30). To identify better apoptosis inducers among MMRi6 analogs, we screened all available MMRi6 derivatives with a cell-based apoptotic assay using activated caspase 3 and poly (ADP-ribose) polymerase (PARP) cleavage as readouts. MMRi62 was identified as the best analog for inducing apoptosis in a broad range of leukemia/lymphoma cell lines (Figure 1A and data not shown). However, the E3 ligase activity-based screen using in vitro p53 ubiquitination by MDM2-MDM4 heterodimers identified MMRi67 as the most potent E3 ligase inhibitor of the MDM2-MDM4 E3 complex and MMRi62 as a weak inhibitor (Figure S1A). Thus, we further characterized the effects of these two compounds by using splice isoform MDM2B that lacks p53-binding domains but can lead to the formation of super E3 ligase activity toward p53, MDM4, and MDM2, as described in our previous studies (28). When MMRi62 and MMRi67 at two concentrations (5 and 10 µM) were compared in the presence or absence of p53, we found that MMRi62 decreased MDM2B autoubiquitination (Figure 1B, left top, lanes 1–3) and increased MDM4 ubiquitination (Figure 1B, left bottom, lanes 1–3) without a significant effect on p53 ubiquitination (Figure 1C, right top, lanes 7–9) or total polyubiquitination (Figure 1B, right bottom, lanes 7–9). In contrast, MMRi67 inhibited ubiquitination of every component of the ternary complex, MDM2, MDM4, and p53, in a dose-dependent manner (Figure 1B, left lanes 4–6 and right lanes 10–12). Similar effects of MMRi62 and MMRi67 were obtained in E3 ligase assays in the absence of p53 protein (Figure S1B). These results suggest that MMRi62 is an E3 ligase modifier capable of switching substrate preference from MDM2 to MDM4, while MMRi67 acts as an E3 ligase inhibitor of MDM2-MDM4. To better understand the differences in their mechanism of action, we performed E3 ligase assays with a broader range of compound concentrations up to 160 µM. Our results showed that the MMRi62 treatment produced two distinct patterns of ubiquitination of MDM2B and MDM4 in a concentration-dependent manner (Figure 1C), i.e., preferential MDM4 ubiquitination coincided with reduced MDM2 autoubiquitination at concentrations below 10 µM, and decreased ubiquitination of both MDM2 and MDM4 was observed at concentrations above 10 µM (Figure 1C, left). These results suggest that MMRi62 has RING domain modifier activity as a dominating mechanism of action at concentrations below 10 µM and non-selective E3 ligase inactivating activity at concentrations above 10 µM. Notably, MMRi62 at concentrations of 40 µM and above caused abrupt loss of E3 ligase activity, similar to MMRi67 at ≥40 µM. In contrast, MMRi67 generated a single ubiquitination pattern of decreased ubiquitination of both MDM2 and MDM4 in a concentration-dependent manner (Figure 1C). These results suggest that MMRi62 and MMRi67 have distinct mechanisms of action on the E3 ligase activity of MDM2-MDM4 E3 ligases.




Figure 1 | Identification of MMRi62 as an apoptosis inducer and MMRi67 as E3 ligase inhibitor by apoptosis and E3 ligase inhibitor screens. (A) Apoptosis screen of MMRi6 analogs by activated caspase 3 (AC3) and cleaved PARP as readouts using wt-p53 bearing MV4-11 cells treated with 2 μM of MMRi6 analogs for 24 h. (B) In vitro ubiquitination assay using recombinant MDM2B, MDM4, and p53 proteins in the presence of the solvent dimethyl sulfoxide (DMSO) or MMRi6 analogs (0, 5, and 10 μM of MMRi62 or MMRi67); ubiquitinated species of MDM2B, MDM4, p53, and polyubiquitin are shown. (C) In vitro ubiquitination assays as performed in panel B using MDM4 and MDM2B with an extended range of concentrations of MMRi62 and MMRi67; ubiquitinated species of MDM2B and MDM4 are shown.



To understand how MMRi62 and MMRi67 affect RING domain heterodimer interactions of MDM2 and MDM4, we performed in vitro pulldown experiments by incubating the compounds at two concentrations with FLAG-MDM4 and HA-MDM2B recombinant proteins. MMRi62 did not inhibit RING–RING interactions of MDM4 and MDM2B in solution, but MMRi67 inhibited these interactions in a dose-dependent manner (Figure 2A). Then, we measured the binding affinity of the two compounds to preformed RING domain heterodimers by MST analysis and obtained a Kd of ~140 nM for MMRi62 and ~896 nM for MMRi67 (Figure 2B). These data suggest that MMRi62 is a better binder but has a weaker effect on RING heterodimer formation, while MMRi67 is a weaker binder to heterodimer RINGs but has a stronger effect on the inhibition of de novo RING heterodimer formation. To obtain insights into the interaction interface of the two compounds with RING domains of MDM2 and MDM4, we performed molecular modeling by a docking analysis of the two compounds against the crystal structure of RING domain heterodimers. Individual RING domain structures were derived from the RING domain heterodimers and used for docking under flexible ligand and rigid protein conditions. We used R-enantiomers of the compounds for docking because these retain the activity of a racemic mixture (data not shown). Our analysis showed that MMRi62 R-enantiomer forms hydrogen bonds with E436 and N433 of the MDM2RING and G455 and N448 of the MDM4 RING (data not shown). Of note, none of these hydrogen bonding residues were involved in E2 binding or heterodimer formation, which is consistent with the expected interface. In contrast, results showed that MMRi67 R-enantiomer forms hydrogen bonds with P445 and L458 and a p-stack of F490 of the MDM2RING (Figure 2C, bottom left) and H456, R445, and D429 of the MDM4 RING (Figure 2C, bottom right). Since H456 is a critical residue for Zn-chelation, which maintains the RING domain structure, MMRi67 interaction with H456 of the MDM4 RING domain is predicted to disrupt the RING domain, thus abolishing its ability to interact with the RING domain of MDM2, which is consistent with the MMRi67 effect in the RING domain pulldown assays (Figure 2A).




Figure 2 | Characterization of drug–target interactions in vitro. (A) Left, in vitro pulldown assay with recombinant FLAG-MDM4 and HA-MDM2B in the presence of solvent dimethyl sulfoxide (DMSO) or 5 and 10 μM of MMRi62 or MMRi67. After anti-FLAG pulldown, the FLAG-MDM4-bound HA-MDM2B was detected by Western blotting (WB) with anti-HA antibody. Right, chemical structures of MMRi62 and MMRi67. (B) Measurement of the binding affinity of MMRi62 and MMRi67 to preformed RING–RING heterodimers of MDM2 and MDM4 in microscale thermophoresis (MST) analyses. MST analyses were performed in the presence of MMRi62 or MMRi67 at concentrations ranging from 3 nM to 100 μM obtained through serial dilutions. The fluorescence intensities (y-axis, Fnorm%) were normalized to the overall highest detected signal. The equilibrium dissociation constant between the MMRi62/MMRi67 and RING heterodimers (Kd) is presented. Top, the calculated Kd for MMRi62 and MMRi67; bottom, the fitting curve of the measurements using MO.Affinity Analysis software. (C) Molecular modeling of interaction interfaces for the RING domains of MDM2 and MDM4 with MMRi62 and MMRi67. Top, amino acid alignment of RING domains of MDM2 and MDM4. Middle, the interaction residues of RING domains with MMRi62 and MMRi67 identified by docking analysis. The F490 region in the MDM2 RING is critical for E3 ligase activity of MDM2, and the H456 region in the MDM4 RING is critical for chelating a Zn to maintain the MDM4 RING domain structure. Bottom, presentations of the docking interface—the results for the MMRi67R enantiomer are shown.





Induction of MDM2-dependent MDM4 degradation in cells by MMRi62

We performed a WB analysis of NALM6 cells treated with MMRi62 and MMRi67 at different concentrations for 24 h to test their effect on MDM2, MDM4, and p53 levels. Both MMRi62 and MMRi67 induced p53 protein accumulation in NALM6 cells. However, only MMRi62 induced downregulation of MDM2 and MDM4 protein expression (Figure 3A). As expected, the MMRi62-induced downregulation of MDM2 and MDM4 occurred at posttranscriptional levels since the MDM2 and MDM4 mRNA levels were not altered by the treatment (Figures 3B and S2A). Similar results were also obtained in MV4-11 cells (Figure S2B). We then asked whether the MMRi62-induced MDM4 downregulation is an MDM2-dependent process. Because of technical difficulties during the establishment of stable MDM2-knockdown NALM6 cell lines, we decided to use a pair of MDM2-high MANCA lymphoma cells in which MDM2 was stably knocked down by lentivirus-mediated microRNA (miRNA) expression in comparison with a stable line established with control miRNA. Our results indicated that MDM4 expression levels were elevated in MDM2-knockdown MANCA-mlp-MDM2 cells, and treatment with DMSO, MMRi67, and MMRi62 did not induce MDM4 degradation. The elevated MDM4 expression in MDM2-knockdown cells is consistent with the report that MDM2 promotes ubiquitination and degradation of MDM4 (36). Abolishment of MDM4 degradation by MMRi62 in the absence of MDM2 in MANCA-mlp-MDM2 cells led us to conclude that MMRi62-induced MDM4 degradation requires MDM2. Notably, MMRi62 induced MDM2 degradation in NALM6 cells but not in MANCA cells at 5 μM (Figures 3A, C), thus suggesting that other cell-specific factors expressed in NALM6 but not MANCA cells are required for MMRi62-induced MDM2 degradation. Next, we attempted rescue experiments using proteasome inhibitor bortezomib in NALM6 cells but failed to reach a conclusion since these cells are quite sensitive to proteasome inhibitors such as bortezomib with IC50s in the nanomolar range (data not shown). Hence, we experimented with melanoma A375 cells, and our results showed that treatment with MMRi62 for 24 h induced MDM4 downregulation in a concentration-dependent manner; furthermore, we observed that this activity could be rescued by using a 1 μM bortezomib treatment for 16 h before cell harvest (Figure 3D). These results led us to conclude that the MMRi62-induced MDM4 degradation was proteasome dependent. To obtain evidence that MMRi62 increases ubiquitination of MDM2B and MDM4 in cells, we performed in vivo ubiquitination assays (21) using 293T cells co-transfected with MDM2B and MDM4 with His-ubiquitin followed by 24-h treatment with MMRi62 or MMRi67. The ubiquitinated proteins were pulled down by His-tag affinity purification with Nickel beads and then analyzed by WB analysis. As expected, MMRi62 increased ubiquitinated species of MDM2B and MDM4 (Figure 3E, smearing ladders of protein bands above MDM2B or MDM4 bands), which is consistent with the result that only MMRi62 induced proteasomal degradation of MDM4 and MDM2 proteins in leukemia cells (Figure 3A).




Figure 3 | MMRi62 induces MDM2-dependent degradation of MDM4 protein in cells. (A) Western blotting analysis of the effects of MMRi62 and MMRi67 on expression levels of p53, MDM2, and MDM4 in NALM6 cells treated for 24 h at the indicated concentrations. (B) RT-PCR analysis of the effects of MMRi62 and MMRi67 on p53, Mdm2, and Mdm4 mRNA expression in the same NALM6 samples prepared in panel (A). (C) Results demonstrating that MDM2 is required for MMRi62-induced degradation of MDM4 proteins in cells. The Western blotting (WB) analysis was performed as in panel A except in MANCA cells, or cells stably expressing empty vector mlp (MANCA-mlp-puro) or stably expressing MDM2-mcRNA (MANCA-mlp-MDM2); cells were treated with 5 μM of MMRi62 or MMRi67. (D) Western blotting analysis of MDM4 degradation by MMRi62 rescued by proteasome inhibition with bortezomib (BTZ); in these experiments, A375 cells were treated with MMRi62 for 24 h with or without BTZ for 16 h before cell harvest. (E) MMRi62 induced increased ubiquitination of MDM4 and MDM2 in 293 cells during in vivo ubiquitination assays. The 293 cells were transfected with vectors expressing MDM2B, FLAG-MDM4, His-ubiquitin, and green fluorescent protein (GFP). Cell lysates were prepared 24 h after transfection and used for His-tag pulldown followed by WB with anti-FLAG (for MDM4) and anti-MDM2 (mAb 4B11). Ubiquitinated MDM4 and MDM2B are indicated. GFP was used for the internal control of transfection efficiency and protein inputs.





MMRi62 induced apoptosis in a p53-independent manner

Our results from anti-proliferation assays using p53-wt NALM6 and MV4-11 cells showed that MMRi62 was much more potent than MMRi67 in inhibiting leukemic cell proliferation. NALM6 cells had a much higher sensitivity to MMRi62 (IC50, ~0.12 µM) than MMRi67 (IC50, ~4.58 µM), as indicated by the 38-fold difference in their IC50s (Figure 4A) and a 7.8-fold difference in IC50s for MV4-11 cells (data not shown). We then tested how MMRi62 inhibits the growth of normal white blood cells using peripheral blood mononuclear cells (PBMCs). These assays were performed with proliferating PBMCs stimulated by 10 µg/ml of pokeweed mitogen. We obtained an IC50 of ~15 µM for MMRi62 in the PBMCs (Figure 4B), which indicates that leukemic NALM6 cells were ~125-fold more sensitive than PBMCs to MMRi62 (Figure 4B). Then, we investigated the aptitude and mechanisms for MMRi62- and MMRi67-induced apoptosis in leukemic cells. Flow cytometry analysis revealed that late-stage annexin-V-positive apoptotic cells increased from 0.6% to 69% with MMRi62 but only to ~6% with MMRi67 after 24-h treatment with the compounds at a concentration of 5 µM (Figure 4C). Consistent with the sharp difference in their anti-proliferation activity, MMRi62 potently induced caspase-3 activation, and PARP cleavage occurred at as low as ~1 µM after 24-h treatment and as early as 4 h after 1-µM treatment (Figure S3A). We then asked whether MMRi62-induced apoptosis is p53 dependent and performed WB assays using NALM6 cells and NALM6shp53 cells in which p53 was stably knocked down. Our results showed that MMRi62 induced a high level of caspase-3 activation and PARP cleavage in NALM6shp53 cells, although at a slightly diminished level as compared with NALM6 cells (Figure 4D), thus indicating that the MMRi62-induced apoptosis was largely p53 independent. Similar experiments showed that the MMRi67-induced apoptosis was p53 dependent (Figure S3B). To corroborate this conclusion, we repeated the same treatment in two p53-null leukemic cell lines, namely, HL60 and Jurkat cells. As expected, only MMRi62 induced significant caspase-3 activation and PARP cleavage in both cell lines (Figures 4E and S3C). These data suggest that MMRi62 inhibits leukemic cell growth via p53-independent apoptosis.




Figure 4 | MMRi62 but not MMRi67 inhibited the proliferation of leukemic cells by inducing p53-independent apoptosis with low toxicity for healthy peripheral blood monocytes (PBMCs). (A) Growth curves of wt-p53 NALM6 cells in the presence of different concentrations of MMRi62 or MMRi67 in 72-h proliferation assays. (B) Growth curve of PBMCs in the presence of different concentrations of MMRi62 in comparison with that of NALM6 cells replotted from the same dataset in panel (A) PBMC proliferation was stimulated by 10 μg/ml of pokeweed mitogen (PWM). (C) Flow cytometry analysis of annexin-V-positive apoptotic cells after 48-h treatment with 5 mM of MMRi62 or MMRi67. (D) Concentration-dependent caspase-3 activation (AC3) and PARP cleavage (cPARP) in NALM6 cells and NALM6shp53 cells stably expressing shRNA against p53. The cells were treated with the indicated concentrations of either MMRi62 or MMRi67 for 24 h followed by Western blotting (WB) analysis with corresponding antibodies. (E) Similar analysis as in panel (D) except using p53-null HL60 cells.





MMRi62 induced apoptosis in drug-resistant leukemia cells and primary patient leukemia samples

In addition to intrinsic resistance to chemotherapy-induced apoptosis conferred by a p53 mutation, acquired resistance to chemotherapy also contributes to poor outcomes and recurrences after first-line treatment of leukemia. A vincristine-resistant leukemic HL60 cell line (HL60VR) was generated by continuous exposure to vincristine, and cells developed a multidrug-resistant phenotype because of the increased expression of MDR1 gene (37, 38). Our results showed that HL60VR was 516-fold resistant to vincristine compared with HL60 (Figure 5A, left) and was also 47-fold resistant to daunorubicin (Figure 5A, middle). Encouragingly, HL60VR and HL60 showed similar sensitivities to MMRi62 with IC50s of 0.34 µM for HL60 and 0.22 µM for HL60VR (Figure 5A, right). Flow cytometry analysis indicated that MMRi62 induced ~30% apoptosis (sum of early and late apoptotic cells), while daunorubicin induced ~25% apoptosis after 48-h treatment at 5 µM (Figure 5B). Analysis results for activated caspase-3 and PARP cleavage showed that MMRi62 was a better apoptosis inducer than daunorubicin in HL60VR cells treated at equal concentrations (Figure 5C). We then freshly established daunorubicin-resistant HL60 cells by pre-exposing them to a non-lethal low dose of daunorubicin (1× IC50 or IC75 dose) for 7 days, and cells were subsequently challenged by a 5× IC50 dose of daunorubicin or a 2.5× IC50 dose of MMRi62 followed by apoptosis analysis. Our results showed that pre-exposure to the low-dose daunorubicin was effective in establishing resistance in HL60 cells; during the challenge, these cells were killed by the 5× IC50 dose of daunorubicin but remained sensitive to apoptosis induction by the 2.5× IC50 dose of MMRi62 (Figure S4). These data suggest that MMRi62 bypasses the resistance mechanism acquired by pre-exposure to vincristine or daunorubicin and thus remains equally cytotoxic to these drug-resistant cells. Primary AML cells underwent spontaneous apoptosis when cultured in vitro for 72 h despite the fact that the medium was supplemented with multiple growth factors; however, treatment with 10 µM of MMRi62 increased the apoptotic fraction to 85%, a twofold enhancement from the phosphate-buffered saline (PBS)-treated samples (Figure 5D, compare PBS with 10 µM of MMRi62). These data suggest that MMRi62 targets/pathways do not overlap with those of vincristine or daunorubicin in leukemic cells, and the compound kills primary leukemic cells by apoptosis.




Figure 5 | Results demonstrating that MMRi62 is a potent apoptosis inducer in acquired drug-resistant leukemia cells. (A) Growth curves of p53-null HL60 and HL60VR cells in the presence of different concentrations of vincristine (left), daunorubicin (middle), and MMRi62 (right). IC50s of each drug for the two cell lines are shown beside the corresponding curves. (B) Flow cytometry analysis of annexin-V-positive apoptotic cells in non-treated cells (left) or cells treated with 5 uM of daunorubicin (middle) or 5µM of MMRi62 (right) for 48 h. (C) Western blotting analysis of MDM2 and MDM4 expression, caspase-3 activation, and apoptotic PARP cleavage in HL60VR cells treated for 24 h at the indicated concentrations of MMRi62 or daunorubicin (Daun). (D) Flow cytometry analysis of annexin-V-positive apoptotic cells after 72-h treatment using an acute myeloid leukemia (AML) patient sample (Patient#02-1919) with the indicated concentrations of MMRi62. (E) Quantitative graph of the apoptotic fractions in different treatments in panel (D).





MMRi62 induced apoptosis in primary patient leukemia samples and inhibited their colony formation in vitro

To assess whether MMRi62 inhibits the survival of the leukemic progenitors with colony-forming unit (CFU) assays, primary AML samples were treated with different concentrations of MMRi62 or MMRi67 for 4 h and then plated in a semisolid methylcellulose medium containing several stem cell growth factors key to the growth of different progenitor cells for CFU to form in 12–15 days. MMRi62 but not MMRi67 inhibited CFU in a dose-dependent manner (Figures 6A, B). Importantly, the ability of MMRi62 to inhibit CFU was p53 independent, since IC50s for CFU inhibition were very similar with a value of ~12 µM for p53-wt and ~13 µM for p53-mutant AML patient samples (Figure S5). Taken together, these results suggest that MMRi62 is an active agent that can kill primary AML cells and their proliferating progenitors in vitro, regardless of their p53 status.




Figure 6 | MMRi62 induced p53-independent apoptosis and inhibited colony-forming unit (CFU) formation in primary acute myeloid leukemia (AML) patient samples in vitro. (A) Representative images of CFU plates taken after 13 days of culture with primary AML patient samples pre-treated with the indicated concentrations of MMRi62 or MMRi67 for 4 h in a 37°C–5% CO2 incubator followed by culturing them in fully supplemented CFU growth media. (B) Quantitative graph of CFU numbers for two AML patient samples treated with either MMRi62 or MMRi67 at different concentrations.






Discussion

The development of MDM2–p53 disruptors for cancer therapy has been a major focus in the field for decades, and currently, several such inhibitors including MI-77301 (SAR405838), MK-8242 compound (SCH-900242), and AMG232 are under clinical trials (15). However, MDM4 overexpression (39, 40) confers intrinsic resistance to these inhibitors. We were the first to attempt to target the MDM2-MDM4 E3 complex as an alternative strategy to alter the oncogenic MDM2-MDM4 complex and previously reported that MMRi64 induces p53 accumulation for preferential apoptosis induction in p53-wt leukemia/lymphoma cells (30). In a secondary cell-based screen and characterization of MMRi6 analogs, this study has identified MMRi62 as an MDM4 degrader with potent pro-apoptotic capability. Interestingly, despite small structural differences, the mechanisms of action for MMRi62 and MMRi67 were quite different; i.e., MMRi62 inhibited MDM2-MDM4 E3 ligase not through dissociating the RING–RING interaction (Figure 2A) or inhibiting the polyubiquitination of the heterodimers (Figure 1C, polyUb) but by switching the preference of ubiquitination to MDM4 from MDM2 to promote MDM4 degradation and apoptosis in cells at <10 µM, whereas MMRi67 appeared to inhibit heterodimer formation resulting in inhibition of the E3 ligase activity of MDM2-MDM4 but with poor pro-apoptotic activities (Figures 1, 3A, C, and S3). These results establish that there is a positive association between MDM4-degrader properties and pro-apoptotic activities in MMRi6 analogs. Although MDM4 degradation was found to be tightly associated with apoptosis induction in leukemic cells, the cause–result relationship could not be established because of technical difficulties in creating MDM4 knockdown cell lines. It is possible that there are other pro-apoptotic mechanisms involved in MMRi62-induced apoptosis. MMRi62 induces MDM4 degradation in leukemia/lymphoma cells in an MDM2-dependent manner but p53-independent manner (Figures 3C and S3C), which is consistent with MMRi6’s ability to preferentially promote MDM4 ubiquitination in vitro (Figures 1 and 3). Therefore, MMRi62 is a functional MDM4 inhibitor or an MDM4 degrader. We previously proposed a biochemical model in which ubiquitination of each component of the MDM2/MDM4/p53 ternary complex is a dynamic process where mutual competition for the acceptance of ubiquitin transfer and preference for ubiquitination/degradation changes depending on the relative ratio of the three components (24). Consistent with this model, MMRi62 treatment (within 5 µM) generated a unique protein degradation pattern: MMRi62 downregulated MDM2/MDM4 in a concentration-dependent manner but induced p53 accumulation inversely at higher concentrations of MMRi62 (Figure 3A). We interpret these results as MMRi62 having a dual mode of action depending on the concentration, i.e., lower concentrations of MMRi62 preferentially ubiquitinated MDM4/MDM2 resulting in the inhibition of p53 polyubiquitination and leading to p53 protein accumulation, while high concentrations of MMRi62 may have induced degradation of all three proteins (Figure 3A, 5 and 10 μM) via a different mechanism that requires further investigation. The results from thermal stability experiments (Figure S6A) showed that both MMRi62 and MMRi67 have similar dissociating potentials on preformed RING heterodimers at 5 and 10 µM since they induced a similar 3°C thermoshift from 68°C for the dimethyl sulfoxide (DMSO) control to 65°C. However, only MMRi67 inhibited de novo RING heterodimer formation in solution (Figure 2A). Further, MMRi62 is apparently more of a MDM4 degrader in cells than a MDM2 degrader because its MDM2 degradation activity varied in NALM6 and MANCA cells (Figures 3A, C).

The finding that MMRi62-induced apoptosis is p53 independent gives MMRi62 an advantage over MDM2/MDM4-p53 disruptors because MDM2/MDM4-p53 inhibitors strictly depend on p53 function for their antitumor activity. In addition to the challenges of acquired resistance caused by p53 mutation for MDM2–p53 disruptors (41, 42), non-mutational wtp53 dysfunction that occurs broadly in AML poses another challenge to these p53-based inhibitors (43). Thus, MMRi62-type compounds provide an opportunity for treating leukemia with either p53 deficiency or dysfunctional wtp53. Eliminating MDM4 and MDM2 by MMRi62 hits the key drug targets in AML because MDM4 is a pervasive driver of leukemogenesis in multiple mouse leukemia models (44), and MDM2 overexpression induced by MTF2 loss is a mediator for refractory AML (45). However, whether MMRi62 selectively kills MDM2-high or MDM4-high leukemia cells needs to be verified in the future. Whether MDM4 is the major determinant of MMRi62 sensitivity in leukemia cells could not be determined because of technical difficulties in obtaining shMDM4 leukemia cells. However, we found that MDM4 expression is a determinant of MMRi62 sensitivity in melanoma cells in which efficient shMDM4 knockdown was achieved (Lama et al., unpublished data), thus suggesting that MDM4 is one of the key cellular targets for MMRi62-induced apoptosis. Although MMRi62 induces lysosomal degradation of ferritin heavy chain 1 (FTH1) and triggers ferroptosis in pancreatic cancer cells (46), FTH1 degradation is not involved in MMRi62-induced apoptosis in leukemia cells since MMRi67 induced the same level of FTH1 degradation as MMRi62 but without incurring apoptosis (Lama et al., unpublished data). The mechanism underlying MMRi62-induced p53-independent apoptosis is currently unknown. We speculate that MDM4 elimination by MMRi62 unleashes all substrates of the oncogenic MDM2-MDM4 heterodimers in addition to p53 to confer pro-apoptotic activities. We previously reported that these MDM2 isoforms form hyperactive heterodimer E3 ligases with MDM4 that regulate p53 and MDM4 stability in cells (28). MDM2 splice isoforms MDM2A and MDM2B that lack p53-binding domains promote lymphomagenesis as efficiently as full-length MDM2 (47, 48). Therefore, MMRi62-induced MDM4 degradation will inactivate the E3 ligase activity of MDM2-MDM4, and potentially the E3 ligase activities of MDM2A-MDM4 and MDM2B-MDM4 heterodimers delivering the antitumor activity. Although our preliminary tests in HL60VCRluc-transplant mouse models showed that MMRi62 inhibited the HL60VCRluc burden in vivo but failed to prolong survival at the current formulation/route/schedule (Figure S6B), MMRi62 optimization may lead to the eventual development of a better MDM4 degrader that will be useful for refractory p53-deficient leukemia patients.
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Human cancer statistics report that respiratory related cancers such as lung, laryngeal, oral and nasopharyngeal cancers account for a large proportion of tumors, and tumor metastasis remains the major reason for patient death. The metastasis of tumor cells requires actin cytoskeleton remodeling, in which fascin-1 plays an important role. Fascin-1 can cross-link F-actin microfilaments into bundles and form finger-like cell protrusions. Some studies have shown that fascin-1 is overexpressed in human tumors and is associated with tumor growth, migration and invasion. The role of fascin-1 in respiratory related cancers is not very clear. The main purpose of this study was to provide an updated literature review on the role of fascin-1 in the pathogenesis, diagnosis and management of respiratory related cancers. These studies suggested that fascin-1 can serve as an emerging biomarker and potential therapeutic target, and has attracted widespread attention.
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Introduction

Cancer is a major public health issue worldwide (1), and is also the leading cause of death in China and developed countries (2,3). Respiratory related cancers mainly include lung, laryngeal and nasopharyngeal cancers. According to the Annual Cancer Statistics Report 2022, respiratory related cancers account for a large proportion of all cancers (1). Compared with 2021 statistics, the number of lung cancer has no downward trend, and it is still the first cancer in mortality (4). Like most tumors, metastases are also the leading cause of death for patients with respiratory related cancers (5).

In order to achieve metastasis, cancer cells need to spread from the primary tumor to other organs and it will form a secondary tumor (6). At the same time, it is found that the remodeling of cytoskeleton is essential in the migration, invasion, and metastasis spread of cancer cells, in which actin plays a key role (7–10). The major class of actin that regulates these complex processes is fascin, which exists in humans and other vertebrates as fascin-1, fascin-2 and fascin-3, with fascin-1 being the most extensively studied (11). Fascin-1 is hardly expressed in normal human tissues. In contrast, high expression of fascin-1 has been found in a variety of cancers (12). Our previous study and many other studies revealed that fascin-1 can promote tumor cell migration, invasion, and metastasis (13). Our previous study and many other studies revealed that fascin-1 can promote tumor cell migration, invasion, and metastasis (13–16). A growing number of studies have shown that it can be used as a new biomarker and therapeutic target and to assess the prognosis of cancer patients. However, the mechanism of fascin-1 in respiratory related cancers is unclear.

In this review, we illuminate fascin-1 expression in respiratory related cancers and its partial mechanisms by discussing the recent literature dealt with the expression of fascin-1 expression in these cancers. Furthermore, we focus on the correlation between fascin-1 expression and clinicopathological parameters and its relationship with patient prognosis.



Structure and function

Fascin is a globular protein with a size of about 55 KD, which is composed of four tandem fascin protein domains (17, 18) (Figure 1). Fascin-2 is mainly distributed in retinal photoreceptor cells (19), and fascin-3 is distributed in the head of spermatid cells (20). Structural studies have revealed that human fascin-1 protein consists of 493 amino acids, including four β-trefoil domains (21). One actin binding site (ABS) is located on aa33-47 in the β-trefoil 1 of fascin-1, but the second actin binding site has not been fully located (18, 22). At the ser-39 residue of the first binding site, it can be phosphorylated by highly conserved protein kinase C (PKC) (22–24). Ser274 phosphorylation can also regulate the actin binding ability of fascin-1 in human cancer cells (12). In addition, fascin-1 has been shown to interact with many proteins other than F-actin, such as MST2, TGF-β family type I, neurotrophins nerve growth factor (NGF) and neurotrophin-3 (NT-3) (25–29). Functional studies have shown that fascin-1 protein can promote the migration, invasion and metastasis of tumor cells (13, 15, 16). Fascin-1 also plays a role in diseases other than cancer, such as wound healing and neurological diseases. Therefore, it is necessary to further clarify the mechanisms of interaction between the fascin-1 protein and different proteins to understand these novel functions of fascin-1.




Figure 1 | Structural diagram of human fascin protein family. Each fascin protein consists of four β-trefoil domains and with different molecular weight. Actin binding site 1 (ABS1) of fascin-1 protein is located between amino acids (aa) 33 and 47 of the first β-trefoil domain, while the location of ABS2 has not been determined.





Literature review

At present, nearly ten reviews on the relationship between fascin-1 and cancer have been published, showing that fascin-1 is overexpressed in a variety of cancers and its pathways of action and regulatory mechanisms have been partially elucidated (Table 1). Meanwhile, fascin-1 also plays a role in a variety of diseases other than cancer and in human embryogenesis.


Table 1 | Main research contents and future prospects of literature review.



The up-regulation expression and mechanism of fascin-1 in a variety of cancers were analyzed by Hashimoto et al. (9, 16). They revealed that fascin-1 was expressed in a certain percentage of primary tumors of all tumors (9, 16, 21), most significantly in aggressive pancreatic tumors and non-small cell lung cancer (9). Meanwhile, up regulation of fascin-1 expression could enhance the proliferative activity of cancer cells and promote the formation of cell protrusions, thereby facilitating cell migration (9, 21). Immunohistochemical studies on cancer specimens showed that high expression of fascin-1 was associated with reduced overall survival rate and increased invasiveness, among other parameters (16, 21). The results of a MeTa-analysis by Tan et al. showed that fascin-1 was associated with increased mortality in colorectal, esophageal, and breast cancers and metastasis in gastric and colorectal cancers, but lymph node metastasis of esophageal or lung cancers was not associated with fascin-1 (30). The novel roles of fascin-1 in the pathogenesis, diagnosis, and management of gastrointestinal tumors and gynecological tumors were analyzed by Ristic et al. and Gupta et al. (31, 32). Fascin-1 expression was increased in esophageal squamous cell carcinoma (ESCC), gastric, colorectal, ovarian, uterine, and cervical cancers, and high levels of fascin-1 were related to clinicopathological parameters such as lymph node infiltration, distant metastasis, and reduced survival (31, 32).

The mechanisms of fascin-1 overexpression and promotion of tumor metastasis were elucidated in the article by Lin et al. (33). They concluded that the overexpression of fascin-1 in cancer is unlikely to be due to epigenetic regulation, but rather to activation of NF-κB and JAK-STAT signaling by inflammatory factors in an environment of hypoxia and nutrient deficiency in inflammation (21, 33). For the mechanism by which fascin-1 promotes tumor metastasis, it promotes tumor cell migration by coordinating cell membrane protrusion and cell adhesion on the one hand, and metastatic colonization by promoting capillary extravasation to the mesothelial cell layer on the other (33). Meanwhile, fascin-1 can control metastatic colonization by controlling mitochondrial F-actin and mitochondrial metabolism (33). Fascin-1 participates in the regulation of pivotal oncogenic pathways, such as MAPK, Wnt/β-linked protein, PI3K/AKT, EMT, etc (21).

In addition to the role of fascin-1 in tumors, fascin-1 has been found to be associated with many neurological-related diseases, such as absence seizures, epilepsy, and down syndrome (16, 34). The review by Lamb et al. focused on the various functions of fascin-1 and elucidated that fascin-1, in addition to its bundled actin functions, also had many non-standard functions (34). For example, it interacts with the Linker of the Nucleoskeleton and Cytoskeleton (LINC) Complex, binds to microtubules and regulates actin binding protein activity and mitochondrial function (34). Meanwhile, the review by Lamptey et al. also compiled an analysis of the role of fascin-1 during human embryogenesis (35). It was found to regulate the epithelial-mesenchymal transition in placental formation and early embryogenesis and to achieve homeostasis (35).

Other people still have great expectations for future studies of fascin-1 (9, 16, 21, 30–35). Meanwhile, the results suggest that fascin-1 is a promising marker for tumor diagnosis and prognosis (9, 16, 30–32), but further studies are still needed to test the therapeutic potential of this protein (21, 31).



Fascin-1 and non-small cell lung cancer


Expression of fascin-1 in NSCLC and its potential as a prognostic marker in NSCLC

According to the latest statistical analysis of cancer, lung cancer has the highest mortality of all cancers, of which the five-year survival rate is no more than 22% (1), and the main reason for its low survival rate is the occurrence of distal metastasis (36). Non-small cell lung cancer (NSCLC) accounts for more than 85% of the total number of lung cancer (36). Among the actin-binding protein family, fascin-1 has the greatest impact on distant metastasis in NSCLC (37). Recent studies have found that the expression level of fascin-1 is considerably higher in NSCLC than in normal lung tissue (Table 2). The expression level of fascin-1 is closely related to tumor invasion and metastasis, which affects the survival time of tumor patients (38–40) (Table 2). This is an important reason why fascin-1 is expected to be a prognostic marker for NSCLC.


Table 2 | Relationship between high expression of fascin-1 and clinical parameters in respiratory related cancers.



Furthermore, the results of several studies on tumor tissues showed that elevated fascin-1 RNA and protein levels were significantly relevant to lymph node metastasis and TNM stage, but not with age, gender, tumor size or differentiation (Table 2). The expression level of fascin-1 was significantly inversely proportional to the survival time of NSCLC patients (Table 2). The measurement of fascin-1 concentrations in NSCLC patients’ serum revealed that with the increase of fascin-1 expression in patients’ serum, the tumor is prone to metastasis and indicates a poor prognosis (41, 48). Based on these findings, fascin-1 levels, both in tissues and in serum, are considered promising as new targets and prognostic indicators for assessing the prognosis of NSCLC patients. Although these studies suggest that fascin-1 is a promising prognostic marker in NSCLC, further studies are needed to determine whether it has therapeutic potential.



The role and mechanism of fascin-1 in NSCLC

Fascin-1 overexpression promoted the development of NSCLC by boosting cell growth and metastasis (25). Moreover, silencing the expression of fascin-1 in NSCLC cell lines could inhibit the proliferation, invasion and metastasis of NSCLC cells (58). Experiments in mice showed that inhibition of fascin-1 function reduced the migration and metastasis of cancer cells (59). However, an in vitro and in vivo experiment showed that high expression of fascin-1 could improve the migration rate and invasion of tumor cells, but did not promote the growth of tumor nodules (40). One previous study found that fascin-1 promotes lung cancer metastasis and colonization by enhancing resistance to metabolic stress and promoting mitochondrial oxidative phosphorylation (46). Fascin-1 was found to activate PFKFB3 transcription through the YAP1/TEAD binding site in its promoter to further promote glycolysis in NSCLC cells, thereby promoting lung cancer cell metabolism and growth (60) (Figure 2). These experiments suggest that inhibition of fascin-1 may be a potential therapeutic strategy for the treatment of NSCLC, but further studies are still needed.




Figure 2 | Molecular regulation mechanism of fascin-1 overexpression in respiratory related cancers. SMAD3/4, CREB, NF-κB, HIF1-α and other transcription factors can be activated by inflammatory microenvironment factors (IL-1β, TGF-β) and hypoxia, so as to up regulate the transcription of fascin-1 protein. Fascin-1 protein can promote tumorigenesis, invasion and metastasis through MAPK, YAP1/TEAD and other signal pathways.





Regulation of fascin-1 expression in non-small cell lung cancer

The mitogen-activated protein kinase (MAPK) pathway has been related to promoting tumor metastasis (Figure 2). The crucial role of the MAPK pathway in the development and progression of NSCLC has been demonstrated in previous studies (48, 61). By further detecting the expression and phosphorylation level of MAPK signaling molecules, it was found that the expression of fascin-1 could be down regulated by regulating MAPK pathway, so as to inhibit the metastasis and invasion of non-small cell lung cancer cells (58). Furthermore, by studying the YAP/TAZ signaling pathway, the core of the Hippo signaling pathway, fascin-1 was found to promote the growth and metastasis of non-small cell lung cancer cells by connecting with kinase MST1 and activating the transcriptional activity of YAP/TEAD complex (25). RSK2 is a Ser/Thr kinase that regulates cell proliferation, cell survival and cycle by phosphorylating cAMP response element binding (CREB) proteins (62–64). As a transcription factor, CREB participates in the signal pathway related to promoting tumor progression, stimulating growth, giving apoptosis resistance and promoting angiogenesis (65, 66). Li et al. found that the RSK2-CREB pathway can up-regulate expression of fascin-1 in lung cancer cell line A549, in clinical samples and in xenograft mouse models, thereby promoting cancer cell filopod formation and thus cancer cell invasion and metastasis (67). They concluded that fascin-1 is expected to become a prognostic marker of metastatic cancer, and RSK2-CREB-fascin-1 signaling pathway is expected to become a therapeutic target of metastatic cancer (67). At the same time, inflammation can promote TGF-β to induce fascin-1 overexpression through direct binding of the SMAD3-SMAD4 complex to the fascin-1 transcriptional start site (68).

A number of compounds were found to exert inhibitory effects on cancer cell invasion and metastasis by blocking the signaling pathway associated with fascin-1 (Table 3). The results in vitro and in vivo showed that G2, a pharmacological inhibitor of fascin-1, could significantly reduce the levels of PFKFB3 and YAP1 in lung cancer cells and nude mice (60). G2 can significantly inhibit the tumor growth on the lung of nude mice, which improves the survival rate of mice (60). And G2 can also significantly reduce the volume of tumor-like culture (60). Meanwhile, it was found that sevoflurane, a commonly used anesthetic, could reduce HIF-α levels by blocking the p38MAPK signaling pathway, further down-regulating fascin-1 expression and thus inhibiting the growth and metastasis of lung cancer cells (69, 70). These studies found the potential role of sevoflurane in lung cancer surgery and gave sevoflurane new clinical significance (69, 70). In another study, it was found that polyisoprene cysteine amide inhibitors (PCAIs) can induce the decrease of fascin-1 protein level in NSCLS cells, so as to inhibit F-actin tissue, filamentous foot and focal adhesions, and further reduce cell invasiveness (71).


Table 3 | Inhibitory effects on the expression of fascin-1 of different compounds in NSCC and NPC.



Furthermore, microRNAs (miRNAs) regulate gene expression through post transcription, which is another mechanism to affect fascin-1 expression (34). In respiratory related cancers, down-regulation of these miRNAs leads to increase fascin-1 expression, which is associated with increased cell migration and invasion (34) (Figure 3). MiRNAs such as miR-145, miR-200b and miR-326 were labeled as potent repressors of fascin-1 (73–76). Thus, post-transcriptional regulation is one of the key mechanisms regulating fascin-1 expression, and activation of these miRNAs could serve as a potential therapeutic pathway.




Figure 3 | Relationship between miRNAs and regulation of fascin-1 expression in respiratory related tumors. Fascin-1 is highly expressed in respiratory related tumors, and activation of these miRNAs can inhibit the expression of fascin-1 in cancers.






Fascin-1 and laryngeal squamous cell carcinoma


Fascin-1 as a prognostic marker for LSCC

Apart from lung cancer, laryngeal squamous cell carcinoma (LSCC) of the larynx is the most usual cancer of the respiratory system (77). Immunostaining showed that fascin-1 was mainly distributed in the cytoplasm of tumor cells and the immune response to fascin-1 was homogeneous in the center of the tumor but enhanced at the tumor margin (50, 51). The expression of fascin-1 is significantly higher in LSCC than in adjacent normal margin tissue (51, 52, 78). Several studies have shown that fascin-1 expression in LSCC tissues is associated with T-stage, cervical lymphatic tract metastasis and clinical stage (Table 2). Also, high expression of fascin-1 was found to be associated with poor prognosis (51, 53, 79). To estimate the validity of fascin-1 expression as a prognostic marker in LSCC, it was found by using logistic regression models that fascin-1 could be an important independent predictor of LSCC recurrence (50). However, the results of another study showed that fascin-1 expression was not related to prognosis and that immunohistochemical studies were not helpful in predicting prognosis, and more emphasis should be placed on morphological findings (80). Based on these findings, most people believe that fascin-1 can be used as a potential molecular marker to judge the prognosis of LSCC (50, 51, 53, 79). Compared with other tumors, there are fewer studies on fascin-1 and LSCC, so further studies can be conducted to determine the potential of fascin-1 as a prognostic indicator for laryngeal cancer.



The role of high expression of fascin-1 in LSCC

Based on the relationship between fascin-1 expression and clinical pathological prognostic parameters of LSCC, LSCC with high fascin-1 expression may be more aggressive than laryngeal carcinoma with low expression (52). Meanwhile, with the increase of fascin-1 level in LSCC patients, the tumor recurrence rate increased significantly, while the 3-year disease-free survival rate decreased significantly (50). In LSCC cells, by inhibiting the expression of fascin-1, it was found that the integrity of cytoskeleton structure was destroyed and the ability of cell migration decreased (81). Also, through in-depth bioinformatics analysis, fascin-1 may play a more important role in cancer progression than before (26).



Regulation of fascin-1 expression in LSCC

In LSCC, aminoacyl tRNA synthetase complex interacting multifunctional protein 1 (AIMP1) and leukotriene A4 hydrolase (LTA4H) bind to and co-localize with fascin-1 (82). AIMP1 exerts its role in regulating cellular structure by binding to fascin-1 (82). Fascin-1 may be a substrate for LTA4H, and LTA4H may act by binding to fascin-1 binding to regulate the activity of fascin-1 to act (82). Meanwhile, knockdown of AIMP1 and LTA4H inhibits proliferation, migration, and invasion of LSCC cells (82). The results of another study showed that miR145-5p plays a key role in inhibiting LSCC progression through inhibition of fascin-1 (53). Luciferase analysis and xenograft model assay showed that miR-145-5p could inhibit the migration, invasion and growth of LSCC by downregulated the expression of fascin-1 gene (53). Therefore, they concluded that both miR-145-5p and fascin-1 are significant latent prognostic markers and therapeutic targets for LSCC (53).




Fascin-1 and oral squamous cell carcinoma


Results of fascin-1 overexpression in oral squamous cell carcinoma

It was observed that overexpression of fascin-1 can lead to the increase of F-actin structure such as filopodia and lamellipodia (57). According to the results of several studies, fascin-1 was found to be more expressed in human oral squamous carcinoma cells than in normal cells (54–56, 83, 84). Also, they found that high levels of fascin-1 expression had to do with lymph node metastasis and reduced disease-free survival (55, 57) (Table 2). Meanwhile, other studies found that the decreased expression of fascin-1 can reduce the migration and invasion of oral squamous cell carcinoma (OSCC) cells and increase cell adhesion (83–85). Overexpression of fascin-1 could promote cell proliferation (57). Also, univariate and multivariate survival analyses showed that fascin-1 expression levels could be an independent predictor of poor prognosis in OSCC (83).

Combined with the above findings, most believe that fascin-1 is linked to the poor prognosis of oral squamous carcinoma (Table 2), however, the results of one study revealed that although high expression of fascin-1 was present in most samples, it did not correlate significantly with patient prognosis (86).



Mechanism of fascin-1 in OSCC

A known hallmark of aggressive tumor is the loss of E-cadherin expression, which results in reduced cell contact (87). Therefore, to assess the correlation between fascin-1 expression and E-cadherin, a negative correlation was found between fascin-1 and E-cadherin expression by detecting E-cadherin expression in OSCC specimens (55). Overexpression of fascin-1 is thought to enhance OSCC invasiveness by reducing the expression of E-cadherin (55). Furthermore, the mRNA expression levels of cathepsin B, cathepsin D, MMP-9 and MMP-10 were reduced, while the mRNA expression level of kinin release enzyme 5 (KLK5) was increased (88). This suggests that fascin-1 affects cancer invasion and progression by influencing the activity of matrix-degrading proteases (88). Furthermore, high expression of fascin-1 in OSCC derived cells leads to increased cell membrane protrusions, disruption of cell contacts and alterations in the actin cytoskeleton (57). Therefore, these data demonstrated that fascin-1 could be involved in OSCC invasion and progression through multiple pathways.



Regulation of fascin-1 expression in OSCC

In the process of tumor invasion and progression, microenvironment plays a key role in the regulation of cancer cells (84). The study results showed that IL-1β is a key inducer of fascin-1 expression and can increase the invasiveness of oral cancer (84). Meanwhile, IL-1β by using ERK1/2 and JNK as intermediate signal molecules, NF-κB and CREB act as the signal pathway composed of transcription factors to induce the expression of fascin-1, which increases the invasiveness of cancer cells (84). Furthermore, Keratins 8 (K8) was found to be aberrantly expressed in squamous cell carcinoma (SCC) in previous studies, and its expression correlated with invasion and poor prognosis (89–92). Also, in the OSCC-derived cell line AW13516, knockout of the K8 gene leads to reduced fascin levels, resulting in altered actin organization and reduced cell migration (93). The results showed that there was a significant negative correlation between miR-138 and fascin-1 but not in miR-145. Meanwhile, miR-138 has the ability to target and regulate fascin-1 expression in OSCC, thus affecting the migration rate of cells (83) (Figure 3). Moreover, the results of study showed that fascin-1 activates AKT and MAPK pathways in OSCC-derived cells, thus promoting tumor progression (57). Therefore, fascin-1 is likely to be a new therapeutic target for human oral cancer (57).




Fascin-1 and nasopharyngeal carcinoma


Expression and role of fascin-1 in nasopharyngeal carcinoma

Nasopharyngeal carcinoma (NPC) is relatively rare compared to other cancers, but its global geographical distribution is highly uneven, with > 70% of new cases occurring in East and Southeast Asia (94). It is an Epstein-Barr virus-associated (EBA) malignancy and is the most usual head and neck cancer in China, mainly concentrated in the southern region (95). The role of fascin-1 in several human cancers has been confirmed through studies, but the number of studies on the presence and role of fascin-1 in NPC is relatively limited. In this context, immunohistochemical staining showed that the positive signal of fascin-1 was mainly concentrated in the cytoplasm (96). Fascin-1 was found to be overexpressed in NPC (78, 97, 98), and can participate in the progress of NPC by enhancing cell migration and adhesion (98).



Regulation of fascin-1 expression in NPC

FoxM1 belongs to the fox transcription factor family FoxM1, which is a key factor involved in the regulation of the cell cycle from G1 to S phase, G2 to M phase and the transition to mitosis (99–101). FOXM1 has now been shown to be up-regulated in many human malignancies and to be a promising therapeutic target (44, 102–106). Thiostrepton, an inhibitor of FOXM1 (107), was found to significantly reduce the level of fascin-1 in C666-1 cells, thereby inhibiting the migration of NPC cells. However, because fascin-1 has not been reported as a direct or indirect target gene of FOXM1, the thiostrepton-FOXM1 pathway has not been established (72) (Table 3). Moreover, studies in NPC have identified miR-145 and miR-24 as inhibitors of fascin-1 expression, which were negatively correlated with fascin-1 expression (108) (Figure 3). MiR-145 and miR-24 were found to be significantly down-regulated in NPC cell lines and tissue samples, and that their ectopic expression could inhibit the growth and invasion of NPC cells by targeting fascin-1 (108, 109). Therefore, the miR-145-fascin-1 pathway and the miR-24-fascin-1 pathway may be potential new therapeutic targets for NPC patients (108, 109).




Treatment potential and future directions

The treatment targets of fascin-1 in cancers mainly focused on small molecule inhibitors, miRNAs and inhibitory nanobodies.

Small-molecule inhibitors of fascin-1 reduce tumor cell migration and invasion (13, 59, 110–112). G2, a pharmacological inhibitor of fascin-1, significantly inhibited the growth of tumors and improved the survival rate of mice (60). In first-in-human clinical trial of ovarian cancer patients, NP-G2-044 (derivatives of G2) was safe and well tolerated (113). Also, compounds such as sevoflurane and polyisoprene cysteine amide inhibitors (PCAIs) can reduce the expression of fascin-1 (69–71). In non-respiratory related cancers, leucine aminopeptidase 3 (LAP3) inhibitors, migraine inhibitors could block fascin-1 activity (13, 110, 114).

Similarly, many miRNAs are tagged as potent post-transcriptional repressors of fascin-1 (Figure 3) by inhibiting cell proliferation, migration, and invasion (108, 115–117). Although it is possible to develop relevant therapeutic drugs based on miRNAs, there are still some limitations to using them in the clinical setting. To date, only 10 miRNA-based drugs have entered clinical trials, and none have reached Phase III (118). During clinical trials, the emergence of multiple immune-related side effects and severe hyperbilirubinemia forced the suspension of the trials (119–121). Targeting effects, routes of delivery, dosing issues, and drug delivery systems are the main challenges that must be overcome to develop miRNA-based cancer therapies (118).

In vitro experiments using inhibitory nanobody against fascin-1 protein in breast and prostate cancer cells have shown that they can inhibit invasion base formation and cell invasion (122). However, there are relatively few studies on inhibitory nanobody and no data on studies in respiratory related cancers. Therefore, there is a need to expand the research surface to determine the adaptability of inhibitory nanobodies in different tumors and also to determine whether they can be applied in clinical settings.



Conclusions

Fascin-1 is overexpressed in a variety of human cancers, including respiratory related cancers, and is associated with several tumor clinicopathological parameters, such as increased tumor invasiveness, promotion of regional and distant metastasis, and reduced patient survival time. Meanwhile, fascin-1 is transcriptionally regulated by a variety of transcription factors (SMAD3/4, CREB, NF-κB, HIF1-α) and participates in a variety of cancer promoting signaling pathways, such as MAPK, YAP/TAZ, AKT, RSK2, etc. Therefore, fascin-1 is considered as a promising diagnostic marker and prognostic marker. Both in vitro and in vivo experiments have yielded good results on the therapeutic effects of fascin-1 as an anti-cancer target. Small molecular inhibitors, inhibitory nanobody and miRNAs have been found to potential therapeutic measure. Most studies focused on small molecule inhibitors and achieved good results. However, the development of anticancer drugs based on miRNAs still faces such major problems as targeting effect, drug delivery route and drug delivery system. The emerging inhibition nanobody is also a potential treatment method with good future prospects. At present, the study of the molecular regulatory mechanism of fascin-1 and its role with other proteins is still in its early stage, and we still have great expectations for the future study of fascin-1. Although most studies have shown a strong relationship between fascin-1 and the aggressive clinical course of multiple human cancers, most studies remain at the in vitro stage, lacking enough in vivo experiments to further prove the potential of fascin-1 for clinical application. A host of studies are still needed to determine whether fascin-1 can be used as a new biomarker and whether it exceeds the biomarkers currently in clinical.
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Acute myeloid leukemia (AML) is a malignant proliferative clonal disease, characterized by a wide spectrum of molecular alterations. Although targeted therapy for AML has resulted in pronounced achievements in the past decade, clinical resistance caused by mutations in targeted oncogenes has been observed. A subset of patients with AML still requires the treatment of refractory and relapsed diseases. The field of targeted therapy in AML still presents many challenges. More studies are needed to overcome those obstacles. Through the CiteSpace tool, we can gain a systematic understanding of the current achievements in targeted therapy in AML, and we can predict hot research topics. Relevant publications from the Web of Science Core Collection were retrieved, and the acquired data were analyzed by CiteSpace to identify and predict trends and research hotspots in this field. We found that research on AML had focused on venetoclax resistance, novel therapies (such as targeting epigenetic modification), and FLT3 mutation in the past decade. The clustering of keywords suggested interest in cell-targeted therapy (chimeric antigen receptor T cells and natural killer cells), signaling pathways (mTORC1), epigenetic therapies, and leukemic stem cells (LSCs). Drug resistance causing failure and relapse of treatment has raised increasing concern, and LSCs play a key role in relapsed AML, which represent an important direction for identifying targets for AML treatment in the future.


Introduction

Acute myeloid leukemia (AML) is a heterogeneous disease caused by various gene mutations and cytogenetic abnormalities that affect the differentiation and proliferation of myeloid lineage cells (1). Advances in genomic investigations over the past 10 years have dramatically improved our understanding of mutated genes in AML and have allowed the tailoring of therapeutic strategies targeting mutated genes (2).

Several genes are recurrently mutated in AML, such as internal tandem duplication (ITD) of FMS-like tyrosine kinase 3 (FLT3-ITD), and mutations in isocitrate dehydrogenase (IDH1/2), nucleophosmin (NPM1), and/or CCAAT/enhancer binding protein alpha (CEBPA). As predictive biomarkers, these are indicators of prognosis and, in turn, can guide targeted therapeutic strategies, because patients harboring these specific mutations do not benefit from traditional chemotherapy (3, 4). Fortunately, tremendous progress has been made in deciphering the molecular pathogenesis of AML, enabling the development of target drugs, such as the introduction of small-molecule inhibitors of FLT3, IDH1/IDH2, and BCL-2. For example, the presence of ITDs in the FLT3 receptor tyrosine kinase gene has long been known to confer a poor prognosis in patients with AML (5). The approval of multikinase FLT3 inhibitor (FLT3i) midostaurin with induction therapy for newly diagnosed FLT3mut AML, and a more specific and potent FLT3i gilteritinib as monotherapy for relapsed/refractory (R/R) FLT3mut AML, has improved outcomes in patients with FLT3-mutated AML (4, 5).

However, targeted therapy in AML still faces challenges (6). Clinical resistance caused by mutations in the targeted oncogene has been observed (7–9). Furthermore, most cases of AML are without a targetable mutation (10). Many efforts have been made to explore new targets and develop the corresponding therapies. Numerous novel approaches that aim to achieve a new goal are currently being actively pursued.

To grasp the scope of research in this area, bibliometric analysis was applied to analyze the progress of targeted therapy in AML. Bibliometric analysis is a method used to analyze enormous amounts of heterogeneous literature. It can be applied to estimate the impact of research areas and to identify emerging trends (11). CiteSpace is a bibliometric tool, which aimed to analyze and visualize trends and patterns in the scientific literature, and presents the structure and distribution of current scientific knowledge (12). CiteSpace can be applied to visualize research frontiers, the knowledge base, and time spans, as well as the literature that has played a key role in research evolution. It focuses on finding critical points in the development of a field or a domain, especially intellectual turning points and pivotal points (13). The visual analytic tools applied in this review supplement traditional review, and survey articles and the findings are valuable for identifying critical developments from a vast number of published studies. In this review, we examine the evolution of targeted therapy in AML and provide a critical perspective on the clinical development of a variety of targeted treatments.



Materials and methods


Data sources and search strategy

The publications were obtained from the Web of Science Core Collection database (WoSCC). The strategy used during the search was Topic search #1 = (“acute myeloid leukemia” OR “AML”) AND Topic search #2 = (“targeted therapy*”), and then, the results were refined by [Document Types = (Articles or Review) Timespan: 2012-01-01 to 2021-12-31]. A total of 4,205 results were found. After data cleaning, duplicate publications were removed by CiteSpace v.5.8.R3; and ultimately, 4,150 total unique records were used in the final analysis. All records were then imported into CiteSpace v.5.8.R3.



Algorithms and parameters in scientometric analysis

The time slices for analysis were set at 1 year, and the sources selected included all publication details—title, abstract, supplementary keywords and author keywords, selected keywords, author, institution, country for the node, selected g-index for the threshold, and the labels of clusters chosen by the log-likelihood ratio (LRR) test method algorithm—were used in the subsequent analysis. Pathfinder was selected for fine-tuning the setting to highlight key points. Betweenness centrality (BC) >0.1 was considered as pivot nodes. Modularity (Q) >0.3 was considered reasonable for the group. Silhouette >0.5 was considered homogeneity clusters. BC can be used to partially assess the influence of each node in the network (14). Usually, a node with a BC >0.1 is displayed as a purple ring, whose size is associated with the transformative potential of a scientific contribution (15). In addition, cluster analysis was used as another important approach to easily analyze knowledge networks in CiteSpace. More specifically, terms are classified according to their similarity and scored by specific algorithms, and then, the term with the highest score of each cluster is selected as the label of the cluster (16, 17).



Other statistical analyses

The R programming language (version 4.1.0) was used for data visualization (packages ggplot2, tidyverse, ggthemes, ggsci, maps, patchwork, and RColorBrewer).




Results


Annual publishing and cite trends

The annual number of published articles is a significant indicator for studying research trends in the field and reflects the pace of subject knowledge (18). We found a total of 129,587 citations for AML, with 83,287 articles cited, and an h-index of 142 in the field of targeted therapy in AML. The proportion studies investigating targeted therapies published annually in overall AML treatment are visually displayed in Figure 1. The number of targeted therapy documents in AML has increased annually between 2012 and 2021. Furthermore, the proportion of targeted therapy in total treatment has gradually increased, with the number of articles growing much faster.




Figure 1 | Annual publishing and proportion trends. (A) Trends in the number of publications per year on general research on AML treatment. (B) Proportion of publications about research for different AML treatment in 2012. (C) Proportion of publications about research into different AML treatment in 2021.





Country and institution analysis

Visualized knowledge maps and institutional networks can provide information on the cooperative relationship between different research teams and countries (19). An analysis of the country distribution of these publications indicates that the United States, China, and Germany ranked the top three in the number of citations to articles. The United States (BC = 0.19) and Germany (BC = 0.14) were the countries that are most frequently associated with co-authored articles due to the highest BC (Figures 2A, B).




Figure 2 | Country and institution analysis of targeted therapy in AML. (A) Top 10 countries for publications on the world map. (B) The network of countries for co-authored articles on targeted therapy in AML. Nodes represent publications from countries. The more frequently the publications of countries are cited, the larger is the size of the node. Links between nodes describe a co-occurrence or a co-citation between these nodes, and their thickness indicates the strength of these correlations: the thicker the line, the closer is the connection between them. The node color and link color indicate different clusters; the nodes that are of the same color belong to the same closely related cluster. (C) The network of institutions.



The network of institutions participating in publications is visualized in Figure 2C. The MD Anderson Cancer Center of the University of Texas, Memorial Sloan Kettering Cancer Center, Dana-Farber Cancer Institute, Harvard Medical School, and Harvard University ranked the top five institutions for the number of articles published. High BC values were obtained from the Dana-Farber Cancer Institute (BC = 0.12) and Harvard Medical School (BC = 0.10), which were also in different clusters.



Co-author and categories analysis

BC measures the extent to which a node plays a bridging role or influence in a network. Specifically, BC measures the extent that the node falls within the shortest path between other pairs of nodes in a network. If the author plays a bridge that makes connections with other authors, then author’s BC value will high. The more an A depends on B to make connections with other people, the higher that B’s BC value (20). In particular, Lars Bullinger (BC = 0.29) and Ross L. Levine (BC = 0.22) had extensive contact with other researchers. Moreover, Ross L. Levine, Farhad Ravandi, and Guillermo Garcia-Manero were included the top three categories of citations (Figure 3A). In Figure 3B, cluster groups can be observed. The connection density between these groups was higher than that between the other nodes. The nodes within each group were uniform, and the number of publications and BC of co-occurring subject categories in AML are shown in Figure 3C.




Figure 3 | Co-author and category analysis. (A) Co-author network. The circle in (A) indicates the author; the larger the size of the circle, the higher the number of citations of the author. (B) Clusters of the co-author network. (C) Top 10 topics for publications. The right axis is the publication, and the left axis is the BC value.





Co-keyword analysis

As a highly condensed summary of the paper’s content, keywords can be used to summarize the topics of the paper simply and directly. When the co-occurrence network of the keywords was dense, we applied Pruning functions to select important connections to highlight the key aspects of the network. The co-occurrence of targeted therapy keywords in AML and related research can be visualized in Figure 4A. Figure 4B shows the top 14 keyword clusters based on the LLR algorithm. This information, which consisted of highly cited and representative terms, in each group is summarized in Table 1. Burst detection is also a feature of CiteSpace, and a positive node after burst detection indicates a sharp change in its frequency of citations over a short period of time (15). Such nodes usually suggest a shift in a certain field of research and are indicated in red on the knowledge map. The identification of a research focus was based on the keyword co-occurrence network. The top 25 keywords with the strongest citation bursts relative to targeted therapy in AML in the last 10 years are shown in Figure 4C.




Figure 4 | Co-occurrence and clustering of keywords. (A) Network of main keywords in publications. The circle in (A) indicates the keyword; the larger the size of the circle, the higher the frequency of the keyword. Purple circles represent the node of BC > 0.1: purple circles are thicker and the BC is higher. (B) Timeline view of keywords. Each horizontal line represents a cluster; the circular nodes on the line represent the top three keywords with the highest frequency of occurrence in this time slice. The timeline is shown at the top of the figure, and the year corresponding to the node is its publication time. The link between nodes represents the co-citation relationship. (C) The 25 keywords with the strongest citation bursts. The blue line denotes the time axis, whereas the red segment on the blue time axis shows the burst detection, indicating the start year, end year, and burst duration.




Table 1 | The information of clusters about keyword co-citation analysis.





Reference co-citation analysis

The identification of core literature in a certain field depends on the frequency of citations, and references with the highest cited frequency, namely, high-impact publications, are usually the focus of researchers. The top 10 cited references with the highest number of citations are shown in Table 2. The themes of references with the highest frequency of citations are divided into three parts: guidelines (diagnosis and management of 2017 ELN recommendations, and 2016 WHO classification revision from 2016 WHO); reviews of prognostic relevance of genomic classification and epigenetic landscapes (DNMT3A mutations) in AML; and targeted drugs for AML (midostaurin plus chemotherapy for FLT3 mutation, and enasidenib for relapsed or refractory AML).


Table 2 | The top 10 cited references with the highest cited frequency.



Figures 5A, B shows the co-citation network and the timeline view of reference sources on targeted therapy in AML and related studies. The timeline view is a visualization method that combines clustering and time-slicing techniques. Items are ranked according to their early or late appearance after clustering, displaying both the topic distribution in the field and illustrating the trends and interconnections of research topics over time. The references with the highest BC were Wang F 2013 (BC = 0.15), followed by Papaemmanuil E 2016 (BC = 0.12), Dombret H 2015 (BC = 0.10), Patel JP, 2012 (BC = 0.10), and Welch JS, 2016, (BC = 0.10), namely, these are the critical research authors driving research on the development of targeted therapy in AML. In Figure 5B, a straight line at the same horizontal position indicates all the references belonging to the group, with the group label located at the right-hand end of the line. Each cluster represents the fundamental knowledge of the underlying specialty.




Figure 5 | Co-citation network and timeline view of references. (A) Reference co-citation network. The circles in Figure 4A indicate references. (B) Timeline view of references. The circular nodes on the line represent the three most cited references in this time slice.



As can be seen in Figure 5B, research on AML-targeted therapy focused on MLL-rearranged leukemia (cluster #1), TET2 mutations (cluster #9), and DNA methyltransferase cluster #11) from 2007 to 2013. Research on targeted therapy in AML shifted to venetoclax resistance (cluster #0), novel therapy (cluster #3), and FLT3 mutations (cluster #4) from 2013 to 2021. The largest cluster focused on venetoclax resistance. The information, which consisted of highly cited and representative terms, in each group is shown in Table 3.


Table 3 | The information of clusters about reference co-citation analysis.






Discussion


General information

Targeted therapy in AML has received increasing attention. In the past decade, the number of publications in this field has increased rapidly. Through the co-authored network analysis of countries and institutions, we found that the United States and Germany were the representative countries with the highest BC and were found in different clusters, surrounded by other countries. The MD Anderson Cancer Center of the University of Texas, the Memorial Sloan Kettering Cancer Center, the Dana-Farber Cancer Institute, and Harvard Medical School, and Harvard University ranked the top five in the number of articles published.

Ross L. Levine, Farhad Ravandi, and Guillermo Garcia-Manero were the top three most cited authors. We observed that Lars Bullinger and Ross L. Levine had extensive contact with other researchers. Farhad Ravandi and Guillermo Garcia-Manero collaborated closely and specialized in state-of-the-art treatments for leukemia at The University of Texas MD Anderson Cancer Center (21). The research field of the co-author could be determined from the clusters of label names. Related fields involved the following topics: leukemic transformation, clonal hematopoiesis (CH), myelodysplastic syndrome (MDS), and FLT3 study. Of these, the year of CH clustering was the most recent. We also noticed that the following categories were involved in driving the development of the field: biochemistry and molecular biology, pharmacology and pharmacy, immunology, applied microbiology and biotechnology, and chemistry. There are various degrees of interrelatedness between targeted therapy in AML and different categories, namely, the field of targeted therapy in AML is innovative and interdisciplinary.

We can discover topic distribution in the field and trends of research topics over time. Through the co-citation timeline, we found that research on targeted therapy in AML had changed to venetoclax resistance (cluster #0), novel therapy (cluster #3), and FLT3 mutation (cluster #4) over the past decade. The clustering of keywords focused on cell-targeted therapy [chimeric antigen receptor T cells (CAR-T) and natural kill cells], signaling pathways (mTORC1), epigenetic therapies, and leukemic stem cells (LSCs). Combined with clustering of keywords and cited references, it is obvious that LSCs appeared not only in clustering of keywords but also in clustering of cited references, such as the largest cluster representing venetoclax resistance.



Research progress on targeted therapy in AML


Tyrosine kinase 3 (FLT3) inhibitor

The key term “FLT3 inhibitor” was present in a cluster of co-references and in the keywords having the strongest citation burst, respectively. Up to 2017, the European Leukemia-Net (ELN) adjusted and updated cytogenetic and genomic mutations to the classification based on relative evidence. ELN categories were developed to correlate with genetic abnormalities having a clinical prognostic impact. The categories of these guidelines are divided into favorable, intermediate, and adverse. The adverse categories included FLT3-ITD with a high allelic ratio (22). FLT3 mutations associated with an adverse prognosis have been identified in approximately one-third of patients with AML and represent an attractive therapeutic target.

The clinical development of FLT3 inhibitors is one of the most active fields in AML (23). The standard first-line treatment for AML had not changed for more than 45 years (24). With the advent of FLT3 inhibitors, the treatment armamentarium for FLT3-mutated AML has begun to expand. First-generation agents, such as midostaurin, sorafenib, and lestaurtinib, are broad-spectrum tyrosine kinase inhibitors. Midostaurin became the first targeted therapy approved by the United States Food and Drug Administration (FDA) for FLT3-mutated AML in 2017 (25, 26). In the international randomized phase III RATIFY trial, the multikinase inhibitor midostaurin significantly improved overall and event-free survival in patients aged 18 to 59 years of age with FLT3-mutated AML (27). Data from a phase II single-arm trial have provided evidence that midostaurin also improves the outcome of patients of 60 to 70 years of age with FLT3-ITD positive AML (28). The National Comprehensive Cancer Network Clinical Practice Guidelines recommend clinic trails for patients harboring molecular mutations. When a complete remission (CR) is observed, enrollment in a clinical trial is recommended for patients. Other recommendations include intermediate dose cytarabine and midostaurin for patients with FLT3-mutation–positive AML (28, 29). In addition, next-generation FLT3 inhibitors, such as gilteritinib, quizartinib, and crenolanib, are more selective and have shown promising activity as single agents in early phase trials (30).

Although considerable progress has been made in the treatment of AML by targeting FLT3, many challenges still remain. Many resistance mechanisms have been identified with FLT3 inhibitors, but not all have been fully elucidated. These resistance patterns render FLT3-targeted molecules ineffective in many ways, making them difficult to overcome. Furthermore, although several FLT3 inhibitor studies have included maintenance therapy (31), additional studies are still needed to confirm these findings.



Epigenomic landscapes

Aberrations of DNA methylation also rank among the most frequent alterations observed in patients with AML. Recurrent somatic alterations in myeloid malignancies of key proteins involved in DNA methylation have highlighted the importance of epigenetic regulation of gene expression in the initiation and maintenance of various malignancies (32).

DNMT3A is one of several epigenetic modifiers identified as recurrently mutated in AML. DNMT3A mutations have also been identified in patients with MDSs (31) and myeloproliferative neoplasms (33) and are associated with a greater likelihood of progression to AML. In fact, in some studies, the same DNMT3A mutation as the antecedent hematologic disorder is identified in secondary AML, suggesting that these mutations may be an early event in malignant clonal evolution (34). These observations are further reinforced by recent findings demonstrating that recurrent DNMT3A mutations are frequently present in a pool of preleukemic clonal hematopoietic stem cells (HSCs) from which AML develops (35). These HSCs have a competitive multilineage repopulation advantage over wild-type HSCs and also have been demonstrated to persist after chemotherapy, thus acting as a reservoir for therapeutic resistance (36). Epigenetic alterations result in changes in gene expression in the absence of modifications of the relevant DNA sequence. Such alterations have the potential to promote stem cell renewal and alter progenitor cell differentiation (4, 37).

In other citations, TP53 mutations and decitabine treatment have a high BC value in AML and MDS. With more and more researchers focusing on the role of DNA methylation in AML, decitabine (5-aza-2-deoxycytidine), a strong specific inhibitor of DNA methylation, is commonly used as a single agent to treat patients with MDS and older aged patients with AML (38). However, response rates are low. Extended treatment exposure to decitabine (administered on days 1 through 10 of the 28-day cycles instead of on days 1 through 5) shows an improved response rate (ranging from 40% to 64%). Patients with AML and MDS presenting cytogenetic abnormalities associated with unfavorable risk, TP53 mutations, or both had favorable clinical responses and robust (but incomplete) mutation clearance after receiving serial 10-day courses of decitabine. They achieved overall survival rates similar to those among patients with AML who had an intermediate-risk cytogenetic profile and who also received serial 10-day courses of decitabine (39).

Targeted epigenetic therapies are effective therapies in advanced preclinical and early clinical development (40). Isocitrate dehydrogenases (IDHs) are present in 15%–30% of AML patients (41). If mutations occur in IDH1 and IDH2, then it would leads to gene hypermethylation, resulting in cellular proliferation, aberrant gene expression, and the inhibition of myeloid differentiation (42). It is reported that co-occurrence of IDH and TET methylcytosine dioxygenase 2 (TET2) mutations leads to DNA hypermethylation, contributing to leukemogenesis (41, 43, 44). IDH1/2 inhibitor interrupts epigenetic changes. Recently (45), IDH inhibitors have been approved by the FDA: the IDH1 inhibitor ivosidenib (AG-120) and the IDH2 inhibitor enasidenib (AG-221) (43).

Advances in genomics, epigenetics, and drug discovery have led to the development of several potential novel therapeutic agents, many of which are being investigated in ongoing clinical trials. Additional studies will be necessary to determine how best to incorporate these novel agents into the routine clinical treatment of AML (10). The epigenetic therapies for AML might be one of the most important future treatment options (46, 47).



Mixed lineage leukemia–rearranged leukemia

Mixed lineage leukemia (MLL) family, also named the human KMT2 family, due to the role of the first member KMT2A was found in this disease. Recent exome sequencing studies have revealed that the KMT2 genes are among the most frequently mutated genes in many types of human cancers (48). Rearrangements in the MLL gene cause aggressive AML leukemias that follow an aggressive clinical course with poor response to conventional chemotherapy and frequent early relapse (49).

A new menin-MLL inhibitor (VTP-50469) appears to promote leukemia cell differentiation through direct effects on the HOX cofactor MEIS1 [HOX expression has been shown to be essential to maintain the leukemic phenotype of MLLr (50)]. The MEIS1 HOX cofactor plays a key role in maintaining a functional HOX network in AML (51)), paving the way for clinical trials (10). VTP-50469 not only induced loss of Meis1 expression and significant differentiation of cytosolic NPM1(NPM1c) leukemic cells but also prevented long-term engraftment and subsequent transformation of NPM1c-GMPs into leukemic cells after secondary transplantation in mice. Furthermore, the inhibitor was identified to suppress growth and induced differentiation in human NPM1c AML cells in patient-derived xenograft models (52).

In addition, there are other promising novel drugs: the DOT1L inhibitor pinometostat is activated in KMT2A-rearranged AML, KO-539, and SNDX-5613 (both are menin inhibitors) useful for KMT2Ar and NPM1-mutated AML (10). For example, in a phase I trial, KO-539 may be active in patients with AML. The agent induced CRs in two patients with relapsed/refractory disease and showed signs of activity in several patients (53).

The increasing availability of high-throughput genomic technologies in clinical settings allows a more accurate diagnosis of MLL-rearranged leukemia, which may provide an individual therapeutic strategy in time. The menin-MLL inhibitor may become a promising preclinical drug and worth investigating in the future, which will benefit patients with poor response to conventional chemotherapy and frequent early relapse.




Research hotspots and focus


Leukemia stem cells

Recently, research has focused on LSCs in AML (54). Mounting evidence shows that LSCs are the key drivers of relapse in AML (55).

Relapse is a major problem in AML. Although chemotherapy can achieve CR in most patients with AML, approximately two-thirds of patients relapse within 18 months (56). The underlying reason for treatment failure is increasingly attributed to the presence of a drug-resistant subpopulation of AML cells, especially leukemia-initiating cells or LSCs (57). Most HSCs are usually in a state of quiescence. A subpopulation of AML cells is the same as HSCs, which means that LSCs also acquire quiescence. Quiescence is an important contributor to LSC drug resistance, as conventional chemotherapeutics target dividing cells (58).

The clonal representation of AML at the time of disease relapse reflects the continued evolution of LSC in many patients during remission. At relapse, minor clones present at diagnosis can emerge as dominant ones, or founder clones can re-emerge with new subclonal structures (59, 60). Even in rare cases of late relapse, residual LSCs from founder clones are the usual cause (61). In many reported cases, new mutations, particularly transversions, are present in relapsed clones (59, 60), suggesting that chemotherapy itself induces DNA damage that accelerates LSC clonal (62).

Treatment regimens targeting the quiescent LSC population or targeting niche-driven drug resistance are beginning to emerge. For example, combination drug treatments where the first treatment aims to activate quiescent LSCs or remove them from the quiescence driving niche, such as CXCR4 antagonists or E-selectin inhibitors that potentially block CD44 activation, combined with a cytotoxic drug, hold promise (63, 64). The differences between LSC and HSC quiescence are an important direction for the identification of targets for AML treatment in the future.



Clonal hematopoiesis

The number of gene mutations increases with age. Strong evidence in AML points to the origins of LSCs in preleukemic cells that arise through the sequential accumulation of somatic DNA mutations in HSCs (65, 66). Among those mutations, one may arise that confers a fitness advantage for a cell. When this process occurs in the hematopoietic system, a substantial proportion of circulating blood cells can derive from a single mutated stem cell, which is called “clonal hematopoiesis” or CH (56, 67).

Early mutations enhance or acquire self-renewal potential and differentiation impairment (68, 69), both of which can lead to variably expanded clonal populations of preleukemic HSCs in patients (60, 70). Late mutations in molecules within signaling pathways (for example, FLT3) promote proliferation, impose a full differentiation block, and drive the development of AML (71).

Previous research based on large samples found that CH is largely the result of mutations in fixed “early” mutational events: The genes that encode epigenetic modifiers, DNMT3A and TET2, are the two most common mutations; the third most commonly mutated gene was ASXL1, whereas mutations in splicing factors (SF3B1, SRSF2, PRPF8, and U2AF1) were also frequent (72).

Cancer-free individuals with somatic mutations in a cancer-associated variant (with a variant allele fraction equal or greater than 2%) should be considered to have CH of indeterminate potential (CHIP) (56). The most common mutations in CHIP are also recurrent drivers of AML. People with CHIP would be likely to develop AML, because they have the “first hit” needed for malignant transformation. Mutations in DNMT3A, ASXL1, IDH1/2, and TET2 are often acquired at the early stage of the “two-hit hypothesis” (73–75). To refine the risk estimates for developing AML associated with CH, two groups have conducted studies with a large population having several years of follow-up (76, 77). The results indicated that individuals with antecedent CH had an approximately ~3- to 5-fold increased risk of developing AML in subsequent years (72).

The research into CH may be a promising field and worth focusing on. Such research could provide a theory for screening for people at especially high risk of transformation in the future. Additional studies are needed to understand and discover CHIP. Most importantly, it is necessary to find ways to reverse the pathogenic effects of CHIP. Ideally, drugs that can suppress mutant clones in the future should be identified, which could block malignant transformation in the “first hit” state to some extent.



Chimeric antigen receptor T cell

Recently, with the development of immunotherapy, CAR-T therapy targeting AML cells is undergoing active development (78). The treatment strategy for AML is shifting from being limited to two selections (cytotoxic chemotherapy followed by hematopoietic stem cell transplant or hypomethylating agent) to the availability of various novel target therapies (45).

After the great success in B cell malignancies, scientists turn to focus on CAR products that could target AML; however, there has been hindered by several obstacles. Numerous antigens are being investigated to find the ideal AML target, one that is expressed solely by the AML cell, including the LSCs, and that is a driver for AML proliferation. The majority of CAR T or NK cell antigens are cell surface antigens, which are commonly expressed by normal HSCs. Targeting intracellular antigens with CAR T or NK cells is a much more laborious task that involves expression of the intracellular antigen, or segments of the antigen, on the cell surface. FLT3, transmembrane receptor tyrosine kinase, has a vital role in maintaining normal HSC and progenitor cell function, including proliferation and differentiation. Wang et al. described potent in vitro cytotoxicity of FLT3 CAR Ts in AML cell lines, especially in cells harboring the FLT3-ITD mutation (79). Surprisingly, the growth of normal CD34+ HSC was not inhibited by the CARs. Administration of the anti-FLT3 CAR also prolonged survival of mice in a human FLT3+ AML xenograft mouse model.




Further challenges

As we can observe, the largest cluster in the co-citation network of references is venetoclax resistance. Drug resistance causing treatment failure and relapse raises increasing concern. Despite the discovery of multiple molecular and targeted therapeutic targets and the ongoing development of various targeted therapies, there are still major challenges for resistance to targeted drugs.

Because of the genomic and/or epigenetic complexity of AML, with clonal heterogeneity and multiple lesions already present at diagnosis and subsequent further evolution throughout the course of the disease that often leads to the emergence of additional subclones with different resistance mechanisms, new targeted therapies are likely to have only moderate activity. When venetoclax is used as a single agent, therapeutic resistance inevitably evolves, typically within weeks or months.

The true anti-leukaemic potential of venetoclax was revealed only in combination with other agents, resulting in its approval in combination with hypomethylating agents or low-dose cytarabine, in elderly AML, but not as a monotherapy (80, 81). We have learned that the efficacy is markedly enhanced and might become evident only when the use of these agents is combined with other therapies, such as standard of care chemotherapies or HMA. Therefore, how to overcome drug resistance will become a new topic in the future.



Limitations

There were some limitations in this study. First, our analysis was based on articles from the WoSCC database. Because of the restriction of the program, we only included Web of Science data. However, had more databases been included, a broader coverage of studies would have been provided. Second, because of the restriction of the program, the study interval was not extensive, with the extracted articles published from 2012 to 2021.




Conclusions

This review has revealed that targeted therapy for AML has developed rapidly over the last decade. Through analysis of clusters (co-author, keywords, and cited references), we defined the topic distribution in the field and the trends in research topics over time. The research of targeted therapy in AML has shifted to venetoclax resistance, novel therapy (such as targeting epigenetic modification), and FLT3 mutation during the past decade. The clustering of keywords focused on cell-targeted therapy (CAR-T and natural killer cells), signaling pathways (mTORC1), epigenomic and epigenetic targeted therapies, and LSCs.

The advances in FLT3 inhibitors and the discovery of epigenetic therapies (such as IDH1/2 inhibitors) have led to the development of many potential novel therapeutic agents, many of which are being investigated in ongoing clinical trials. With the development of immunotherapy, CAR-T therapy targeting AML cells is rapidly developing. Therapy combination may give us possibilities for various treatments.

As we can observe, the largest cluster in the co-citation network of references was venetoclax resistance. Drug resistance that causes failure and relapse of treatment raises growing concern. LSCs play a key role in relapsed AML, which would be a challenge but important direction for identification of targets for AML treatment in future. Furthermore, as a pre-leukemic event, CH has also received attention in the field of targeted therapy in AML. Ideally, drugs that can suppress mutant clones in the future will be found, which could block malignant transformation in the “first hit” state to some extent.

Through bibliometric analysis, our study provides insight into the process of developing targeted therapy in AML and provides a perspective on the clinical development of a variety of precision treatment approaches. We hope that our study will provide researchers with a deeper understanding of AML pathogenesis and treatment.
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The activating molecule in Beclin1-regulated autophagy protein 1 (AMBRA1) is an intrinsically disordered protein that regulates the survival and death of cancer cells by modulating autophagy. Although the roles of autophagy in cancer are controversial and context-dependent, inhibition of autophagy under some circumstances can be a useful strategy for cancer therapy. As AMBRA1 is a pivotal autophagy-associated protein, targeting AMBRA1 similarly may be an underlying strategy for cancer therapy. Emerging evidence indicates that AMBRA1 can also inhibit cancer formation, maintenance, and progression by regulating c-MYC and cyclins, which are frequently deregulated in human cancer cells. Therefore, AMBRA1 is at the crossroad of autophagy, tumorigenesis, proliferation, and cell cycle. In this review, we focus on discussing the mechanisms of AMBRA1 in autophagy, mitophagy, and apoptosis, and particularly the roles of AMBRA1 in tumorigenesis and targeted therapy.
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Introduction

The global incidence and mortality of cancers have been dramatically increasing annually (1). In recent decades, cancer has been a leading cause of death and severely impacted life expectancy worldwide (2). At present, the strategies of cancer treatment mainly include surgical excision, chemotherapy, radiotherapy, and immunotherapy. However, the results of these treatments are still unsatisfactory. The molecular and cellular mechanisms of cancer have been explored in the last decades, but metastasis, chemoradiotherapy resistance, and recurrence are still the key obstacles to cancer treatment (3–6). Consequently, there is a dire need of figuring out the underlying mechanisms of cancers and find ways to cure them.

Autophagy is a cellular process that regulates the degradation of its cytoplasmic components via lysosomes. There are three major autophagy pathways, including macro-autophagy, micro-autophagy, and chaperone-mediated autophagy (CMA), which mainly differ in delivery methods and wrapped cargoes. Macro-autophagy wraps and degrades intracellular cargoes through autophagosomes with a bilayer membrane structure by fusing with lysosomes eventually (7, 8), while mitophagy is a selective macro-autophagy for mitochondria decomposition (9). Micro-autophagy, compared with macro-autophagy, directly engulfs the organelles via lysosomal deformation (10). CMA degrades the KEFRQ motif-containing proteins with the help of a chaperone heat shock protein of 70 kDa (HSP70) (11). For the macro-autophagy (generally accepted as the term “autophagy”) process, the formation of autophagosome is mainly divided into initiation, nucleation, elongation, and maturation. Although autophagy has a controversial effect on tumors in a context-dependent manner (12), autophagy disorder impacts the initiation and progression of cancer. Therefore, autophagy may be a promising target for cancer therapy.

The activating molecule in Beclin1-regulated autophagy protein 1 (AMBRA1), identified as an autophagy-associated protein initially, is a fundamental factor in the process of autophagosome formation (13). Furthermore, AMBRA1 is an intrinsically disordered protein that accounts for its great plasticity, which enables it to be a splendid scaffold protein connecting other intracellular processes related to autophagy (14–16). Through multifarious molecular interaction techniques, such as mass spectrum, genetic engineering technology, co-immunoprecipitation (co-IP), and yeast two-hybrid screening, numerous interaction partners of AMBRA1 have been demonstrated, as summarized in Table 1. Therefore, not surprisingly, AMBRA1 participates in diverse physiological and pathological processes, for instance, embryogenesis, neural development, tumorigenesis and proliferation, differentiation, and epithelial–mesenchymal transition (EMT) (13, 26, 33–36, 42–45).


Table 1 | The interaction partners of AMBRA1 protein.



AMBRA1 plays multi-functional roles in intracellular physiological and pathological processes. The aberrant expression and dysregulation of AMBRA1 positively and negatively control tumor formation and progression through diverse signal pathways, such as c-MYC, cyclin D, mTOR, PI3K, STAT3, and TGFβ (21, 23, 24, 26, 34, 38). Thus, AMBRA1 may be a potential target biomarker for future cancer therapeutics.



AMBRA1-protein structure and subcellular location

AMBRA1 was firstly identified by Francesco Cecconi using a gene-trap expression and mutational analysis to seek genes expressed in the development of the nervous system in 2007 (13, 46). AMBRA1 gene is located in chromosome 11p11.2 with 24 exons, and it encodes a protein with a linear sequence of 1,298 amino acids. The subcellular location of AMBRA1 is mainly in cytoplasmic structures, such as autophagosome, cytoskeleton, endoplasmic reticulum, and mitochondria, and it is also found to be localized in the nucleus (13, 17, 18, 28, 29). Interestingly, the subcellular localization of AMBRA1 is dynamic, which primarily depends on autophagy induction. In the absence of autophagy induction, AMBRA1 tends to partially locate at mitochondria and cytoskeleton, and AMBRA1 re-localizes to the endoplasmic reticulum to enable autophagosome nucleation upon autophagy induction (17, 18).

AMBRA1 has no obvious domains but the WD40 domain at its N-terminus (13, 26). WD40 domain contains ~40 amino acids and acts as a binding site for the interaction of the protein with protein or DNA, so AMBRA1 can present a scaffold that assembles protein complexes or mediates transient interplay with other proteins (47). Furthermore, AMBRA1 contains 3 motifs-two PxP motifs, two TQT motifs, and one light chain 3 (LC3) interacting region (LIR) motif (Figure 1). The PxP motifs, corresponding to the aa 275-281 and aa 1177-1183 of AMBRA1, resemble the SH3 motif and bind with the catalytic subunit of protein phosphatase 2A (PP2A) to regulate c-MYC (26, 27). The TQT motifs located on the AMBRA1 C-terminal sequence mediate the interaction with the dynein light chain 1 (DLC1), fastening AMBRA1 to the dynein motor complex in the absence of autophagy induction (17). The LIR motif on its C-terminal region is critical for the binding between AMBRA1 and the autophagy-related protein 8 (ATG8) family proteins light chain 3 beta (LC3B) (28). Finally, AMBRA1 is cleaved by caspases at D482 during apoptosis (Figure 1). Its C-terminal part generates a BH3-like domain, called AMBRA1CT, which acts as a pro-apoptotic factor by directly binding and inhibiting anti-apoptotic factor B-cell lymphoma 2 (BCL2) (20, 48, 49).




Figure 1 | The domains and motifs of AMBRA1 protein. AMBRA1 contains WD40 domain (aa 1–175) and three kinds of motifs-two PxP motifs (aa 275–281 and 1206–1212), two TQT motifs (aa 1104–1106 and 1116–1118), and an LIR motif (aa 1043–1052). At the D482 site, AMBRA1 is cleaved by caspases.





The role of AMBRA1 in autophagy initiation and apoptosis

In 1957, autophagy was first noted by Clark in the kidneys of neonatal mice by using an electron microscope (50) and firstly described by Deter and De Duve in the late 1960s without unveiling underlying mechanisms (51). In 1996, Oshumi and co-workers found ~30 autophagy-related genes (ATGs) in yeast (52, 53), which opened a new horizon for surveying this basic cellular process. Autophagy is a self-digestion process that engulfs impaired organelles or proteins to decompose into small molecules for cell reutilization, and this process is fundamental for cell survival.

The paralleled levels of AMBRA1 and autophagy suggest that AMBRA1 is one of the pivotal proteins regulating autophagy. Under normal conditions, AMBRA1 remains in a low or dormant state: 1) AMBRA1 preferentially binds to BCL2 at the outer mitochondrial membrane (18); 2) AMBRA1 is a vital component of the BECLIN1/VPS34 complex, which is harnessed to the cytoskeleton through an interaction between the AMBRA1 and DLC1 (13, 17); 3) mTORC1 phosphorylates and inhibits AMBRA1 and ULK1, a protein kinase responsible for the recruitment of ATG proteins to the pre-autophagosomal structure. Furthermore, the DEP Domain Containing MTOR Interacting Protein (DEPTOR), an inhibitor of mTOR activity, is degraded by SOCS/ELONGIN B (ELO B)/CULLIN 5 (21, 22, 25, 54) (Figure 2). All the above processes prevent the activation phosphorylation of AMBRA1. Upon autophagy induction by glucose starvation, AMP-activated protein kinase (AMPK) inhibits mTORC1 through the phosphorylation of Tuberous Sclerosis 2 (TSC2) and Raptor with the result of reducing phosphorylation of ULK1 on Ser 757 and phosphorylation AMBRA1 on Ser 52 (21, 54). The phosphorylation of ULK1 on Ser 757 is reduced, and subsequently, AMPK directly interacts with and activates the dephosphorylated ULK1 by phosphorylating ULK1 on Ser 317 and Ser 777 (54). Moreover, the dephosphorylated AMBRA1/TRAF6 ubiquitylates ULK1 on Lys 63 to further promote ULK1 self-association, stability, and activity (21). The activated ULK1 kinase phosphorylates AMBRA1 and promotes its release from the dynein motor complex and relocates to mitochondria-associated membranes (MAMs) of the endoplasmic reticulum by interacting with CANX, GD3, WIPI1, ERLIN1, and Cardiolipin to enable autophagosome formation (17, 39–41, 55) (Figure 2). The exact phosphorylation site of AMBRA1 by ULK1 is unknown. As for the release of AMBRA1 from mitochondria upon autophagy induction, the underlying mechanism remains elusive, although ULK1 might be involved. In the autophagy induction stage, AMBRA1 not only regulates the activity of ULK1 kinase but also interacts with BECLIN1 and VPS34 and modulates their activity. In 2007, Gian Maria Fimia and colleagues firstly observed that AMBRA1 directly interacts with BECLIN1 and VPS34, and the downregulation of AMBRA1 markedly reduces BECLIN1-associated autophagy because of the reduced interaction between BECLIN1 and VPS34 (13). This corresponds to the characteristics of AMBRA1 as a scaffold protein that offers a platform for BECLIN1 and VPS34 interaction. To further identify the biological functions of AMBRA1, Antonioli et al. performed tandem affinity purification (TAP), sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and mass spectrometry to identify the interacting proteins of AMBRA1, and they found that some Cullin-RING ligase (CRL) components such as Cullin4, Cullin5, DNA damage-binding protein 1 (DDB1), Elongin B, and suppressor of G2 allele of SKP1 homolog (SUGT1) interact with AMBRA1, indicating that AMBRA1 is involved in mediating CRL ubiquitination activity (22). The temporal dynamic interaction of AMBRA1 with CULLIN 4 and CULLIN 5 regulates both the initiation and termination stages of autophagy, which keeps the autophagy under control.




Figure 2 | Regulation of AMBRA1 under normal conditions and autophagy induction. Left side: under normal conditions, AMBRA1 is relocated to the cytoskeleton through an interaction with DLC1, as well as with BCL-2 at the outer mitochondrial membrane. The mTORC1 inhibits ULK1 and AMBRA1 by phosphorylating ULK1 and AMBRA1, respectively. RNF2/DDB1/CULLIN4, together with WASH protein, ubiquitylates and degrades AMBRA1. SOCS/ELONGIN B/CULLIN5 ubiquitylates and degrades DEPTOR, resulting in activation of mTORC1 complex. Right side: upon autophagy induction of glucose starvation, AMPK inhibits mTORC1 and then reduces the phosphorylation of ULK1 and AMBRA1. Subsequently, AMPK directly interacts and activates the ULK1 by phosphorylation, and the dephosphorylated AMBRA1 ubiquitylates ULK1 to further promote the activity of ULK1. The activated ULK1 kinase phosphorylates AMBRA1, promotes its release from dynein motor complex, and relocates to mitochondria-associated membranes (MAMs). The degradation of AMBRA1 by RNF2/DDB1/CULLIN4 is inhibited, and therefore, AMBRA1 promotes DEPTOR accumulation and inhibits mTORC1 activity. The interaction between AMBRA1 and mito-BCL-2 is disrupted when mitophagy induction.



Selective engulfment of impaired mitochondria via autophagy, namely, mitophagy, is important for the efficient turnover of mitochondria. Experts found that the processes of mitophagy are mainly divided into receptor-mediated mitophagy and ubiquitin-mediated mitophagy in mammals. Emerging evidence indicates that AMBRA1 plays an important role in both processes (28, 56). As mentioned above, AMBRA1 preferentially interacts with mitochondrial BCL-2 (mito-BCL-2) in normal conditions, and the interaction between AMBRA1 and mito-BCL-2 is disrupted when mitophagy is activated (18). Van Humbeeck et al. revealed that AMBRA1 is a non-substrate interactor of E3 ubiquitin ligase Parkin, and the interaction of AMBRA1 and Parkin is enhanced upon mitochondrial depolarization, leading to the clearance of mitochondria in a Parkin-mediated manner (19). By analyzing the protein sequence of AMBRA1 and validating by immunoprecipitation study and point mutation of AMBRA1, Strappazzon and colleagues disclosed that AMBRA1 contains a LIR motif responsible for binding with LC3 in its C-terminus (28) . They also originally constructed a plasmid encoding myc-AMBRA1 fused to Actin assembly-inducing protein (ActA) that can target the AMBRA1–ActA protein to the outer mitochondrial membrane, ultimately proving that AMBRA1 acts as a powerful mitophagy regulator through Parkin-mediated and Parkin-independent mitophagy (28) (Figure 3). For Parkin-mediated mitochondrial clearance, the loss of mitochondrial membrane potential rapidly recruits AMBRA1 to the outer mitochondrial membrane (OMM), where it interacts with ATAD3A–TOMM–PINK1 complex to prevent PINK1 degradation by mitochondrial matrix protease Lon Peptidase 1 (LONP1). Then the increase of PINK1 on the OMM recruits Parkin from the cytosol to damaged mitochondria, leading to mitochondria clearance in a Parkin-mediated manner (37). In terms of PARKIN-independent mitophagy, AMBRA1 acts as a mitochondrial receptor, and E3 ubiquitin ligase HUWE1 promotes the LIR motif of AMBRA1 unfold to interact with LC3 (28, 31). However, for the origin of AMBRA1 in mitophagy, few studies have been conducted. It is speculated that mitophagy regulation by AMBRA1 may be attributed to the dissociation of mito-BCL-2. A study from Strappazzon and colleagues found that GSK-3β phosphorylates MCL-1 to release AMBRA1, while HUWE1 promotes MCL-1 degradation in Hela cells and MCF7 breast cancer cells (32), highlighting the need for further studies to elucidate molecular mechanisms of AMBRA1 and mito-BCL-2 in mitophagy. In conclusion, AMBRA1 plays a pivotal role in regulating mitophagy.




Figure 3 | AMBRA1 and canonical/non-canonical mitophagy. Under normal conditions, AMBRA1 interacts with BCL-2 at the outer mitochondrial membrane. PINK1 is transported to the inner mitochondrial membrane through the TOM/TIM complex, and then PINK1 is damaged by LONP1. Upon loss of mitochondrial membrane potential (Δψm), AMBRA1 separates with BCL-2 and relocates to OMM. PINK1 accumulates on the outer membrane surface where it associates with the TOM complex. AMBRA1 promotes mitophagy of damaged mitochondria in two major ways: i) in non-canonical mitochondrial clearance, AMBRA1 functions as a mitophagy receptor and accumulates on the OMM, promoting specific binding to LC3 through a conserved LC3-interacting region (LIRs) and regulating the formation of phagophore enclosing mitochondria. ii) In canonical mitochondrial clearance, the accumulation of PINK1 recruits cytosolic PARKIN and AMBRA1, which induces new phagophores through its effect on VPS34 and its LIRs.



The interplay between autophagy and apoptosis is complicated. The stimulus factors for autophagy and apoptosis are similar, but the diverse outcomes may be due to different sensitivity thresholds (57). AMBRA1 is at the intersection of autophagy and apoptosis; namely, AMBRA1 not only participates in autophagy but also plays roles in mitochondrial apoptosis (58). Along with the stress aggravation, AMBRA1-mediated autophagy fails to restore the normal function of the cell, and then the cell will initiate the apoptotic program. The full-length AMBRA1 is cleaved by caspases to remove the N terminus and turn into a pro-apoptotic BH3-like protein. The cleaved form of AMBRA1 binds and inhibits the activity of anti-apoptotic BCL2 family proteins BCL2, MCL1, and BCL2L1 to promote cell death (48). To sum up, AMBRA1 can simultaneously be a regulator in the process of autophagy and apoptosis.

Unfolded protein response (UPR) also regulates the cross-talk between autophagy and apoptosis (59). In general, activation of UPR promotes cell survival by inducing cytoprotective autophagy and inhibiting apoptosis (60). Cancer cells are often subjected to numerous intrinsic and extrinsic insults that result in the destruction of protein homeostasis (proteostasis) and the accumulation of unfolded or misfolded proteins in the endoplasmic reticulum (ER), which is known as ER stress (61). To counteract ER stress, cells activate a series of adaptive mechanisms of UPR to clear unfolded or misfolded proteins and restore proteostasis (62). UPR is controlled by three ER-transmembrane stress sensors, activating transcription factor 6 (ATF6), inositol-requiring enzyme 1α (IRE1α), and pancreatic endoplasmic reticulum kinase (PERK) (63). Under ER stress conditions, IRE1 phosphorylates BCL2 and BCL-XL by JUN N-terminal kinase (JNK), which promotes the dissociation of BECLIN1 and BCL2 families (59). Although the phosphorylation of BCL2 and BCL-XL by JNK has no effect on the binding between AMBRA1 and BCL2 proteins (18), UPR can also promote the activity of AMBRA1. Specifically, PERK inhibits mTORC1 by enhancing the expression of Tribbles Homolog 3 (TRB3) with the help of C/EBP homologous protein (CHOP) (59), while calcium release from ER also positively regulates the activity of AMPK (64), suggesting that UPR may activate the activity of AMBRA1 through both inhibiting mTORC1 and activating AMPK. However, if the insults are prolonged and severe, pro-survival UPR will transform into pro-apoptotic UPR. UPR can promote apoptosis by activating pro-apoptotic BCL2 proteins, BAX and BAK (65). The cleaved AMBRA1 can enhance the pro-apoptotic role of UPR by inhibiting the activity of anti-apoptotic BCL2 family proteins (48). These indicate that UPR and AMBRA1-mediated autophagy may coordinate with each other in modulating survival and apoptosis.



Role of AMBRA1 in tumorigenesis and tumor progression

c-MYC belongs to the “super transcription factors” family and is deregulated in >50% of cancers, which is an important target for cancer therapy (66). AMBRA1 regulates the activity of c-MYC through different pathways, and the roles of AMBRA1 in regulating c-MYC are controversial. Cianfanelli et al. investigated the cross-talk between two mTOR-dependent cell processes, autophagy induction and proliferation suppression, through four different approaches: gene-trap mutation in AMBRA1 locus, siRNA interference, Ambra1 heterozygous (Ambra+/gt) mice, and zebrafish embryo transplantation. The study finally identified that AMBRA1 interacts with the phosphatase PP2A and enhances its phosphatase activity on the proto-oncogene c-MYC, which further prevents tumorigenesis and tumor hyperproliferation (26). However, another study presented a different perspective that AMBRA1 is a tumor stemness-promoting factor in medulloblastoma (MB). Myc-Interacting Zinc Finger Protein 1 (MIZ-1) is a c-MYC cofactor, which is known to regulate AMBRA1 transcription directly (67). In MB subgroups of patients with enhanced levels of the c-MYC oncogene (MBGroup3), c-MYC correlating with MIZ-1 promotes the transcription of AMBRA1. Consequently, AMBRA1 promotes the activity of c-MYC through SOCS3/STAT3 pathway, which contributes to MBGroup3 stem potential, growth, and migration (23). The cancerous inhibitor of protein phosphatase 2A (CIP2A) is an oncoprotein that could inhibit PP2A and stabilize c-MYC in human malignancies (68). The mechanism of AMBRA1 and CIP2A in regulating c-MYC is similar in that they both are under the control of mTORC1 and regulate the activity of PP2A. AMBRA1 inhibits the activity of c-MYC by enhancing the activity of PP2A, which inhibits the proliferation and tumorigenesis of cancer, but CIP2A plays the opposite role on PP2A to AMBRA1 (69). However, whether there is a direct interaction between AMBRA1 and CIP2A is unknown.

In addition to c-MYC, the cell cycle protein cyclin D is another key target in cancer therapy (70). The cyclin D–cyclin-dependent kinase (CDK) 4/6 complex is the fundamental factor for cell cycle progression, which promotes the transition from the G0 or G1 to S phase temporally (71). Thus, the cyclin D–CDK4/6 complex is frequently overexpressed and hyperactivated in various cancers (72). Recently, there is a breakthrough in the mechanism of cyclin D decomposition. Three independent studies unveiled a novel ubiquitylation degradation mechanism of cyclin D. As a substrate receptor of the CULLIN 4/DDB1 complex, AMBRA1 directly binds and ubiquitinates cyclin D to promote its proteasomal degradation (34–36), while checkpoint kinase 1 (CHK1) is a key kinase in the replication stress response, and its inhibition aggravates DNA damage and leads to cell death in AMBRA1-null cancer cells (35). Furthermore, CDK2 is the catalytic subunit of the CDK complex, whose inhibition recovers the sensibility of AMBRA1-deficient tumors to CDK4/6 inhibitors palbociclib or abemaciclib (34). These findings elucidated therapeutic vulnerabilities in AMBRA1-deficient tumors and shed light on future clinical trials.

AMBRA1 is also associated with cancer development, including EMT, migration, invasion, and metastasis (26, 45, 73) (Figure 4). Interestingly, AMBRA1 plays an oncogenic role in hepatocellular carcinoma, metastatic breast cancer, and medulloblastoma, whereas AMBRA1 seems to be a tumor suppressor in colorectal cancer cell, melanoma, and squamous cell carcinoma (23, 24, 29, 33, 38, 45, 74, 75). The different effects of AMBRA1 in cancers may be due to diverse types and stages of cancer, as AMBRA1 is an autophagy-associated protein and has different roles depending on the gene context (76). Future studies need to focus on ascertaining the underlying mechanisms of how AMBRA1 plays opposite roles in different cancer types and figure out the gene context determining different functions of AMBRA1.




Figure 4 | The major AMBRA1-related signaling pathways in cancer. AMBRA1 ubiquitinates cyclin D to promote its proteasomal degradation. AMBRA1 inhibits the proliferation, invasion, and metastasis of melanoma by inhibiting the phosphoactivation of FAK1. AMBRA1 inhibits the activity of c-MYC by enhancing the activity of PP2A, thereby inhibiting the proliferation and tumorigenesis of cancer cells, whereas AMBRA1 also promotes the activity of c-MYC through SOCS3/STAT3 pathway, enhancing tumor stem potential, growth, and migration of MBGroup3 stem cells. AMBRA1 promotes chemoresistance and survival in breast cancer cells through the AKT-FOXO1-BIM axis. AMBRA1 inhibits tumorigenesis and carcinogenesis by ubiquitylating ALDH1B1, a cancer stem cell marker. AMBRA1 mediates non-proteolytic polyubiquitylation of SMAD4 to enhance its transcriptional functions. Consequently, AMBRA1 potentiated TGFβ signaling and critically promoted TGFβ-induced epithelial-to-mesenchymal transition, migration, and invasion of breast cancer cells.





AMBRA1—a potential target for anticancer therapy

One of the major barriers in anticancer therapies is attributed to tumor resistance to apoptosis (30). As mentioned above, AMBRA1, an autophagy-related protein, is the direct substrate of caspases and calpains and acts an important role in apoptosis as well (13, 48). However, AMBRA1 is at the crossroad between autophagy and apoptosis and might be a novel prognostic and therapeutic candidate target for cancer therapy.

The role of autophagy in cancer therapies remains controversial (76). AMBRA1 is an autophagy-related protein and plays an important role in autophagy induction, so it can enhance resistance or sensitivity to chemotherapeutic agents in cancer treatment. In general, AMBRA1-mediated autophagy is pro-tumoral. Specifically, AMBRA1-mediated autophagy reduces the sensitivity to cisplatin in pancreatic cancer cells, ovarian cancer cells, and oropharyngeal squamous cell carcinoma cells (77–79). Sun et al. reported that AMBRA1 inhibited paclitaxel-induced apoptosis and chemosensitivity via the AKT−FOXO1−BIM pathway in MCF-7 and MDA-MB-231 breast cancer cells (80, 81). The same group also found that AMBRA1 expression level was negatively correlated with the sensitivity of breast cancer cells to epirubicin previously (82). In contrast, AMBRA1-associated autophagy may also be anti-tumoral. Shen and colleagues unveiled that AMBRA1 was significantly upregulated in MDA-MB-231 and MDA-MB-453 cells after treating with cisplatin. While treating these cancer cells with a classic autophagy inhibitor 3-methyladenine (3-MA), they found that the cytotoxicity of cisplatin is impaired, which indicates that AMBRA1-mediated autophagy could enhance the cytotoxicity of cisplatin (83). Therefore, in the following studies, the identification of specific cell contexts in which AMBRA1-mediated autophagy exerts chemo-sensitization or resistance will be beneficial to potential AMBRA1 targeting therapies.

Radiation therapy is another classical cancer treatment scheme, and AMBRA1 also regulates tumor sensitivity to radiotherapy. AMBRA1-associated autophagy promotes the transition from hyper-radiosensitivity to induced radio-resistance in A549 and H460 human lung adenocarcinoma cell lines (84). Calcitriol, an active metabolite of vitamin D, enhances the sensitivity to irradiation in SiHa and CaSki cervical cancer cells by promoting AMBRA1 degradation (85). Therefore, the combination of AMBRA1 suppression and chemoradiotherapy may achieve a favorable outcome. Although the effect of AMBRA1-mediated autophagy on chemoradiotherapy is relatively limited at present, many studies indicated that BECLIN1 has a significant impact on chemoradiotherapy (86–89). Given that AMBRA1 is a vital component of the BECLIN1/VPS34 complex and regulates the activity of BECLIN1 (13), it is suggested that AMBRA1-mediated autophagy influences chemotherapy and radiotherapy. However, the difference between AMBRA1- and BECLIN1-associated autophagy needs to be further investigated.

In addition to the two classic treatments mentioned above, cancer immunotherapy as an emerging trajectory has played a more critical role in cancer therapy in the last decade. AMBRA1 is also involved in immune regulation, as AMBRA1 regulates the activities of various subtypes of T cells. Firstly, previous studies have shown that autophagy is associated with the survival, differentiation, and activation of T cells (90). Sato et al. found that AMBRA1 regulates the activity of OVA53 precursor T cells and naive T cells in an autophagy-dependent manner (91). Furthermore, this group also found that AMBRA1 regulates the proliferation of precursor T cells and naive T cells in an autophagy-independent manner (92). This regulation might be attributed to the recent finding that CULLIN4–AMBRA1 E3 ligase regulates the stability of cyclin D to control the cell cycle (35). Becher et al. also presented that AMBRA1 promotes differentiation and maintenance of human regulatory T cells by facilitating FOXP3 transcription in vitro and in vivo (27). The suppressor of cytokine signaling-3 (SOCS3) is a well-known feedback inhibitor of the JAK/STAT3 pathway, and STAT3 is central in regulating the anti-tumor immune response (93–95), while AMBRA1 activates STAT3 through suppression of SOCS3 in hepatocellular carcinoma and medulloblastoma (23, 24), indicating that the regulation of tumor immunogenicity by AMBRA1 may be in a STAT3-dependent manner.

Finally, a growing number of studies found that microRNAs (miRNAs), ~22-nt non-coding single-stranded RNAs, are directly associated with some important physiology and disease progression of plants and animals in a post-transcription modification manner. Insights into the roles of miRNAs in cancer have made miRNAs attractive targets for novel therapeutic approaches (96). By analyzing four independent databases (97–100) (DIANA-microT v5, TargetScan 8.0, microrna.org, and PicTar), only miR-23a-3p, miR-7-5p, miR-9-5p, and miR-200bc-3p/429 were identified as potential miRNAs targeting AMBRA1, suggesting the limited number of conserved miRNA binding sites in 3′-UTR of AMBRA1 mRNA. These miRNAs can regulate chemosensitivity and cancer proliferation by targeting AMBRA1 mRNA. MiR-23a-5p and miR-23a-3p derive from the same precursor miRNA-23a but are processed from the 5′ and 3′ arms, respectively. MiR-23a-5p restored the sensitivity of NB4 cells to arsenic trioxide (ATO) by targeting AMBRA1, and similar results were obtained in U937 cells. Moreover, clinical samples analysis revealed that miR-23a-5p is correlated with the NF-κB pathway in relapsed acute promyelocytic leukemia patients (101). MIR7–3HG promoted cell proliferation by targeting AMBRA1 mRNA, which prevented c-MYC degradation to enhance transcription in HeLa cells and A549 cells (102). A recent study found that miRNA-198 targeted AMBRA1 mRNA and regulated the enzalutamide-resistant prostate cancer growth in vitro and in vivo (103). Since miRNA is highly tissue-specific and can be used to predict molecular phenotypes of cancers, these specific miRNAs might be used as a basic approach to diagnose and treat cancers of AMBRA1 abnormity.



Conclusions and perspectives

The incidence and mortality of cancer are increasing yearly, and cancer is the major source of the global disease burden. A systematic analysis estimates that the burden of cancer will continue to rise for at least the next 20 years (104). As the pathogenesis of tumors is complicated, tons of studies unveiled many mechanisms of tumor initiation and progression (105–109). AMBRA1 as an emerging haploinsufficient tumor suppressor plays a pivotal role in tumorigenesis and progression (26, 45). Furthermore, AMBRA1-mediated autophagy plays controversial roles in chemoradiotherapy (78, 79, 81–84), and the different roles of AMBRA1-associated autophagy in cancer treatment seem to depend on tumor type, stage, and genetic context (76).

AMBRA1 is an intrinsically disordered protein that was associated with various tumor progressions, including autophagy, tumorigenesis, proliferation, EMT, and apoptosis (26, 34, 45, 48). Studies found that AMBRA1 regulates tumorigenesis by targeting the activity of c-MYC, STAT3, and ALDH1B1 (23, 26, 33). In addition, AMBRA1 also regulated tumor proliferation, EMT, migration, and invasion by inhibiting cyclin D, FAK1, and Smad4 (34–36, 38, 45). However, these studies were mainly conducted in vitro; further work will be focused on validating these findings in vivo. In addition, it would be interesting to understand how AMBRA1 itself is regulated, both with relation to the cell cycle and in light of the multiple well-established functions. Moreover, several AMBRA1 isoforms are annotated in the human genome. It also remains to be determined whether these possible protein isoforms exist in cells and, if so, how their functions differ.

Currently, the post-translational modifications (PTMs) of AMBRA1 are only focused on phosphorylation and ubiquitylation (21, 22, 110), which are mainly associated with autophagy. To the best of our knowledge, there is almost no report about other types of PTMs, such as SUMOylation, methylation, and acetylation of AMBRA1, to date. Potential PTM forms of AMBRA1 may be identified through mass spectrometry and investigated in various physiological and pathological conditions.

In sum, targeting AMBRA1 has the potential to inhibit tumorigenesis and tumor progression in some types of malignancies. Furthermore, AMBRA1 tightly correlates with chemoresistance. During chemotherapy, cancer cells could attenuate the cytotoxicity of chemotherapeutic agents through autophagy, thereby promoting cancer survival. Therefore, autophagy inhibition by targeting AMBRA1 might enhance the effect of agents to achieve the therapeutic goal.
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Ubiquitin-specific peptidase 10 (USP10) is a member of the ubiquitin-specific protease family that removes the ubiquitin chain from ubiquitin-conjugated protein substrates. We performed a literature search to evaluate the structure and biological activity of USP10, summarize its role in tumorigenesis and tumor progression, and discuss how USP10 may act as a tumor suppressor or a tumor-promoting gene depending on its mechanism of action. Subsequently, we elaborated further on these results through bioinformatics analysis. We demonstrated that abnormal expression of USP10 is related to tumorigenesis in various types of cancer, including liver, lung, ovarian, breast, prostate, and gastric cancers and acute myeloid leukemia. Meanwhile, in certain cancers, increased USP10 expression is associated with tumor suppression. USP10 was downregulated in kidney renal clear cell carcinoma (KIRC) and associated with reduced overall survival in patients with KIRC. In contrast, USP10 upregulation was associated with poor prognosis in head and neck squamous cell carcinoma (HNSC). In addition, we elucidated the novel role of USP10 in the regulation of tumor immunity in KIRC and HNSC through bioinformatics analysis. We identified several signaling pathways to be significantly associated with USP10 expression, such as ferroptosis, PI3K/AKT/mTOR, TGF-β, and G2/M checkpoint. In summary, this review outlines the role of USP10 in various forms of cancer, discusses the relevance of USP10 inhibitors in anti-tumor therapies, and highlights the potential function of USP10 in regulating the immune responses of tumors.
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Introduction

Ubiquitination is an important epigenetic process that regulates transcription factors, histones, and chromatin states (1). A variety of biological processes are affected by ubiquitination in gene transcriptional regulation, including protein degradation (2), cell signaling (3), DNA damage repair (4), stress response (5), and cancer (6). Protein ubiquitination involves the addition of ubiquitin to target proteins through a multi-enzyme cascade, whereas deubiquitination is the removal of ubiquitin from proteins by deubiquitinating enzymes (DUBs) (7). As such, ubiquitination and deubiquitination constitute a dynamic equilibrium in cell biology. DUBs have become important drug targets for various diseases, such as tumors and neurodegenerative diseases (8, 9). Ubiquitin-specific peptidase 10 (USP10) is a member of the USP family of DUBs. It can remove conjugated ubiquitin from target proteins, such as autophagy-regulated gene Beclin1 (BECN1) (10), tumor protein p53 (TP53) (11), cystic fibrosis transmembrane conductance regulator (CFTR) (12), and sorting nexin 3 (SNX3) (13). It is also involved in a tumor necrosis factor receptor-associated factor (TRAF) family member-associated noncanonical nuclear factor-kappa B (NF-κB) activator (TANK)-dependent negative feedback response that attenuates NF-κB activation by deubiquitinating inhibitor of kappa polypeptide gene enhancer in B cells, kinase gamma (IKBKG) or tumor necrosis factor receptor-associated factor 6 (TRAF6) in response to interleukin-1-beta stimulation or DNA damage (14). Additionally, USP10 deubiquitinates and stabilizes T-box transcription factor protein (TBX21) (15). Moreover, it may affect the development of various cancers, including lung cancer (16), liver cancer (17), and acute myeloid leukemia (AML) (18). Interestingly, it also modulates immune-related signaling pathways via deubiquitination of immune-related genes, such as yes-associated protein 1 (YAP1) (19). The relationship between the abnormal expression of USP10 in various tumors and its regulation of immune pathways prompted us to explore the role of USP10 in tumor development and immunity. Here, we review the role of USP10 in tumors and regulation of immune responses and provide new insights into the USP family as potential targets for cancer therapy.



Structure and biological roleof USP10

USP10 is located on chromosome 16q24.1 (20) and consists of 798 amino acids (21). Human USP10 contains an Ataxin2C domain and a USP domain (Figure 1). The Ataxin2C domain is approximately 250 residues long, and is located at the C-terminus of eukaryotic ataxin-2. The function of ataxin-2 is unknown; however, the expansion of polyglutamine tracts may cause spinocerebellar ataxia type 2 (SCA2) (22). This expansion disrupts the normal morphology of the Golgi complex, leading to increased cell death (23). The USP domain consists of a catalytic site, protein-protein interaction sites, and localization domains. Since most USP domains require cleavage of the isopeptide bond between two ubiquitin molecules, a minimum of two ubiquitin-binding sites are required (24). The catalytic core of USP consists of six conserved boxes that are present in almost all USP domains. Boxes 1, 5, and 6 contain catalytic Cys, His, and Asp/Asn residues, respectively. Boxes 3 and 4 contain a Cys-X-X-Cys motif that functions as a zinc-binding motif. This zinc-binding motif facilitates the folding of the USP core, which facilitates the interaction between motifs separated by hundreds of residues (24).




Figure 1 | The structure of USP10. Human USP10 contains an Ataxin 2C domain and a USP domain. The Ataxin2C domain is approximately 250 residues long, and is located at the C-terminus of eukaryotic ataxin-2. The USP domain consists of a catalytic site, protein-protein interaction sites, and localization domains. USP10, Ubiquitin-specific peptidase 10.



USP10 has several molecular functions and characteristics. Firstly, USP10 has cysteine-type endopeptidase activity and can catalyze the hydrolysis of α-peptide bonds inside polypeptide chains through the sulfhydryl group of the cysteine residue in the active center (25). Secondly, USP10 may bind to members of one of the p53 protein families (26) and it may also bind to RNA molecules (27). USP10 also has a thiol-dependent iso-peptidase activity that cleaves ubiquitin from its conjugated target protein (25). Finally, USP10 may bind to transmembrane transporters, proteins, or protein complexes, facilitating the transfer of substances across membranes (28). Thus, USP10 is involved in a wide range of biological processes, including removal ubiquitin groups from proteins (26), negative regulation of the I-κB kinase/NF-κB signaling pathway and cellular responses to interleukin-1 and DNA damage stimuli (14), regulation of the cell cycle regulator phosphoprotein p53 in response to DNA damage (26), and in the regulation of autophagy (25). Furthermore, USP10 may also be involved in trans-lesion synthesis, which is the bypass of DNA lesions to overcome stalled replication at sites of DNA damage in the template strand. This is performed by a specialized DNA polymerase that allows DNA synthesis to continue by inserting a nucleotide at the lesion site (29). Thus, USP10 has a diverse array of relatively well characterized molecular and biological functions. However, its precise role in the development and progression of various forms of cancer remains to be elucidated.



USP role in cancer


USP10 in lung cancer

Lung cancer has the highest rates of cancer mortality worldwide, and multiple studies have investigated the role of USP10 in lung cancer. For example, Sun et al. reported that USP10 was significantly downregulated in lung cancer, and USP10 may directly interact with and stabilize the missing phosphatase and tensin homologue on chromosome 10 (PTEN) through deubiquitination, thereby acting as a tumor suppressor (30).

In non-small cell lung cancer (NSCLC), USP10 can deubiquitinate K63-linked polyubiquitination, thereby restoring the phosphatase activity of PTEN, reducing the secondary messenger phosphatidylinositol 3,4,5-triphosphate, which in turn attenuates AKT/mammalian target of rapamycin growth-promoting signaling, ultimately inhibiting NSCLC proliferation (31). Additionally, USP10 stabilizes and deubiquitinates MutS homolog 2 (MSH2), which is the core protein of the MutS homology family and is involved in DNA mismatch repair. These findings also suggest that USP10 downregulation leads to stabilization of the MSH2 protein, and thereby is implicated in the tumorigenesis of NSCLC (32, 33). Moreover, USP10 plays a role in regulating p53 ubiquitination and degradation. Zhao et al. reported that the half-life of p53 protein was significantly reduced in insulin-like growth factor 2 mRNA binding protein 3 (IGF2BP3)-overexpressing cells, and co-expression of IGF2BP3 with USP10 promoted the ubiquitination level of p53. Therefore, IGF2BP3 might attenuate the deubiquitination of p53 via USP10 (34).

Additionally, Ko et al. found that c-Myc could promote oncogene-induced senescence through the transcriptional activation of p14 alternate reading frame (p14ARF), followed by the activation of p53. Simultaneously, c-Myc increased the stability of p14ARF by inducing the transcription of USP10. Clinically, patients with NSCLC have significantly reduced overall survival (OS) due to disruption of the c-Myc-USP10-p14ARF axis (35). Hu et al. demonstrated that high levels of USP10 were associated with poor OS in TP53-mutant NSCLC but not in wild-type NSCLC. Likewise, USP10 knockout significantly reduced the growth of p53-mutated lung cancer xenografts and increased their sensitivity to cisplatin in vivo. Thus, USP10 might affect cisplatin resistance by deubiquitinating and thereby stabilizing the oncogenic protein histone deacetylase 6 (HDAC6) (36, 37). Another study showed that USP10 plays an important regulatory role in NSCLC via deubiquitinating and stabilizing histone deacetylase 7 (HDAC7), and that USP10 inhibition could significantly accelerate HDAC7 degradation and impair NSCLC proliferation and migration (38).



USP10 in HCC

HCC has become one of the most common life-threatening cancers, due to its susceptibility to metastasis. Yuan et al. indicated that metastasis of advanced HCC might be closely related to the persistent activation of transforming growth factor-β (TGF-β) and Smad4. Yuan and colleagues found that USP10 deubiquitinates Smad4, maintains its protein expression level, and activates TGF-β signaling, thereby promoting HCC metastasis (39). Another study showed that the long non-coding RNA growth arrest associated lncRNA 1 (GASAL1), which may promote HCC progression, can upregulate USP10 expression by competitively binding to miR-193b-5p. Importantly, USP10 can also enhance HCC cell proliferation and migration by deubiquitinating proliferating cell nuclear antigen (PCNA) (40). Yes-associated protein (YAP) and its paralogs, transcriptional co-activators with a PDZ-binding motif (TAZ), play important roles in promoting HCC progression. Zhu et al. found that USP10 activated yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ) activating gene and reduced proteolysis of the YAP/TAZ protein (17). In contrast to the above findings, Lu et al. found that USP10 could deubiquitinate and stabilize AMP-activated protein kinase α (AMPKα) and PTEN in HCC cells, leading to inhibition of mTOR Complex1 (mTORC1) and reduced AKT phosphorylation. Therefore, paradoxically, USP10 might also function as a tumor suppressor in HCC (41). USP10 may promote HCC proliferation on the one hand, yet on the other, it may function as a tumor suppressor. More research is required to clarify the precise role of USP10 in HCC.



USP10 in AML

The 5-year OS rate for AML patients is only 20% (42). In particular, patients with FMS-like tyrosine kinase 3-internal tandem duplication (FLT3-ITD) mutations have a poor prognosis, as tumors with these mutations are associated with increased invasiveness and lethality (43). Furthermore, treatment with FLT3 kinase inhibitors has short-term efficacy due to development of drug resistance (44). Weisberg et al. revealed that USP10, a key enzyme for tumor growth in FLT3-ITD-positive AML, might inhibit FLT3 degradation through deubiquitination (18). The non-receptor tyrosine kinase spleen tyrosine kinase (SYK) is activated in FLT3-ITD-positive AML patients. This enzyme is critical for transformation and is associated with resistance to FLT3-targeting tyrosine kinase inhibitors (TKIs). Recent studies have shown that SYK and FLT3 are regulated by ubiquitination and deubiquitination (45–47). Interestingly, small-molecule inhibitors of USP10 have been found to inhibit the activated SYK-driven proliferation of leukemia cells and induce the degradation of SYK protein. USP10 can form a complex with FLT3-ITD and physically bind with SYK. USP10 stabilizes the expression of FLT3 and SYK by deubiquitination (48). Therefore, USP10 may be an effective drug target in kinase inhibitor-resistant AML.



USP10 in ovarian cancer

Ovarian cancer (OC) is highly malignant and prevalent worldwide. Despite the high cure rates for early-stage OC, most patients are diagnosed with advanced tumors and the mortality rate is 75% (49). One study showed that reduced USP10 expression or reduced p14ARF/USP10 expression is an effective indicator of poor prognosis in OC patients (50). In addition, Li et al. proposed that GTPase-activating protein-binding protein 1 (G3BP1) could promote the proliferation and invasion of OC cells (51), and that USP10 knockdown could restore the proliferation and invasion of OC cells inhibited by G3BP1 knockdown. Thus, USP10 may act as a tumor suppressor in OC, however, more research is needed to elucidate its precise role.



USP10 in prostate cancer

Prostate cancer (PCa) is a common malignancy among men, in which androgens and the androgen receptor (AR) play key roles in PCa tumorigenesis (52–54). Many patients are resistant to androgen deprivation therapy (ADT) or develop castration resistance (55, 56), therefore, there is an urgent need to find new therapeutic targets. USP10 stabilizes p53 by deubiquitination and thereby regulates AR-induced epigenetic signaling. GTPase-activating protein-binding protein 2 (G3BP2) is an androgen-responsive gene that can be stabilized by USP10-mediated deubiquitination. Therefore, USP10 may have an important oncogenic role in PCa by regulating the p53-G3BP2 complex and AR signaling (11). Recent studies have suggested that abnormal activation of the epidermal growth factor receptor (EGFR) might promote the progression of castration-resistant PCa by inhibition of androgen signaling (57, 58). Spautin-1, an inhibitor of USP10/13 (25), may inhibit EGFR-related signaling pathways, inducing activation of the MKK4/JNK/Bax axis and inactivation of the MEK1/2/ERK/cyclin D1 axis, leading to significant inhibition of PCa proliferation (59).



USP10 in breast cancer

Breast cancer (BC) is one of the most common cancers, accounting for 30% of all cancer cases in women (60, 61). Yang et al. identified a novel circRNA, circWSB1, which is highly expressed in BC tissues and strongly associated with poor prognosis in patients with BC. Upon direct binding to USP10, circ WSB1 can reduce USP10-mediated p53 stability, resulting in p53 degradation and promoting BC development (62). USP10 may also contribute to BC progression through topoisomerase IIα (TOP2α), which is essential for chromosome condensation, segregation, and genome integrity (63). RING finger protein 168 (RNF168), an E3 ligase, interacts with TOP2α and mediates its ubiquitination. RNF168 deficiency impairs TOP2α activity and promotes mitotic abnormalities and chromosome segregation defects. RNF168 deficiency in human breast cancer cell lines leads to drug resistance, including resistance to the TOP2 inhibitor, etoposide. USP10 may deubiquitinate TOP2α and inhibit chromatin binding. Therefore, interactions between USP10, RNF168, and TOP2α may play a key role in the development of tumor resistance to TOP2 inhibitors (64).



USP10 in gastric cancer

Gastric cancer (GC) is highly malignant, with 700,000 GC-related deaths occurring annually worldwide (65). Zeng et al. demonstrated that the expression level of USP10 in GC tissues and cell lines was lower than that in non-cancerous mucosal tissues and gastric epithelial immortalized cell lines. Moreover, the expression level of USP10 was negatively correlated with invasion and lymph node metastasis in GC. Low USP10 expression was significantly associated with poor prognosis in GC patients. Furthermore, multivariate analysis indicated that USP10 was an independent prognostic factor for OS in patients with GC (20).



USP10 in small intestinal adenocarcinoma

Small intestinal adenocarcinoma is rare, accounting for only 2% of gastrointestinal malignancies (66). p14ARF, encoded by a reading frame within the cyclin-dependent kinase inhibitor p16/the p53 regulator p14 (INK4a/ARF) locus on chromosome 9p21 (67), can inhibit the E3 ubiquitin protein ligase mouse double minute 2 (MDM2)-mediated degradation of TP53, thereby increasing TP53 stability and leading to cell cycle arrest and apoptosis (68). Song et al. revealed that USP10 deletion is associated with advanced tumor-related phenotypes, and that co-deletion of USP10 and p14ARF yields poor outcomes in small intestinal adenocarcinoma, indicating that USP10 and p14ARF may be involved in small intestinal adenocarcinoma (69).



USP10 in colorectal cancer

Li et al. reported that NACHT, LRR, and PYD domain-containing protein 7 (NLRP7) plays a key oncogenic role in the proliferation and metastasis of colorectal cancer (CRC) and is associated with poor prognosis. USP10-mediated deubiquitination stabilized NLRP7 protein expression and induced polarization of tumor-promoting M2-like macrophages through NF-κB pathway-mediated monocyte chemoattractant protein-1 (MCP-1) secretion (70). In addition, the tumor suppressor sirtuin 6 (SIRT6) is significantly inversely correlated with tumorigenesis (71), and USP10 can inhibit the transcriptional activity of the c-Myc by increasing the protein stability of SIRT6 and p53, ultimately inhibiting the progression of CRC (72). Kim et al. also noted that USP10 expression was absent in 18.6% of CRC tissue and was significantly associated with distant metastasis and lymph vascular invasion. Likewise, USP10 deletion was associated with shorter OS, disease-free survival, and was an independent prognostic factor in CRC patients (73). In contrast, another study showed that USP10 promoted CRC cell proliferation by deubiquitinating and stabilizing the oncogenic factor musashi 2 (MSI2) (74).



USP10 in pancreatic cancer

Pancreatic cancer is an extremely lethal malignancy with a high mortality rate worldwide (75). The role of USP10 in pancreatic cancer remains controversial. For example, Liu et al. reported that USP10 promoted Cysteine-Rich 61 (Cyr61) expression by inhibiting YAP1 ubiquitination and degradation, thereby favoring immune escape and promoting the proliferation and metastasis of pancreatic cancer (19). However, another study suggested that miR-191 promotes pancreatic cancer cell proliferation by inhibiting USP10 expression (76). Furthermore, it has been reported that miR-103 may also downregulate USP10 in pancreatic cancer cell lines and tissues. Upregulation of miR-103 expression is associated with lymph node metastasis, advanced TNM stage, and poor prognosis (77). Thus, the specific regulatory role of USP10 in pancreatic cancer requires further investigation.



USP10 in other tumors

Neurotrophin receptor-interacting MAGE homologue (NRAGE) is generally considered to be a tumor suppressor, yet Yang et al. found that NRAGE significantly promoted esophageal carcinoma, mainly via upregulation of PCNA. Knockdown of NRAGE promoted PCNA K48-linked polyubiquitination, leading to proteasome-dependent degradation of PCNA and cancer proliferation inhibition, and USP10 is a key regulator in this process (78).

In chronic myeloid leukemia (CML), constitutive activation of the tyrosine kinase Bcr-Abl is a major cause of disease development and progression (79). However, acquired resistance to Bcr-Abl-targeted TKIs severely affects the prognosis of patients with advanced CML. Liao et al. reported that as a co-regulator of Bcr-Abl, S-phase kinase-associated protein 2 (SKP2) mediates activation of its K63 linkages. USP10 can further enhance Bcr-Abl activation by promoting the deubiquitination of SKP2 in CML cells, and stabilizing its protein expression. This study demonstrated that targeting the USP10/SKP2/Bcr-Abl axis could reverse imatinib resistance in CML patients (80).

In glioblastoma (GBM), one study showed that Cyclin D1 (CCND1) is involved in cell cycle control and promotes tumor progression (81). In this study, Sun et al. found that USP10 may interact with CCND1 and prevent its K48-linked polyubiquitination, increasing CCND1 stability. Overall, the USP10/CCND1 axis is expected to be an effective target for the treatment of GBM (82).

In thyroid cancer, Cui et al. reported that 3-deazaneplanocin A (DZNep) may cause the accumulation of p53 protein by upregulating USP10 expression, thereby activating the p53 pathway and ultimately inhibiting the growth of TP53 wild-type thyroid cancer cells (83).

The role of USP10 in different tumors, as discussed above, indicate that the deubiquitination substrates of USP10 are diverse and that USP10 targets different signaling pathways (Table 1). Additionally, we found that USP10 acts as an oncogene in some cancers but not in others, due to the different functions of genes deubiquitinated by USP10. For example, if the gene deubiquitinated by USP10 is an oncogene, it may lead to tumor progression, and if the gene deubiquitinated by USP10 is a tumor suppressor gene, it may lead to tumor suppression. In short, USP10 cannot be simply defined as a tumor suppressor gene or an oncogene, and its function may be directly related to the function of its deubiquitinated gene, rather than USP10 itself having oncogenic or tumor suppressor effects. In conclusion, USP10 plays a diverse set of roles in either promoting or inhibiting the progression of various of cancers. Clinically, it may serve as a new tumor biomarker and potential therapeutic target, however, its precise role would be dependent on the cancer type.


Table 1 | The deubiquitination substrates and downstream signaling pathways of USP10 in different cancer types.






USP10 inhibitors and other modulators of USP10 activity

The ubiquitin-binding site in USP10 functions as a thiol-dependent isopeptidase, which separates ubiquitin from target proteins, and thereby mediates their stability (84). In this context, USP10 inhibitors that target the binding site might effectively interfere with its oncogenic effects. USP10 expression levels differ widely across various tumors and are significantly correlated with the prognosis of these tumors. Thus, USP10 inhibitors may be clinically useful in cancer settings where overexpression of USP10 is associated with tumor progression or in settings where USP10 serves as an oncogene. To date, only a few USP10 inhibitors have been identified, P22077, HBX19818, and spautin-1 (85). P22077 and HBX19818 were first identified as irreversible USP7 inhibitors. However, one study showed that P22077 and HBX19818 might also inhibit the proliferation of FLT3-ITD-positive tumor cells by inhibiting the deubiquitinase activity of USP10 (18). Spautin-1, a small-molecule inhibitor, has been shown to inhibit the deubiquitinase activities of both USP10 and USP13, leading to increased ubiquitination and degradation of Beclin1 in the Vps34 complex, and an eventual decrease in the level of autophagy in cancer cell lines (25). In addition, spautin-1 inhibition of USP10 significantly attenuates the migration of HCC cells (39). Interestingly, spautin-1 also inhibits the proliferation of prostate cancer, NSCLC, ovarian cancer, and melanoma cells in a USP10-independent manner (86). Spautin-A41 (an analog of spautin-1), was recently found to be more effective than spautin-1 in inhibiting autophagy and inducing microsomal stability (87). However, the mechanism of action of spautin-1 and spautin-A41 in cancer patients still needs to be confirmed. Recently, compound library screening revealed that Wu-5, a novel USP10 inhibitor, enhanced the anti-AML effect of crenolanib and reversed FLT3 inhibitor resistance. Mechanistically, Wu-5 inhibited the proliferation of MV4-11 cells mainly by inhibiting the activity of USP10 and subsequently reducing the expression of the downstream gene AMPKα (88).

There are also several USP10 modulators that indirectly influence USP10 activity. For example, DZNep stabilizes p53 by upregulating USP10 to reduce ubiquitin binding in wild-type GC cells, thereby activating p53 and inhibiting the proliferation of GC cells (89). Quercetin (C15H10O7) is a pentahydroxy flavonoid widely present in vegetables and fruits, and it has been shown that quercetin could reduce USP10 expression, resulting in the downregulation of T-bet expression levels (15). Quercetin inhibits the proliferation of several cancer cells, including colon cancer, breast cancer, and lung cancer (90). However, the mechanism of how quercetin inhibits USP10 remains unclear. Another potential USP10 modulator, Cai’s Neiyi prescription (CNYP), can alleviate inflammation by inhibiting USP10 and promoting apoptosis of endometrial stromal cells, suggesting that CNYP may be an inhibitor of USP10 (91). Unlike other USP10 inhibitors, ubiquitin variant.10.1 (UbV.10.1) is a mixture of peptides and proteins with a high affinity for USP10. UbV.10.1 overexpression can promote the degradation of p53 by inhibiting USP10 (92). However, the antitumor effects of both CNYP and UbV.10.1 have yet to be explored.

No USP10 inhibitors have been considered in clinical trials for cancer treatment. This is likely owing to the low selectivity of most USP10 inhibitors. As such, technologies such as polymer chemistry and selective structural modification may offer strategies to improve both the anti-tumor effects of USP10 inhibitors and their selectivity for tumor cells. Furthermore, it would be necessary to identify suitable patients for USP10 inhibitor treatment based on their cancer type. Considering the immunoregulatory role of USP10, combining USP10 inhibitors with immunotherapy may be a promising future research avenue.



Bioinformatics analysis


Abnormal USP10 expression in tumors

After discussing the literature and knowledge gaps above, we found that the role of USP10 in cancer is conflicting. Therefore, to further examine the expression of USP10 in cancer, we compared the differences in USP10 expression between tumor tissues and adjacent normal tissues by analyzing gene expression data of USP10 in different human tumor samples from The Cancer Genome Atlas (TCGA) database. The University of ALabama at Birmingham CANcer data analysis Portal (UALCAN) (93) showed that USP10 gene expression was significantly upregulated in 12 types of tumor samples: breast invasive carcinoma, bladder urothelial carcinoma, cholangiocarcinoma, esophageal carcinoma, colon adenocarcinoma, kidney renal papillary cell carcinoma, head and neck squamous cell carcinoma (HNSC), lung adenocarcinoma, liver hepatocellular carcinoma, lung squamous cell carcinoma, stomach adenocarcinoma, and rectum adenocarcinoma. Conversely, significant downregulation of USP10 gene expression was observed in two types of tumor samples: pheochromocytoma and paraganglioma (PCPG) and uterine corpus endometrial carcinoma (UCEC) (Figure 2A). Based on data from the International Cancer Proteogenome Consortium (ICPC) and the Clinical Proteomic Tumor Analysis Consortium (CPTAC), we analyzed differences in USP10 protein expression between tumor tissues and adjacent normal tissues (94). USP10 protein expression was significantly upregulated in seven types of tumor samples: breast cancer, colon cancer, ovarian cancer, UCEC, lung cancer, HNSC, and glioblastoma. However, significant downregulation of USP10 protein expression was observed in three types of tumor samples: kidney renal clear cell carcinoma (KIRC), pancreatic cancer, and liver cancer (Figure 2B). Interestingly, USP10 was highly expressed in lung cancer samples in the TCGA and CPTAC databases (Figure 2). These results appear to be inconsistent with those reported in the literature. We speculated that it may be due to tumor heterogeneity or the insufficient sample size. Therefore, whether USP10 expression is increased or decreased in lung cancer and whether USP10 plays a role in promoting or suppressing lung cancer require further investigation.




Figure 2 | The gene and protein expressions of USP10 in pan-cancers based on TCGA and CPTAC databases. (A) The gene expressions of USP10 in pan-cancers based on TCGA database; (B) The protein expressions of USP10 in pan-cancers based on CPTAC database. Red color: tumor tissues; Blue color: normal tissues. USP10, Ubiquitin-specific peptidase 10; TCGA, The Cancer Genome Atlas; CPTAC, Clinical Proteomic Tumor Analysis Consortium. *P < 0.05; **P < 0.01; ***P < 0.001.



In addition, we investigated whether there was a correlation between USP10 expression and OS or tumor stage. Data collected from the TISIDB website (an integrated repository portal for tumor-immune system interactions) showed that HNSC and prostate adenocarcinoma (PRAD) patients with increased USP10 expression had shorter OS, suggesting that USP10 plays an oncogenic role in HNSC and PRAD (95). Further validation analysis (https://kmplot.com/analysis/) revealed that low levels of USP10 expression was significantly associated with prolonged OS in HNSC patients (Figure 3A). However, USP10 was downregulated in KIRC, and high levels of USP10 was associated with prolonged OS in KIRC patients, suggesting that USP10 may have a tumor suppressor role in KIRC (Figure 3A). In a pan-cancer analysis, we found that high USP10 expression was associated with early tumor stage in KIRC and UCEC patients. However, in testicular germ cell tumor (TGCT) patients, high USP10 expression predicted later tumor stage (Figure 3B). Consistent with these findings, another study also has demonstrated the close relationship between USP10 expression and the progression and prognosis of various cancers, including lung cancer, hepatocellular carcinoma (HCC), ovarian cancer, prostate cancer, and AML (96).




Figure 3 | Analysis of the TISIDB and Kaplan-Meier plotter website indicated the role of USP10 in tumors and immune subtype. (A) HNSC patients with increased USP10 expression had lowered OS, however, high levels of USP10 were associated with prolonged OS in KIRC patients. (B) The correlation between USP10 expression and tumor stage in KIRC patients. (C) USP10 was correlated with the immune subtype in KIRC. NS, not significant. USP10, Ubiquitin-specific peptidase 10; HNSC, head and neck squamous cell carcinoma; OS, overall survival; KIRC, kidney renal clear cell carcinoma.





USP10 regulates the immune response in tumors

Deubiquitination is a common post-translational modification that modulates multiple cellular functions, including protein stability. Meanwhile, deubiquitination also affects multiple signal transduction pathways, including some immunomodulatory pathways (97). For example, USP10 promotes the deubiquitination of tumor necrosis factor receptor-associated factor 6 (TRAF6) and inhibits NF-κB and the interleukin-1 receptor/Toll-like receptor (IL-1R/TLR) activation (14). TLRs can promote inflammation and immune response in tumors, suggesting a potential role for USP10 in the regulation of immune pathways. Growing evidence suggests that USP10 may be involved in the infiltration of various immune cells in tumors, potentially regulating the infiltration levels of specific immune cells (98); however, its precise role in tumor immune response remains unclear. We further analyzed data from the TISIDB (http://cis.hku.hk/TISIDB/index.php) to evaluate the correlation between USP10 and immunostimulatory molecules, immunosuppressive molecules, major histocompatibility complex (MHC) molecules, chemokines, and MHC receptors, to better understand the immune function of USP10 in cancer regulation.

In HNSC, USP10 was positively correlated with the immunosuppressive molecules transforming growth factor beta receptor 1 (TGFBR1), the immunostimulator tumor necrosis factor receptor superfamily member 14 (TNFRSF14), the chemokine C-X-C motif ligand 8 (CXCL8), the MHC molecule transporter associated with antigen processing 2 (TAP2), lymphocyte T helper type (Th2), and the MHC receptor C-X-C chemokine receptor 1 (CXCR1) (P<0.05, Figure 4). In KIRC, USP10 was correlated with the immune subtype (P=0.029) (Figure 3C). Furthermore, USP10 was positively correlated with the immunosuppressive molecules CD274, immunostimulator TNF receptor superfamily 25 (TNFRSF25), chemokine C-X-C motif ligand 16 (CXCL16), β2-microglobulin (B2M), lymphocyte immature dendritic cells (iDC), and MHC receptor CC Chemokine receptor 1 (CCR1) (P<0.05, Figure 4). Analysis of the TIMER database (http://timer.cistrome.org/) verified the correlation of USP10 with these immune markers (Figures 5, 6). CD274 plays a key role in the induction and maintenance of self-immune tolerance. As a ligand for the inhibitory receptor programmed cell death 1 (PDCD1)/CD279, CD274 modulates the activation threshold of T cells and limits T cell effector responses (99). Tumors utilize PDCD1/CD279-mediated inhibitory pathways to attenuate antitumor immunity and promote tumor survival (100). CXCL16 is a chemotactic agent for immunosuppressive regulatory T cells (Treg), which may be involved in Treg recruitment and tumorigenic functions (101). B2M is an important subunit of MHC class I and plays important biological functions in tumorigenesis and immune control. There is increasing evidence that alterations in B2M genes and proteins contribute to poor responses to cancer immunotherapy by inhibiting antigen presentation (102). CCR1 is a receptor for C-C type chemokines. It may play a role in Treg and tumor immunosuppression (103). TNFRSF25 is a member of the TNF receptor superfamily (TNFRSF) that binds to the TNF-like protein TL1A. Recent studies have demonstrated a role for TNFRSF25 in regulating CD4+ T cell responses. Additionally, TNFRSF25 signaling in CD8+ T cells positively affects the proliferation of CD8+ T cells and their differentiation into CTLs (104). The immature DC phenotype can reduce dendritic cell function, reduce antigen presentation, and affect T cell effector function (105). The above results suggest that USP10 may play an immunosuppressive function by promoting the expression of some immunosuppressive cytokines or by inhibiting the expression of some immune-activating cytokines. However, the specific immune regulation mechanism of USP10 remains to be fully elucidated.




Figure 4 | USP10 was positively correlated with immunosuppressive molecules (A), immunostimulatory molecules (B), chemokines (C), MHC molecules (D), lymphocytes (E), and MHC receptors (F). USP10, Ubiquitin-specific peptidase 10; MHC, major histocompatibility complex.






Figure 5 | USP10 was positively correlated with TAP2 and TGFBR1 in HNSC.






Figure 6 | USP10 was positively correlated with CD274 (A), B2M (B), CXCL16 (C), myeloid dendritic cell (E), and CCR1 (F), but negatively correlated with TNFRSF25 (D) in KIRC. USP10, Ubiquitin-specific peptidase 10; TAP2, transporter associated with antigen processing 2; TGFBR1, transforming growth factor beta receptor 1; HNSC, head and neck squamous cell carcinoma; B2M, β2-microglobulin; CXCL16, C-X-C motif ligand 16; CCR1, CC Chemokine receptor 1; TNFRSF25, TNF receptor superfamily 25; KIRC, kidney renal clear cell carcinoma.



We also analyzed the correlations between USP10 and pathway scores by Spearman’s correlation. In HNSC, USP10 was found to be correlated with Epithelial-mesenchymal transition (EMT), extracellular matrix (ECM), angiogenesis, apoptosis, tumor inflammation, G2/M checkpoint, ferroptosis, PI3K/AKT/mTOR, MYC, TGF-β (Figure 7). In KIRC, we found that the signaling pathways significantly related to USP10 included ferroptosis, DNA repair, G2/M checkpoint, inflammatory response, PI3K/AKT/mTOR, p53, c-Myc, TGF-β, and reactive oxygen species (ROS) (Figure 8). In summary, we suggest that USP10 maybe a novel target for cancer immunotherapy; however, the specific mechanisms of USP10 involvement in cancer immunity remain unclear and further research is required.




Figure 7 | The signaling pathways significantly related to USP10 in HNSC included EMT, ECM, angiogenesis, apoptosis, tumor inflammation, G2/M checkpoint, ferroptosis, PI3K/AKT/mTOR, MYC, TGF-β, tumor proliferation, reaction oxygen species, DNA replication, and collagen formation. USP10, Ubiquitin-specific peptidase 10; HNSC, head and neck squamous cell carcinoma; EMT, Epithelial-mesenchymal transition; ECM, extracellular matrix.






Figure 8 | The signaling pathways significantly related to USP10 in KIRC included ferroptosis, DNA repair, G2/M checkpoint, inflammatory response, PI3K/AKT/mTOR, p53, c-Myc, TGF-β, and ROS. USP10, Ubiquitin-specific peptidase 10; KIRC, kidney renal clear cell carcinoma; ROS, reactive oxygen species.






Discussion

USP10 acts as a tumor suppressor or tumor-promoting gene depending on the target genes modified by deubiquitination. In this paper, we have discussed the biological function of USP10 and its key role in tumor progression and immune response. We have demonstrated that USP10 is a potential drug target for immunotherapy in tumors. In addition, we have summarized the current knowledge regarding USP10 inhibitors. However, it remains unclear how USP10 regulates immunity and whether USP10-mediated deubiquitination may affect tumor response to immunotherapy. Therefore, studying the role and mechanism of USP10 immune regulation will provide a theoretical basis for the clinical application of USP10-oriented therapies in the future.
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Background

Clinical treatment of RAS mutant cancers is challenging because of the complexity of the Ras signaling pathway. SLC7A5 is a newly discovered downstream gene of the Ras signaling pathway, but the regulatory mechanism is unclear. We aimed to explore the molecular mechanism and role in KRAS mutant lung adenocarcinoma progression.



Methods

Key gene that regulated SLC7A5 in KRAS mutant lung adenocarcinoma was screened by RNA sequencing and bioinformatics analysis. The effect of this gene on the expression of SLC7A5 was studied by RNAi. The regulatory mechanism between the two genes was investigated by immunofluorescence, CoIP, pulldown and yeast two-hybrid assays. The location of the two genes was determined by inhibiting Ras and the downstream pathways PI3K-AKT and MEK-ERK. By in vivo and in vitro experiments, the effects of the key gene on the biological functions of KRAS mutant lung adenocarcinoma were explored.



Results

We found a novel gene, ZNF24, which upregulated SLC7A5 protein expression rather than mRNA expression in KRAS mutant lung adenocarcinoma. Endogenous protein interactions occurred between ZNF24 and SLC7A5. Ras inhibition reduced the expression of ZNF24 and SLC7A5. ZNF24 and SLC7A5 are located downstream of the MEK-ERK and PI3K-AKT pathways. In vivo and in vitro functional experiments confirmed that the ZNF24-SLC7A5 signaling axis promoted the proliferation, invasion and migration of KRAS mutant lung adenocarcinoma.



Conclusions

ZNF24 promoted the growth of KRAS mutant lung adenocarcinoma by upregulating SLC7A5 protein expression, which suggested that ZNF24 is a new biomarker of KRAS mutant tumors and could be a new potential therapeutic target for Ras-driven tumors.
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Background

Lung adenocarcinoma (LUAD) is one of the most common pathological types of lung cancer and has a complex mechanism, strong invasion and poor prognosis (1–3). Approximately 30% of LUAD patients develop Kirsten rat sarcoma viral oncogene (KRAS) mutations. In addition, patients with LUAD harboring KRAS mutations have worse clinical treatment efficacy, with a worldwide 5-year survival rate of 15% (4, 5). Mutated KRAS affects cell signal transduction by binding with the GTP and becoming activated, activating the downstream tumor signaling pathway, significantly improving cell proliferation ability and influencing immune targeting (6, 7). However, due to the unique location of the Ras protein in the inner membrane, the research and development of KRAS-targeted drugs are very difficult, and the clinical treatment of KRAS mutant LUAD is still challenging (8). Therefore, screening and identifying new downstream markers of the Ras signaling pathway and elucidating their mechanisms are of great theoretical and practical significance for the diagnosis and treatment of KRAS mutant LUAD.

We discovered that the mRNA expression levels of SLC7A5 and ZNF24 genes in KRAS mutant LUAD were significantly increased by transcriptome sequencing combined with online databases, and their expression levels were positively correlated. The purpose of our study was to reveal the mechanism by which KRAS activation increases ZNF24 and SLC7A5 expression. The main function of solute carrier family 7 member 5 (SLC7A5) is to help specific amino acids pass through cell membranes, provide nutrition for tumor cells, and participate in related metabolic pathways (9). Recently, many studies have proven that SLC7A5 expression in adjacent tissues is lower than that in cancer tissues and is closely related to the growth and proliferation of tumor cells (10). SLC7A5 has been reported to be expressed at abnormally high levels in esophageal cancer, hepatocellular cancer, breast cancer, colon cancer and other cancers, and it could be used as a prognostic factor (11). Surprisingly, in 2021, an article in Nature Genetics noted that KRAS mutation in colorectal cancer can induce increased expression of SLC7A5 (12), which further indicates that high expression of SLC7A5 is closely related to KRAS mutation. These results indicated that SLC7A5 could be a potential target for studying KRAS mutant LUAD. ZNF24, also known as ZNF191, is a SCAN subfamily member of Krüppel-like zinc finger transcription factors. As a pleiotropic factor, it is expressed at abnormally high levels in prostate cancer, liver cancer and other cancers and is correlated with malignant proliferation, tumor volume, Gleason score, pathological grade and metastasis of tumor cells (13, 14). However, it has not been reported whether KRAS mutation induces upregulation of ZNF24 and whether ZNF24 regulates SLC7A5 expression. Clarification of the mechanism of ZNF24 is very important for elucidating the development of KRAS mutant LUAD.

In this study, ZNF24 and SLC7A5 were identified as differentially expressed in KRAS mutant LUAD, and the specific regulatory mechanisms were further studied, revealing the biological behavior changes of KRAS mutant LUAD under the regulation of the ZNF24-SLC7A5 signaling axis and providing a theoretical basis for exploring new therapeutic targets. Our results support the potential application of this signaling axis in the diagnosis, prognosis prediction, and treatment of KRAS mutant LUAD.



Methods


Patients and samples

From 2012 to 2022, thirty-six LUAD tissues and matched paracancerous specimens were obtained from patients undergoing LUAD resection in 920th Hospital of the Joint Logistics Support Force of PLA. Preoperative ultrasound, CT or MRI was used to determine the extent of the lesion, and the inclusion criteria were a clear diagnosis of LUAD by pathology and a clear KRAS status by genetic testing. The patients did not receive radiotherapy chemotherapy or targeted therapy before surgery. The process of sample collection was approved by the ethics committee of 920th Hospital of the Joint Logistics Support Force of PLA. The clinical characteristics of the KRAS-mutated LUAD patients are shown in Table 1.


Table 1 | Clinical features of KRAS-mutated LUAD patients.





Data from the TCGA cohort

Corresponding clinical information of LUAD patients and RNA-seq data were obtained from the Gene Expression Omnibus (https://www.ncbi.lm.nih.gov/geo/). According to the median ZNF24 and SLC7A5 mRNA expression of each sample, patients were divided into the low or high expression group. In this study, the GSE72094 dataset was downloaded from the GEO database, which contained the full transcriptomic data of 288 wild-type KRAS cases and 154 mutant KRAS cases. After downloading the data, R software was used for data processing, including standardization and differential expression value calculation, and log fold-change (log FC) and Student’s t-test were used for differential expression analysis and screening.



Immunohistochemical staining and tissue microarray analysis

Tissue sections were first incubated for 2 hours at 68°C; dewaxed with xylene, anhydrous ethanol, a gradient ethanol series and distilled water; and then boiled in acid buffer (pH of 6.0) for 2 min at a high temperature and pressure. Then, endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide. The sections were incubated with 5% normal goat serum for 30 min, and then ZNF24 antibody (11219-1-AP, Proteintech) and SLC7A5 antibody (28670-1-AP, Proteintech) were diluted at a ratio of 1:200 and incubated at 4 °C overnight. Goat anti-mouse IgG-HRP or Goat anti-rabbit IgG-HRP (ready-to-use, DAKO) was incubated at 37°C for 1h and then stained with DAB for 30s-60s.



Cell culture and lentivirus transfection

All cell lines used in this study were purchased from The Center for Molecular and Cellular Sciences (Shanghai, China). They were incubated at 37°C and humidified with 5% CO2 in the presence of 10% fetal bovine serum (VivaCell), 100 μg/ml streptomycin and 100 units/ml penicillin.

H358 and A549 cell lines were transfected with lentiviruses carrying knockdown (or overexpression) constructs for the ZNF24 and SLC7A5 genes respectively, stably increasing or decreasing the expression of ZNF24 and SLC7A5. Lentiviruses were purchased from Genechem (Shanghai, China). H358 and A549 cells (2×104) were grown in 6-well plates and transfected using lentiviruses (MOI = 10, 20 μL) when the cells were 70% confluent. After 6 hours, the RPMI 1640 medium containing 10% FBS was changed, and the culture was continued for 48 h. The cells were treated with a mixture containing 2 μg/mL puromycin in RPMI 1640 medium (3 - 5 d). The effect of knockdown and overexpression was detected by qPCR and WB, respectively (as shown below).



RNA extraction, reverse transcription, and real-time fluorescent quantitative PCR assay

Total RNA was isolated from tissues or cells according to the instructions of the RNA extraction kit (Promega, LS1040, Shanghai, China). Then, cDNA was synthesized using a fixed one-step RT‐PCR kit (Promega, A6120, Shanghai, China). qRT‐PCR experiments were completed using the SYBR Green Super Mix system (Tsingke Biotechnology, TSE201, Beijing, China). The experiment was repeated in at least 3 separate experiments, and the changes in gene expression were evaluated by the 2−ΔΔCT method. The primer sequences used for qRT‐PCR were as follows: human SLC7A5:F:5′-CCTGCCTGTGTTCTTCAT-3′andR:5′-GCTGAGGATGATGGTGAA-3′;human ZNF24:F:5′-TGGAGCACTAGCTCCAAAGC-3′andR:5′-CGTCGCCGTCCAGCTCGACCAG-3′; and human GAPDH: F:5′-TATGACAACAGCCTCAAGAT-3′ and R:5′-AGTCCTTCCACGATACCA-3′.



Protein isolation and western blotting

A whole protein extraction kit (Solarbio, R0010, Beijing, China) was used to extract cell proteins. Nuclear Protein Extraction Kit (Solarbio, R0050, Beijing, China) was used to extract Nuclear proteins. Primary antibodies against ZNF24, SLC7A5 and β-actin were purchased from Proteintech (11219-1-AP, diluted at 1:1000), Santa Cruz (sc-374232, diluted at 1:500) and ZSGB-BIO (TA-09, diluted at 1:1000), LaminB purchased from ZENBIO (R24828, diluted at 1:1000). Incubated at 4 °C overnight. Secondary antibodies were diluted at a ratio of 1:10000 (ZSGB-BIO, Zhongshan, China), incubated at 37°C for 1h. The final results were detected by a high-efficiency chemiluminescence (ECL) kit (Baisai, P82011, Shanghai, China).



Immunofluorescence colocalization experiment

Cell monolayers were prepared (Each slide was spread with 5 × 104 cells and placed in an incubator at 37° C for 12-24 hours). 200 µL of 4% paraformaldehyde was dropped onto the cell surface, and the slides were fixed for 30 minutes. The slides were percolated with 0.2% Triton X-100 for 10 min. After blocking with 5% BSA, the primary antibody was incubated at 37°C. SLC7A5 (Mouse monoclonal antibody, sc-374232, diluted at 1:100) and ZNF24 (Rabbit Polyclonal Antibody, 11219-1-AP, Proteintech) antibodies were mixed at a 1:1 ratio and dropped onto slides with 200 µL of antibody dilution. Slides were washed 3 times with PBS. Then, the secondary antibody was added and incubated for 1 hour at 25 °C, and DAPI was added. The photographs were obtained by fluorescence microscopy and analyzed by ImageJ software (Version 1.53e, Wayne Rasband and contributors National Institutes of Health, USA. http://imagej.nih.gov/ij).



Immunoprecipitation

Cell lysates containing protease inhibitors (R0100, Solarbio, China) were added and incubated for 20-25 min. The protein concentration was determined by the BCA kit (P0012, Beyotime, China) and adjusted to 1 µg/µL. Divided into 1.5ml EP tubes, 500µL/tube. Added IgG antibody, SLC7A5 antibody or ZNF24 antibody (about 1ug), incubated at 4°C overnight. Then, 30 µL of A/G protein beads (20423, In vivoGen) was added to the supernatant, incubated for 4-6 hours, and centrifuged at 2500 rpm for 5 min. After the last wash, the supernatant was removed, and 40 µL of 1X SDS‐PAGE loading buffer was added to the precipitate. After incubation at 98°C for 10 min, a portion or all of the samples were analyzed by SDS‐PAGE and western blotting.



Pulldown assays

HEK293T cells were cultured, and the cells reached approximately 80%. Plasmid-SLC7A5-myc and plasmid-ZNF24-3×Flag were cotransfected into HEK293T cells. After 36-48 hours of transfection, the cellular protein was collected. A total of 10 or 20 µL of a magnetic bead suspension from a Myc-labeled protein immunoprecipitation kit (P2183S, Beyotime) or Flag-labeled protein immunoprecipitation kit (P2181S, Beyotime) was added to samples containing equal amounts of protein. Then, the samples were placed on their side on a shaking table and incubated at 4 °C overnight. After incubation, the samples were placed on a magnetic frame for separation for 10 seconds to remove the supernatant. Every 20 μ L Original magnetic bead volume, add 100 μL c-Myc peptide eluent or 100ul 3 × Flag peptide eluent. c-Myc peptide eluent (P9805, Beyotime) and 3 × Flag peptide eluent (P9801, Beyotime) storage mother liquor is 5mg/ml TBS (50mM Tris HCl, pH7.4, 150mM NaCl) solution. During operation, use deionized water to dilute the mother liquor to 150 μ g/ml. Evenly mix the magnetic beads with the eluent, place them on a side sway shaker or rotary mixer, and incubate them at room temperature for 30-60 minutes, or at 4 °C for 1-2 hours.). After incubation, the supernatant was separated on the magnetic rack for 10 seconds and transferred to a new centrifuge tube. The supernatant is the eluted tag protein and its complex. The eluted tag protein and its complex are stored at 4 °C for future use, or - 20 °C or - 80 °C for long-term storage.



Yeast two-hybrid assay

The full-length ORFs of SLC7A5 were amplified by gene-specific primers and then cloned into pGBKT7 vectors. ZNF24 was amplified using gene-specific primers and inserted into pGADT7 vectors (Clontech, http://www.cell-research.com). SLC7A5-pGBKT7 and ZNF24-pGADT7 were transformed into yeast strain AH109 by cotransformation. The positive control pGADT7-large T + pGBKT7-p53 and the negative control pGADT7-large T + pGBKT7-lamin C were resuspended in 2 mL of sterile ddH2O, and spots were placed in SD-TL, SD-TLH, SD-TLHA, and SD-TLHA+ x-α-Gal in the plate.



Cell counting Kit-8 assay

Cells (A549 or H358) were seeded in 96-well plates with 5×103-1×104 cells in each well and cultured at 37°C for 12 hours. 10 µL CCK-8 solution (CA1210, Solarbio) was added to each individual experimental well the next day and incubated at 37°C for 1 hour. A microplate reader (Model 680, Bio-RAD) with a 450 nm absorbance filter was used to read the value.



Clone formation assay for cell proliferation assessment

A total of 1000 cells per well were seeded on 6-well plates. The medium was changed every 3-4 days, and the culture was terminated after the cells formed visible clones. One milliliter of methanol was added to each well, and the cells were fixed for 15 min. The cells were rinsed with water 3-5 times. Photographs were taken, PS software was used for counting, and the following formula was used: clonal formation rate (%) = clonal coefficient/number of inoculated cells ×100%.



Cell apoptosis assay

Cells were collected by centrifugation and single-cell suspension was prepared and 1 × 105 cells were added to 200 μL of binding buffer. According to the instructions of the Apoptosis kit (C1062L, Beyotime), Cells were incubated with Annexin V-FITC for 15 min at 25°C, and incubated in the dark with buffer and PI at 4°C for 30 min. Fluorescence detection was performed by flow cytometry.



TUNEL analysis

Cell sliders were prepared (Each slide was spread with 5 × 104 cells and placed in an incubator at 37° C for 12-24 hours). Apoptosis of A549 and H358 cells was analyzed by a TUNEL assay kit (In Situ Cell Death Detection Kit POD; Beyotime, China). 200 µL of 4% paraformaldehyde was dropped onto the cell surface, and the slides were fixed for 30 minutes. The slides were percolated with 0.2% Triton X-100 for 10 min. After washing with PBS for 3 times, 50uL TUNEL reaction solution was added. The samples were incubated for 1 hour at 37°C. After washing with PBS three times, 10uL DAPI was added. The slices were sealed and then examined under a fluorescence microscope.



Transwell migration and invasion assay

Transwell chambers (CLS3412-24EA, Corning Inc.) was used for migration and invasion tests. A total of 5 × 104 cells were resuspended in serum-free medium containing Matrigel and seeded into the upper chamber of the Transwell chamber, and an appropriate amount of serum-containing medium was added to the lower chamber. After 24 h, cells invading the Transwell’s lower chamber were fixed with 4% paraformaldehyde and stained with Giemsa staining solution. Cells were photographed, and 10 fields were counted for each sample. The steps used to evaluate cell migration were the same as those for cell invasion but without the addition of Matrigel.



Wound healing assay

A549 or H358 cells were seeded in 6-well plates with 1 × 106 cells/well in medium supplemented with 10% fetal bovine serum. After the density reached 80%, a 50 μL pipette was used to draw a line at the bottom of the 6-well plate where the cells adhered to the wall, and the observation position was marked. The culture was washed twice with PBS. Each group was then photographed at 24, 48 and 72 hours. The healing area of the cells was calculated with ImageJ software.



Tumor growth and morphological analysis in vivo

Fifteen 6-week-old female BALB/C nude mice were randomly divided into 3 groups (Vital River Laboratories, Beijing, China) and fed under specific pathogen-free (SPF) conditions. The cells (1×106 at each spot) were injected subcutaneously into the armpits of mice to form tumors. The change in subcutaneous tumor size was observed every 3 days. Tumor growth was dynamically monitored with calipers and draw the tumor growth curve. Finally, the mice were killed. The tumors were removed and weighed. The tumor tissues were prepared into paraffin-embedded tissues, and the expressions of ZNF24, SLC7A5 and KI-67 were detected by immunohistochemistry. Histological changes of the tumors were evaluated by HE stains.



Statistical analysis

Data are shown as the mean ± standard deviation. All statistical analyses were performed using SPSS software version 22.0. Comparisons between all groups were performed using one-way analysis of variance (ANOVA) or t test. p < 0.05 indicates statistical significance.




Results


The expression levels of ZNF24 and SLC7A5 in KRAS mutant LUAD were both increased and positively correlated

To further study the pathogenesis of KRAS mutant LUAD, we explored the potential functional genes in LUAD GEO data chips (GSE72094). The expression levels of SLC7A5 and ZNF24 were found to be abnormally elevated in KRAS mutant LUAD tissues compared with KRAS wild-type LUAD tissues (Figure 1A, sFigure 1A). Next, the KRAS mutant LUAD cell line A549 (KRASG12S) and KRAS wild-type LUAD cell line CaLu-3 were sequenced (Figure 1B, sFigure 1B). Meanwhile, we carried out weighted gene co-expression network analysis of the GSE72094 dataset. Unsupervised clustering resulted in 15 modules (Figure 1C), and correlation analysis was conducted in the 15 modules with KRAS wild-type cases and mutant cases (Figure 1D). Based on the above results, a Venn diagram (Figure 1E) was generated. The expression levels of SLC7A5 and ZNF24 were both abnormally increased, and the expression levels of the two genes were positively correlated (Figure 1F).




Figure 1 | Upregulation and positive correlation of ZNF24 and SLC7A5 in KRAS mutant lung adenocarcinoma. (A, B) In the GSE72094 dataset and our RNA-seq, Heatmap of the top 10 high- and low-expression genes; ZNF24 and SLC7A5 are among these high-expression genes. (C, D) Weighted gene co-expression network analysis (WGCNA) of the GSE72094 dataset. (E) The genes co-expressed with SLC7A5 were screened by WGCNA on the sequencing samples, and the differentially expressed genes were screened in the online database. KRAS-mutant and KRAS wild-type cases were screened, and the genes closely related to SLC7A5 were screened for the intersection of the three sets of data. Take the intersection and draw VENN. (F) SLC7A5 positively correlates with ZNF24 expression in KRAS-mutant lung adenocarcinoma in GSE72094.



To further clarify the expression relationship between SLC7A5 and ZNF24 in KRAS mutant lung adenocarcinoma, we selected KRAS mutant lung adenocarcinoma cell lines (A549G12S, H358G12C, and H2122G12C), the KRAS wild-type LUAD cell line CaLu-3 and the lung normal epithelial cell line Beas-2B to detect the expression levels of ZNF24 and SLC7A5. The results confirmed that the expression levels of both factors were significantly increased in KRAS mutant LUAD cell lines (A549G12S, H358G12C, and H2122G12C) (Figures 2A, B). Next, the LUAD clinical specimens were prepared into tissue microarray, and immunohistochemical analysis was performed. As shown in Figures 2C–F, ZNF24 and SLC7A5 expression were significantly increased in KRAS mutant lung adenocarcinoma. Then, the expression levels of ZNF24 and SLC7A5 were detected in 16 selected KRAS mutation tumor tissues and KRAS wild-type tumor tissues from the samples by qPCR and Western blot analysis, and we found that the expression levels of ZNF24 and SLC7A5 were both increased in KRAS mutation patients (Figures 2G–H).




Figure 2 | ZNF24 and SLC7A5 are up-regulated in lung adenocarcinoma cell lines and tissues with KRAS mutation. (A, B) qRT-PCR and Western blot analysis showed that ZNF24 and SLC7A5 were significantly up-regulated in lung adenocarcinoma cells with KRAS mutation. (C–F) Immunohistochemical staining of SLC7A5 and ZNF24 in tissue microarray showed that ZNF24 and SLC7A5 were significantly up-regulated in lung adenocarcinoma tissues with KRAS mutation. (G, H) qRT-PCR and Western blot analysis showed that ZNF24 and SLC7A5 were significantly upregulated in lung adenocarcinoma clinical tissue samples with KRAS mutation. The experiments were repeated 3 times. Data are shown as means ± SD. P values were calculated with two-tailed Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.





Knockdown of ZNF24 reduces the level of nuclear SLC7A5 protein

Next, we studied the specific regulatory relationship between ZNF24 and SLC7A5. First, the expression of SLC7A5 was inhibited, and no changes were found in the mRNA and protein levels of ZNF24 (Figures 3A, B). Then, we observed that ZNF24 knockdown did not affect SLC7A5 transcription (Figure 3C). However, ZNF24 knockdown significantly downregulated SLC7A5 protein expression levels (Figure 3D). These data suggested that ZNF24 has a positive regulatory effect on SLC7A5 protein levels but has no significant regulatory effect on SLC7A5 transcription. In addition, the half-life of SLC7A5 was shortened, and the degradation rate was accelerated after actinomycin (CHX) treatment, which affected the overall protein level (Figure 3E).




Figure 3 | Knockdown of ZNF24 reduces the level of SLC7A5 protein. (A–D) The regulation between ZNF24 and SLC7A5 was analyzed by qRT-PCR and Western blot, and ZNF24 positively regulated the protein level of SLC7A5. (E) CHX assay showed that ZNF24 knockdown shortened the half-life of SLC7A5 protein synthesis. (F) Western blot showed that SLC7A5 was expressed in the cytoplasmic membrane and nuclear of A549 and H358, while ZNF24 was mainly expressed in the nucleus. (G) Extract nuclear protein and Western blot showed that knockdown of ZNF24 inhibited the expression of SLC7A5 in the nucleus. (H, I). Immunofluorescence assay showed that SLC7A5 expression was decreased after ZNF24 was knocked out. The experiments were repeated 3 times. Data are shown as means ± SD. P values were calculated with two-tailed Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.



We detected SLC7A5 localized in the nucleus and membrane and ZNF24 localized in the nucleus (Figure 3F). Since ZNF24 knockdown can inhibit SLC7A5 translation and reduce SLC7A5 protein expression levels in whole cells, we speculated that ZNF24 has the ability to reduce nuclear SLC7A5 activity. As expected, knockdown of ZNF24 significantly inhibited SLC7A5 expression (Figure 3G) in the nucleus, as shown by Western blotting. Then, immunofluorescence analysis showed that the protein expression level of SLC7A5 in the nucleus was remarkably reduced after ZNF24 knockdown (Figures 3H, I). These experiments demonstrated that ZNF24 knockdown could reduce the level of nuclear SLC7A5.



An endogenous protein interaction between ZNF24 and SLC7A5 occurred

Since ZNF24 can regulate the SLC7A5 protein expression level, we hypothesized that ZNF24 interacts with SLC7A5. Immunofluorescence experiments further confirmed the colocalization of ZNF24 and SLC7A5 (Figure 4A). Next, we performed immunoprecipitation assays in H358 and A549 cell lines, and the results showed that ZNF24 interacted with SLC7A5 endogenous protein (Figure 4B). To further clarify whether there was a direct protein interaction between ZNF24 and SLC7A5, we carried out yeast two-hybrid and pull-down experiments, and the results showed that no direct protein interaction occurred between ZNF24 and SLC7A5 (Figures 4C, D). This result suggested that there were other bridge proteins between ZNF24 and SLC7A5. Our experiment lays a foundation for further research on the regulatory relationship between these two factors.




Figure 4 | An endogenous protein interaction between ZNF24 and SLC7A5 occurred. (A) Immunofluorescence assay showed colocalization of SLC7A5 and ZNF24 in KRAS mutant lung adenocarcinoma cells. (B) Cell lysates from A549 and H358 cells were separately analyzed by IP and Western blotting using the indicated antibodies, ZNF24 interacted with SLC7A5. A representative image is shown, n = 3 independent experiments. (C) Pull-down assay showed no direct protein interaction between SLC7A5 and ZNF24. (D) Yeast two-hybrid assay showed no direct protein interaction between SLC7A5 and ZNF24.





Oncogenic RAS signaling regulates ZNF24 and SLC7A5 expression through MEK-ERK and PI3K-AKT pathways in KRAS mutant lung adenocarcinoma

Gene set enrichment analysis showed that SLC7A5 was enriched in the PI3K-AKT-mTOR pathway downstream of RAS (Figures 5A, B). We attempted to investigate whether ZNF24 and SLC7A5 also participate in the MEK-ERK signaling pathway to determine the downstream pathway through which RAS mutations regulate ZNF24 and SLC7A5. To investigate whether ZNF24 and SLC7A5 are regulated by MEK-ERK and PI3K-AKT downstream of RAS, we first used different methods (KRASG12Cinhibitor HY-18707, small interfering RNA, RGD-p21Ras-scFv) to interfere with KRAS expression and discovered that the protein and mRNA expression levels of ZNF24 and SLC7A5 were markedly downregulated (Figures 5C, D). Subsequently, MEK- and PI3K-specific inhibitors were used to block downstream RAS pathways, and the mRNA and protein expression levels of ZNF24 and SLC7A5 were sharply downregulated (Figures 5E, F). Downstream of MEK and PI3K, the inhibition of ERK1/2 and AKT effectively reduced the expression of ZNF24 and SLC7A5 (Figures 5G, H).




Figure 5 | Oncogenic RAS signaling regulates ZNF24 and SLC7A5 expression through MEK-ERK and PI3K-AKT pathways in KRAS mutant lung adenocarcinoma. (A, B) Gene set enrichment analysis (GSEA) diagram showing that SLC7A5 was enriched in the PI3K-AKT-mTOR signaling pathway. (C, D) qRT-PCR and Western blot results showed that the expression of SLC7A5 and ZNF24 was down-regulated after KRAS blockade. (E, F) The results of qRT-PCR and Western blot showed that the expression of SLC7A5 and ZNF24 was down-regulated after inhibiting MEK and PI3K. (G, H) The results of qRT-PCR and Western blot showed that the expression of SLC7A5 and ZNF24 was down-regulated after inhibiting ERK and AKT. The experiments were repeated 3 times. Abbreviations: shRNA, short hairpin RNA; NC, negative control. Data are shown as means ± SD. P values were calculated with two-tailed paired Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.



The above results indicated that the oncogenic RAS signaling pathways via MEK-ERK and PI3K-Akt were sufficient to drive the expression of ZNF24 and SLC7A5. Since RAS signaling is closely related to malignant tumor proliferation, we hypothesized that ZNF24 may promote the progression of KRAS mutant LUAD by upregulating SLC7A5 protein expression.



ZNF24 promotes KRAS mutant LUAD cell growth through SLC7A5

First, we investigated the effect of SLC7A5 on the biological behavior of KRAS mutant LUAD cell lines. The results showed that after SLC7A5 knockdown, proliferation was decreased (sFigures 2A, B), while the invasion and migration abilities of A549 and H358 cells were markedly decreased (sFigure 2C).

Next, we investigated whether ZNF24 could affect the biological behavior of KRAS mutant LUAD cells through SLC7A5. CCK8 assay results showed that the cell viability decreased significantly after ZNF24 knockdown, while SLC7A5 was overexpressed after ZNF24 knockdown, and the cell viability recovered significantly. This result was similar to that of the untreated cancer cells (H358, A549) (Figure 6A), suggesting that ZNF24 promoted the proliferation of KRAS mutant LUAD cells through SLC7A5. The results of flow cytometry and TUNEL assays further indicated that the number of apoptotic cells overexpressing SLC7A5 decreased after ZNF24 knockdown (Figures 6B, C). Wound healing and transwell assays also demonstrated that ZNF24 promoted the migration and invasion of KRAS mutant LUAD cells via SLC7A5 (Figures 6D, E).




Figure 6 | ZNF24 promotes KRAS mutant LUAD cell growth through SLC7A5. (A) The CCK8 assay was used to detect cell proliferation. (B, C) Cell apoptosis was detected by flow cytometry and the TUNEL assay. (D) The migration ability of cells was measured by the wound healing assay. (E) Transwell assays were used to measure the invasion ability of cells. The experiments were repeated 3 times. shRNA, short hairpin RNA; NC, negative control; OE, overexpression. Data are shown as means ± SD. P values were calculated with two-tailed paired Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.





ZNF24 promotes the growth of KRAS mutant LUAD grafts via SLC7A5

As ZNF24 has been proven to promote the growth of SLC7A5-mediated KRAS mutant LUAD cells in vitro, we established a nude mouse transplanted tumor model for in vivo experimental verification. The results showed that SLC7A5 fluorescence intensity was significantly decreased (sFigure 2D), and the growth rate of the tumor was slower than that of the control group (sFigures 2E–G). Immunohistochemical results further showed that SLC7A5 significantly affected the growth of LUAD (sFigure 2H).

Next, we demonstrated that ZNF24 promoted the growth of KRAS mutant LUAD transplantation tumors via SLC7A5 (Figure 7A). In vivo imaging of mice confirmed that the fluorescence intensity of the NC group was higher than that of the ZNF24 knockdown group, and the fluorescence intensity of the SLC7A5 overexpression group after ZNF24 knockdown was significantly higher than that of the ZNF24 knockdown group (Figure 7B). By plotting the tumor growth curve and comparing tumor volumes, we observed that knocking down ZNF24 significantly inhibited the growth of A549 cell-transplanted tumors, while SLC7A5 overexpression after ZNF24 knockdown partially reversed tumor inhibition (Figures 7C–E). In shZNF24 group, HE staining showed focal necrosis of xenograft tumor. In NC and shZNF24+OE-SLC7A5 groups, the results showed massive necrosis of the tumor. Immunohistochemistry demonstrated that the expression of SLC7A5 was significantly downregulated in shZNF24 group. In addition, knockdown of ZNF24 reduced ki-67 positive cells in transplanted tumors, while SLC7A5 overexpression after ZNF24 knockdown partially reversed tumor suppression, and ki-67 positive cells were increased (Figure 7F).




Figure 7 | ZNF24 promotes the growth of KRAS mutant lung adenocarcinoma grafts via SLC7A5. (A) Transplanted tumor model in nude mice by subcutaneous injection of tumor cells. (B) In vivo imaging of mice showed that the tumor growth rate was significantly delayed after knockdown of ZNF24, and the inhibition of ZNF24 could be partially reversed after recovery of SLC7A5. (C–E) Measurement of the primary tumor volume and weight. ZNF24 promoted tumor growth through SLC7A5. (F), HE staining showed focal necrosis of cells in shZNF24 group but massive necrosis of cells in NC and shZNF24+OE-SLC7A5 groups. Immunohistochemical staining showed that the SLC7A5 was expressed in membrane (green arrow) and nucleus (red arrow) of tumor, and the expression was significantly less in shZNF24 group than in NC and shZNF24+OE-SLC7A5 groups. There were less Ki-67 positive tumor cells in shZNF24 group than in NC and shZNF24+OE-SLC7A5 groups. NC, negative control; OE, overexpression. Data are shown as means ± SD. P values were calculated with two-tailed paired Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

RAS is one of the fundamental drivers of LUAD (15, 16). RAS plays a core role in mitotic signal transduction, and, the downstream effector factors are involved in the activation of mitotic pathways, which are related to tumorigenesis (17–19). Current therapies include Ras-direct inhibitors and inhibitors of upstream or downstream signaling pathways (20, 21). However, due to the escape inhibition, extratarget toxicity and single action site of these inhibitors, research and application have been greatly limited. For example, Sotorasib, a Kras inhibitor targeting G12C, has been approved by the FDA for marketing, but it is only effective for G12C mutation site, rather than other mutation sites, and the objective remission rate is only 32% (22). There are many factors that affect the objective remission rate of drugs, and the mutation of downstream genes can also affect the effect of upstream gene targeted therapy. For example, BRAF mutations in the downstream of EGRF can affect the therapeutic effect of TKI inhibitor targeting EGFR (23). Ras signal pathway includes many genes, and mutations in downstream genes may also affect the therapeutic effect of Ras inhibitors. Therefore, our study aimed to explore the regulatory factors and mechanisms of KRAS mutant LUAD from the perspective of blocking the Ras signaling pathway and antagonizing relevant influencing molecules, explore new therapeutic targets and provide new guidance for targeted tumor therapies.

In our study, KRAS mutant LUAD cases were selected for transcriptome sequencing of KRAS mutant LUAD cell lines, and differentially expressed genes in KRAS mutant LUAD were identified by integrated bioinformatics analysis (Figure 1, sFigure 1) and verified by qRT‐PCR, WB, and immunohistochemistry. ZNF24 and SLC7A5 were identified as candidate target genes. The expression of the two genes was significantly correlated, and the high expression of both genes was closely linked to poor prognosis (Figure 2). These two abnormally expressed genes were first discovered in LUAD with KRAS mutation. It is of great significance to identify these two factors as candidate target genes and further explore their regulatory relationship for further investigation of KRAS mutant LUAD. To our surprise, a recent study showed that KRAS mutation in colorectal cancer drives upregulation of SLC7A5, which provides strong support for our target screening results.

SLC7A5, as one of the main drivers of tumorigenesis, promotes protein synthesis in cancer cells by regulating the mTORC1 signaling pathway and the general amino acid control (GAAC) pathway (24–26). In this study, lentivirus carrying shRNA-SLC7A5 was transfected into H358 and A549 cell lines, demonstrating that SLC7A5 knockdown could suppress the migration, proliferation, and invasion of KRAS mutant LUAD cells and induce apoptosis. In vivo experiments further showed that downregulation of SLC7A5 inhibited tumor growth (sFigure 2) All of these results confirmed that SLC7A5, as an oncogenic gene, can mediate the development of KRAS mutant tumors. However, the mechanism of SLC7A5-specific enrichment in KRAS mutant LUAD is still unknown, and its regulatory relationship with ZNF24 has not been reported. In this study, SLC7A5 and ZNF24 were knocked down, and ZNF24 was identified as the positive regulator of SLC7A5, which inhibited SLC7A5 expression at the protein level. SLC7A5 was expressed in the nucleus during the experiment, and ZNF24 knockdown reduced the expression of SLC7A5 in the nucleus (Figure 3). These results also suggested that SLC7A5 and ZNF24 underwent protein interactions and that the main regulatory interaction of the two proteins occurred in the nucleus. These experimental results motivated us to perform further investigations. Subsequent experiments confirmed our hypothesis that SLC7A5 and ZNF24 had indirect protein interactions (Figure 4). ZNF24 may form a cofactor with a ubiquitinated protein to further regulate the expression of SLC7A5. This ubiquitinated protein is of key significance for the connection between ZNF24 and SLC7A5, but further studies need to be performed in the future. The ZNF24-SLC7A5 signaling axis established in this study further explains the oncogenic mechanism of SLC7A5. In view of the urgent need for in-depth exploration of downstream targets of Ras to address the difficult problem of Ras targeting (27, 28) and drug resistance in the treatment of Ras mutant LUAD (29–31), the elucidation of ZNF24 greatly aids research on the above problems.

ZNF24 was first discovered in 1998 (32), and relevant studies have confirmed that knocking out ZNF24 can lead to premature death at different time points during development, suggesting that ZNF24 plays a key role in regulating organ development (33). As a transcription factor, ZNF24 plays an inhibitory role in breast and gastric cancers (34, 35), but it plays a role as an oncogene in prostate and liver cancers (13, 14, 36). However, the role of ZNF24 in KRAS mutant LUAD and its role in the RAS signaling pathway have not yet been reported. By blocking RAS and its downstream MEK/ERK and PI3K/AKT signaling pathways, our study proved for the first time that SLC7A5 and ZNF24 were positively regulated by the RAS signaling pathway, and it showed that SLC7A5 and ZNF24 were located downstream of MEK/ERK and PI3K/AKT and were new members of the RAS signaling pathway (Figure 5). Our study confirmed the existence of the RAS-ZNF24-SLC7A5 signaling axis in detail and revealed the regulatory relationship between ZNF24 and SLC7A5. Meanwhile, in vivo and in vitro experiments also demonstrated that ZNF24 could induce the growth of KRAS mutant LUAD through SLC7A5 (Figure 6 and Figure 7). These studies are the first to elucidate the role of ZNF24 in KRAS mutant LUAD. A new target provided by our work for the treatment of RAS signaling pathway and a supplement to the current inhibition targets.

In addition, since the upregulation of SLC7A5 is closely related to abnormal amino acid metabolism (9) and immune evasion (37, 38), in this study, we identified the regulatory mechanism of ZNF24 on SLC7A5, which is crucial for the blockade of tumor metabolism and immunotherapy of KRAS mutant LUAD. We hypothesized that screening small-molecule inhibitors of ZNF24 and combining them with the p21Ras-scFv (an antibody to Ras, previously developed by our research group) (39–42) would have a reverse effect on the progression of Ras mutant LUAD, and these assumptions need to be verified by our group in the future.



Conclusions

ZNF24 promoted the growth of KRAS mutant LUAD by upregulating SLC7A5 protein expression, which suggests that ZNF24 is a new biomarker of KRAS mutant tumors and could be a new potential therapeutic target for Ras-driven tumors.
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Supplementary Figure 2 | Knockdown of SLC7A5 inhibits the growth of KRAS-mutated LUAD cells in vivo and in vitro. (A, B) CCK8 and clone formation assays were performed to detect cell proliferation. (C) Transwell assays were used to measure the invasion ability of cells. (D) Fluorescence imaging of nude mice. (E–G) Measurement of primary tumor volume and weight. (H) Immunohistochemical staining for SLC7A5. shRNA, short hairpin RNA; NC, negative control. Data are shown as means ± SD. P values were calculated with two-tailed Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Lung cancer has very high morbidity and mortality worldwide, and the prognosis is not optimistic. Previous treatments for non-small cell lung cancer (NSCLC) have limited efficacy, and targeted drugs for some gene mutations have been used in NSCLC with considerable efficacy. The RET proto-oncogene is located on the long arm of chromosome 10 with a length of 60,000 bp, and the expression of RET gene affects cell survival, proliferation, growth and differentiation. This review will describe the basic characteristics and common fusion methods of RET genes; analyze the advantages and disadvantages of different RET fusion detection methods; summarize and discuss the recent application of non-selective and selective RET fusion-positive inhibitors, such as Vandetanib, Selpercatinib, Pralsetinib and Alectinib; discuss the mechanism and coping strategies of resistance to RET fusion-positive inhibitors.
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Introduction

Lung cancer has very high morbidity and mortality worldwide, and the prognosis is not optimistic, and the prognosis is not optimistic. According to a study (1), lung cancer accounted for 11.6% of cancer incidence and 18% of deaths, respectively, in 2020 and likely resulted in over 1.8 million deaths. When lung cancer is contained at the initial site, the five-year survival rate is 56.3% and reaches 29.7% when regional lymph node metastasis occurs, and less than 13% when distant metastasis occurs (2, 3). This dismal prognosis suggests that the efficacy of treatment for lung cancer remains uncertain. Men are 1.89 times more likely than women to develop lung cancer, and 85% of lung cancers are NSCLC (3). Early-stage NSCLC is mainly treated with surgery and chemotherapy. Chemotherapy drugs represented by carboplatin, cisplatin, etoposide, irinotecan, Docetaxel and pemetrexed (4) have limited efficacy, only about 20-30% (5) of NSCLC respond, and most will eventually relapse. As a result, novel techniques for improving patient outcomes are required. Identifying driver genes in lung cancer patients can alter the therapy landscape for lung cancer. Numerous molecular abnormalities have been revealed in NSCLC, and several targeted therapies to treat these abnormalities have also entered clinical trials. These targeted medications appear to have greater efficacy and safety when compared to chemotherapy (6–8), and these therapies are critical for improving lung cancer outcomes, delaying the course of lung cancer, and perhaps regulating disease progression. ALK, ROS-1, NTRK, EGFR, KRAS, BRAF, and RET are the most mutated genes currently being researched (9). Although the incidence of RET gene rearrangement in non-small cell lung cancer is 1% to 2% (10), it is still of great significance to study RET fusion-positive NSCLC due to the high incidence of lung cancer. Tyrosine kinase inhibitors (TKIs) that inhibit RET fusion genes have made some breakthroughs in the past few years, especially Selpercatinib and pralsetinib have been approved by the FDA (11, 12). In this review, we will describe the basic characteristics and common fusion methods of RET genes; analyze the advantages and disadvantages of different RET fusion detection methods; summarize and discuss the recent application of non-selective and selective RET fusion-positive inhibitors; discuss the mechanism and coping strategies of resistance to RET fusion-positive inhibitors.



RET fusion and its detection


RET gene

The RET proto-oncogene is located on the long arm of chromosome 10 with a length of 60,000 bp, with 21 exons (13). In 1985, Takahashi et al. found a RET fusion gene activated by DNA rearrangements during the transfection of NIH3T3 cells using human T-cell lymphoma DNA (14, 15). RET proto-oncogene located on Chr 10 long arm is a fusion gene that encodes a tyrosine kinase receptor protein with 1076, 1106, or 1114 amino acids which are produced by alternative splicing in its 3 prime regions. RET protein has a tyrosine kinase intracellular domain linked to an outer cysteine-rich extracellular domain and four cadherin-like domains through transmembrane (16, 17). The RET gene forms a ternary complex with Glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) and GDNF family co-receptors (GFR α1-4) leading to autophosphorylation of RET-intracellular domain, which activates downstream signaling pathways like PI3K/AKT, RAS/MAPK, JAK/STAT, and PKA/PKC, whose activation or inhibition has an important impact in cell survival, proliferation, migration, and differentiation (18, 19). Figure 1 illustrates the constitutive patterns of the RET proteins.




Figure 1 | TM, Hydrophobic Transmembrane domain; TK, Tyrosine Kinase domian; KM, Kinesin motor; aa, amino acid. The RET gene forms a ternary complex with GFLs and GFR α1-4. RET fusion can form Ligan-Independent Homodimerzation and further activate or inhibit P13K/AKT, RAS/MAPK, JAK/STAT and PKA/PKC. Activation or inhibition of these pathways is closely related to cell survival, proliferation, migration and differentiation.



RET gene promotes carcinogenesis primarily by gene fusion, point mutation, and amplification, associated with numerous cancers (19, 20). RET gene is involved in the development of embryonic urogenital and neural tissues, involved in the stability of brain tissue, hematopoietic tissue, and urogenital system (20). Point mutations in RET gene have been identified in familial medullary thyroid cancer, multiple endocrine neoplasia type 2 syndrome, pheochromocytoma, and chronic myeloid leukemia (17, 21). Point mutations, RET fusions, and amplification of RET gene are observed in various cancers. RET fusions which occur due to chromosomal rearrangements resulting in RET protein’s C-terminus splicing with the N-terminus of another protein and are seen in papillary thyroid carcinomas, NSCLC in young never-smokers, advanced disease, and poorly differentiated populations (9, 22, 23). RET fusions occur in a variety of ways, the most common being KIF5B-RET and CCDC6-5B. The data from 12 countries and 29 centres shows that KIF5B-RET (62.4%) and CCDC6-5B (20.8%) were found in 173 lung cancer patients with a positive RET fusion profile (24). And they found that stage IV RET fusion-positive lung cancer seems to have a higher brain metastasis rate of 25% (33/133). A study (25) from China used DNA next generation sequencing (NGS) to profile RET fusions in 12,888 lung cancer patients. In this study, RET fusions occurred in 1.1% of cases, with KIF5B-RET (62%) and CCDC6-5B (21%) being the two most common fusions. They also found some fusion modes that had not been found before, such as DNER, DPP6, FGD5. Another study (26) included 9,471 patients with NSCLC, and detected 167 (1.7%) patients with a RET fusion using DNA NGS. The most common fusion partner was KIF5B (68.2%, 114/167), followed by CCDC6 (16.8%, 28/167). Notably, they found that while in EGFR/KRAS/BRAF/ALK-negative NSCLC patients, the prevalence of RET rearrangement was 8.79% (29/330). This is similar to some previous reports (10), indicating that RET and other fusions are possibly exclusive. Table 1 lists the variation of the RET genes as reported in the literature.


Table 1 | Common RET gene fusion patterns.



Researchers (27) discovered that RET-KIF5B fusion-positive was primarily localized in exons 12 of RET protein and exons 15 of KIF5B in 371 NSCLC patients. CCDC6 dissociates at its amino acids 101, 150, and 293, and then forms a fusion protein with the RET gene (28). Figure 2 depicts typical rearrangement patterns of RET fusion proteins.




Figure 2 | TM, Hydrophobic Transmembrane domain; TK, Tyrosine Kinase domian; KM, Kinesin motor; aa, amino acid. The figure shows the two most common fusions, KIF5B-RET and CCDC6-RET.





The detection of RET fusions

There are many detection technologies for RET fusion, and each method has its advantages and disadvantages and usage scenarios. Test results are affected by factors such as the type and quantity of genetic variants detected, specimen type, specimen quantity and quality, and laboratory conditions. The most commonly used methods for detecting RET fusions are Immunohistochemistry (IHC), fluorescence in situ hybridization (FISH), next-generation sequencing (NGS), reverse transcription-polymerase chain reaction (RT-PCR), and PCR/Sanger. IHC detects protein, which can identify known and unknown locations which are not only inexpensive but quick as well. The IHC detection platform is highly accessible, cheap and fast, but the availability of antibodies is poor, and there are certain false negatives and false positives (both up to 40%) (29). IHC mainly uses the principle of antigen-antibody specific binding, and determines the antigen (polypeptide and protein) in tissue cells by chemical reaction to develop the color of the labeled antibody, and performs localization, qualitative and relative quantitative detection technology. IHC has been widely used to detect fusion genes such as ALK. However, when used to detect RET fusions, its sensitivity and specificity are unreliable, with studies reporting sensitivities of 50%-100% and specificities of 30%-90% (30, 31), and thus may only be suitable for extensive primary screening check, but not for a standalone test. In addition, IHC cannot detect partner genes (22), so the widespread use of IHC in RET detection is not recommended.

FISH works by labeling DNA or RNA probes with specific nucleotide molecules that can find, qualitatively, and quantitatively assess DNA or RNA sequence at the probe’s site (22, 32). FISH has the highest sensitivity for the detection of classical RET fusions (KIF5B-RET, CCDC6-RET) at 86%-91.7% and 95%, respectively, while other non-classical fusions such as NCOA4-RET have a sensitivity of only 66.7% (33, 34). The FISH specificity has been reported to reach 50.6%-99% (33, 34). But FISH is associated with demerits like high detection cost, extended detection time, need for professional supervision, and high subjectivity (35). FISH is the “gold standard” for detecting gene translocations/fusions but has false negatives for rare variants, and lacks cut-off values (36).

RT-PCR performed well in terms of specificity(77%-100%), sensitivity(91.43%-99%) and automation (37–40). However, sensitivity may be reduced when there are several fusion partners, and RT-PCR can only detect known sites, not new or unknown ones (10, 31). The detection material of RT-PCR is known fusion mRNA, but cannot detect rare fusion partners not covered by primers (41). Given the potential for false positives with FISH, FISH is often used as primary screening in a broad range of multikinase inhibitor (MKI) screening studies and in phase II clinical trials, and further validated with RT-PCR or RNA NGS (23, 42), especially in the face of For atypical FISH results (such as single color, signal amplification, etc.).

NGS is a modernization of classic Sanger sequencing, including DNA NGS and RNA NGS, with the benefits of high throughput, ease of use, high accuracy, and large-scale gene screening (31). Therefore, NGS not only saves specimens, but also saves time waiting for test results. For targets with lower mutation frequencies, the advantages of NGS are more obvious. DNA NGS can be used to detect several mutations simultaneously, the reported sensitivity ranges from 87.2% to 100%, and the specificity ranges from 98.1% to 100% (43–46). However, its sensitivity is lower than that of RNA NGS due to its limited coverage of intronic areas and is associated with the problem of false positivity. Furthermore, the rearrangements found by DNA NGS may not produce fusion. Unlike DNA NGS, RNA NGS does not have the disadvantage of intron coverage and may obtain fusion partner information simultaneously, allowing it to detect gene expression directly. However, RNA NGS detection is generally limited to specific common fusion types causing rare fusions to be missed, and the sensitivity of RNA NGS is probably affected by the design of the detection product (47). The sensitivity and specificity reported in the literature can reach 88.46%-100% and 95.83%-100% (48, 49). Other detection technologies such as NanoString technology/PCR/Sanger sequencing have a high cost, unpopular detection instruments, and time-consuming. Even with high sensitivity and specificity, they are not suitable for routine clinical applications (50, 51). For the detection of RET fusion-positive, Yang et al. advocate a combination of screening and confirmatory assays (33). They make the following recommendations: DNA NGS is recommended as the primary screening tool due to its broad sensitivity to all RET fusions; atypical RET mutations with novel fusion partners, antisense fusions, or intergenic regions should be sequenced by RNA NGS for further evaluation; when DNA NGS is not available, use FISH for screening, and use RNA NGS to confirm atypical positive and borderline negative FISH results. Table 2 compares several commonly used detection technologies.


Table 2 | Comparison of several detection technologies.






The relationship between RET fusions and NSCLC

The incidence of RET fusion-positive NSCLC is similar in men and women. RET fusion-positive NSCLC has typical clinical features, such as younger age at onset and a low smoking rate (more than 60% of patients have never smoked) (52). Adenocarcinoma occurs in 98% of RET fusion-positive NSCLC patients, and 70% of RET fusion-positive NSCLC patients are in stage IV at diagnosis (43, 52). This implies that NSCLC patients with RET gene rearrangement have a poor prognosis and are more likely to develop distant metastasis. However, it does not rule out the possibility that non-metastatic patients are rarely screened.

RET gene positivity in non-small cell lung adenocarcinoma is approximately 1% to 2%, RET fusion mutations and some other genetic mutations (eg, EGFR receptor mutations, ALK gene rearrangements) are mutually exclusive (42). The frequency of RET rearrangements increases in the absence of other oncogenic driver mutations, and the prevalence of RET rearrangements at this time is estimated to be approximately 5% (42). RET fusion-positive NSCLC patients show poorer tumor cell differentiation, more signet ring cell subtypes, and smaller primary lesions (<3 cm) when compared to ALK rearrangement, EGFR receptor mutation, and ROS-1 fusion-positive patients (22, 51, 53).

An in-frame fusion of the kinesin family 5B gene (KIF5B) with the RET gene was the first RET fusion discovered in NSCLC (54). The oncoprotein is induced by RET gene and its fusion partner gene, which also causes the activation of associated signaling pathways, which can make cells malignant and progress toward lung cancer. The positive RET fusion gives patients without harmful traditional targeted genes fresh hope, and it may become a successful target for NSCLC patients’ targeted therapy in the future.



RET fusion-positive NSCLC inhibitors

Researchers conducted multiple clinical trials of Vandetanib, Cabozantinib, and Lenvatinib in RET fusion-positive thyroid cancer. These drugs have even been approved to treat thyroid cancer (15). Several multi-kinase inhibitors (MKIs) targeting RET fusion-positive NSCLC have also been studied clinically or pre-clinically.

Numerous studies (55–57) have indicated that MKI might induce more noticeable adverse effects such as nausea, diarrhea, rash, and elevated blood pressure, leading to dose decrease or drug discontinuation. Due to the low pharmacokinetics and non-selectivity of MKI, its treatment of RET fusion-positive NSCLC is limited, especially in terms of disease remission rate and disease progression control. Some selective TKIs have achieved breakthroughs in clinical trials in the past two years, and some drugs have also been approved by the EMA or the FDA. The representative drugs Pralsetinib and Selpercatinib have shown good efficacy and safety. The FDA previously granted selpercatinib (LOXO-292) accelerated approval in 2020 for RET fusion–positive metastatic NSCLC, excitingly, Selpercatinib was authorized by the FDA as first-line regular therapy for RET fusion-positive advanced or metastatic NSCLC in Nov 2022 (11). The FDA also granted Pralsetinib (BLU-667) accelerated approval in Sep 2020 (12). Selpercatinib was approved as second-line therapy for RET fusion-positive NSCLC by Swissmedic and the EMA in 2021 (58). We will summarize the recent application of non-selective and selective RET fusion-positive inhibitors, and discuss the mechanism and coping strategies of resistance to RET fusion-positive inhibitors.


Non-selective RET fusion-positive inhibitors

Vandetanib is an oral multi-target inhibitor with anti-angiogenic and anti-RET properties that target RET, VEGFR, and EGFR signaling pathways (59). FDA approved vandetanib, which primarily inhibits the RET tyrosine kinase signaling pathway, to treat advanced medullary thyroid carcinoma (60). Growth of CCDC6-RET-positive LC-2 lung adenocarcinoma cells can be inhibited by vandetinib in vitro (61). The combination therapy of vandetanib and everolimus can modify efflux mediated by P-gp/Abcb1- and Bcrp1/Abcg2, improve blood-brain barrier penetration, and increase the survival time of patients with brain metastases (62). It also can suppress the transplantation of CCDC6-RET-positive lung adenocarcinoma tumors into athymic mice and the carcinogenesis of KIF5B-RET transgenic mice in vivo (63).

Based on existing Phase I and Phase II trials, vandetanib was well tolerated at a single daily dose of 300 mg. Lee et al. (64) conducted a phase II clinical trial in which 18 patients with RET fusion-positive metastatic or recurrent NSCLC who previously received and responded to platinum-based doublet chemotherapy were recruited between July 2013 and October 2015. These patients were given vandetanib 300 mg/day. They had an objective response rate (ORR) of 18%, a median progression-free survival (mPFS) of 4.5 months, and median overall survival (mOS) of 11.6 months at the end of the trial. The most common grade three or higher treatment-related adverse events (TRAEs) were hypertension (89%), rash (72%), diarrhea (44%), acne (28%), and asymptomatic QT prolongation (11%).

Yoh et al. (65) published the final follow-up data of Phase II clinical trial they completed between April 2013 and May 2015 in 19 previously treated RET fusion-positive NSCLC patients in May 2021. These patients had an ORR of 53% (95% CI: 31-74), an mPFS of 6.5 months, and an mOS of 13.5 months. Hypertension (84.2%), diarrhea (78.9%), acneiform rash (63.2%), asymptomatic QT prolongation (47.4%), dry skin (42.1%) were the most prevalent grade three or higher TRAEs. It can be noted that vandetanib has a restricted objective remission rate, no evident advantages in terms of efficacy, and a significant prevalence of grade three or higher TRAEs, which is a fundamental reason for limiting its clinical utilization.

Cabozantinib (XL184) is a multikinase inhibitor, which inhibits RET, VEGFR-1/2/3, MET, ROS1, AXL, and other kinases (66, 67). Cabozantinib has been approved in some locations for RET fusion-positive NSCLC, medullary thyroid cancer and Advanced Renal Cell Carcinoma (68). Nokihara et al. completed a phase I research (69), in which 43 NSCLC patients received cabozantinib 60 mg/day, eight patients achieved varied degrees of remission, and 16 patients experienced stable illness. Hypertension, proteinuria, and venous thrombosis were commonly observed TRAEs.

In June 2013, cabozantinib was used in a phase II study (70) involving three RET fusion-positive NSCLC patients. Two of these patients showed marked partial responses (including one with a TRIM33-RET fusion). Another patient with a KIF5B-RET fusion had a roughly 8-month period of stable illness. Hypertension, proteinuria, and tiredness were among the grade three or higher TRAEs. In 2016, Drilon et al. (71) reported their phase II clinical study involving 26 patients with RET fusion-positive NSCLC, cabozantinib 60 mg/day, and the follow-up results of the 25 patients were ORR: 28%, mPFS: 5.5 months, and mOS: 9.9 months, and the primary grade three or higher TRAEs was increased lipase (15%), increased alanine aminotransferase (8%), decreased platelet count (8%), and hypophosphatemia (8%). Cabozantinib has been indicated to have a general efficacy in patients with RET-positive NSCLC. Still, because its safety is tolerable, it can be utilized as a backup alternative when no other targeted medications with superior efficacy are available.

Lenvatinib is a RET, KIT, FGFR1-4, PDGFRα, and VEGFR-1/2/3 kinase inhibitor. It can be combined with everolimus to treat advanced renal cell carcinoma, radioactive iodine-refractory differentiated thyroid cancer, inoperable hepatocellular carcinoma, and advanced endometrial cancer in combination with pembrolizumab (72–75). Taylor et al. (76) conducted a phase Ib/II trial with 21 NSCLC patients (lenvatinib 24 mg/day plus pembrolizumab). After 24 weeks, the 21 patients had an ORR of 33%, a mPFS of 5.9 months, and a median duration of response (mDOR) of 10.9 months. The most common grade three or higher TRAEs were hypertension (20%), tiredness (12%), diarrhea (9%), proteinuria (8%), and elevated lipase (7%). In another phase II clinical research (77), oral lenvatinib 24 mg/day was provided to 25 patients, 13 of whom were KIF5B-RET and 12 of whom were CCDC6-RET. At the end of follow-up, their overall ORR was 16% mPFS was 7.3 months, and mOS was not reached. Twenty-three (92%) patients had TRAEs of grade three or above, and six (24%) patients had to quit due to more extreme TRAEs. The most prevalent grade three or higher TRAEs was hypertension (68%), and the others are nausea (60%), decreased appetite (52%), diarrhea (52%), and proteinuria (48%). These clinical trials revealed that lenvatinib is ineffective, has a significant rate of TRAEs such as hypertension, nausea, and diarrhea, and has evident limitations in clinical use, rendering it inappropriate for widespread clinical use. Table 3 presents clinical trials of several non-selective inhibitors.


Table 3 | Non-selective inhibitors in RET+NSCLC patients.





Selective RET fusion-positive inhibitors

Selpercatinib (LOXO-292) is a highly selective RET inhibitor involved in ATP competition (58). It suppresses RET fusions (for example, KIF5B-RET and CCDC6-RET) as well as mutations (for example, V804L, V804M, and M918T) (78). Based on Phase I/II Libretto-001 trial findings, selpercatinib was granted regular approval from the FDA to treat adults with locally advanced or metastatic RET fusion-positive NSCLC (11). Aside from its significant inhibitory action on RET, the medication has demonstrated reasonable target specificity, tolerance, and intracranial effectiveness (79).

In Sep 2022, Drilon et al. (80) published the latest results of their registrational LIBRETTO-001 phase I/II trial, a global multicenter clinical trial. This trial included 247 patients with advanced RET fusion-positive NSCLC who had previously used platinum-based chemotherapy and 69 patients who had never been treated. This time the number of patients was more than double what they reported in 2020 (81), which makes their reported drug effects more convincing. All patients were given selpercatinib 160 mg twice daily. By data cut-off, ORR was found to be 61% in 105 platinum-treated patients, with a mDOR of 28.6 months and an mPFS of 24.9 months. Similar observation results were made in the LIBRETTO-001 clinical trials in Japan and China. The study from China (82) included 26 patients with RET fusion-positive NSCLC, 18 of whom had previously received chemotherapy or immunotherapy, and 8 who were treatment-naïve. The ORR was 61.1% in previously treated patients and 87.5% in treatment-naïve patients, with mPFS and mOS not reached at data cut-off. The ORR was 55.3% (95% CI, 38.3-71.4) among 38 patients in the Japanese study (83) who had previously received chemotherapy or immunotherapy. This means that selpercatinib treatment of RET fusion-positive NSCLC may not be significantly different between different populations.

Surprisingly, 106 patients with initial intracranial metastases achieved an ORR of 85% (95% CI, 65-96). And achieved mPFS (95% CI, 13.8-NR) of 19.4 months, which is very optimistic in the survival status of stage IV lung cancer. In addition, In the 22 responders with measurable CNS metastases, the mDOR was 9.4 months (95% CI, 7.4-15.3). This indicates that selpercatinib has good intracranial reactivity, which is beneficial for prolonging the survival time of NSCLC patients with intracranial metastases is significant.

Similar intracranial hyperresponsiveness to selpercatinib was also demonstrated in another study. Subbiah et al. (84) reported the efficacy of selpercatinib 160 mg twice daily for one year in 80 patients with RET fusion-positive NSCLC with brain metastases. Among 22 patients with evaluable intracranial lesions, intracranial ORR at data cut-off was 82%, and 23% of patients achieved complete remission. A total of 80 patients had an intracranial mPFS of 13.7 months, and the mDOR was not reached at the data cutoff. The good safety profile of selpercatinib was also reflected in the trial by Drilon et al. (80). TRAEs occurred in 44% of patients, the most prevalent grade three or higher TRAEs in these patients after treatment were hypertension (19.7%), ALT increased (11.4%), AST increased (8.8%), diarrhea (5.0%), and electrocardiogram QT prolonged (4.8%). It is not difficult to see from these studies that Selpercatinib has a high response rate, good targeting, fewer side effects, and significant intracranial efficacy. Selpercatinib will be a valuable treatment option for these patients with RET fusion-positive NSCLC, especially those with brain metastases. It will be expected that more clinical data are available to verify its efficacy and safety.

Pralsetinib (BLU667) is another potent and selective RET inhibitor with selective activity against gatekeeper mutations (85), which has a central system proven efficacy in a mouse model (8). ARROW (86) is a 13-country, multi-cohort, open-label phase I/II trial. On August 13, 2022, Griesinger et al. updated their latest analysis (87). A total of 281 RET fusion-positive NSCLC patients were involved between March 17, 2017, and November 6, 2020. These patients received a phase II dose of 400 mg of Pralsetinib once daily, and the endpoints were ORR. Pleasantly, they get good therapeutic results. They got an ORR of 72% in treatment-naïve patients and 59% in patients who had previously received platinum-based chemotherapy. The mDOR in chemotherapy patients was 22.3 months, while the mDOR in treatment-naïve patients was not reached. All treatment-naïve patients and 97% of platinum-based chemotherapy patients had tumor volume reductions after treatment, and their respective progression survival was 13.0 months and 16.0 months. In addition, like Selpercatinib, Pralsetinib also has good intracranial efficacy. The intracranial remission rate was 70%(95% CI 35-93) in patients with intracranial metastases after treatment. The mDOR was 10.5 months (95% CI 5.5-12.6 months). Of all 281 patients, 7% (20/281) discontinued due to TRAEs. In 116 treatment-naïve patients, 08 (93%) patients experienced a TRAE, the most common grade three or higher TRAEs were neutropenia (18%), hypertension (10%), serum creatine phosphokinase Elevated (9%) and lymphopenia (9%). In the pre-treated population, the most common grade three or higher TRAEs were neutropenia (22%), anaemia (18%), and hypertension (13%).

According to the findings of these studies, pralsetinib is a medication with good tolerability and safety, a decent ORR and mPFS, and a low occurrence of side events such as neutropenia and hypertension. However, the incidence of Pralsetinib TRAEs was higher than that of Selpercatinib. In terms of rational use, Pralsetinib remains a preferred option for patients with RET fusion-positive NSCLC.

Alectinib is a second-generation highly selective anaplastic lymphoma tyrosine kinase inhibitor with favourable central nervous system activity (88). Having demonstrated great activity in ALK fusion-positive (89), It has been approved as a first-line treatment for metastatic ALK fusion-positive NSCLC after crizotinib treatment (90). Previous studies have shown that Alectinib strongly inhibits RET, FLT3, CHEK2, and LTK but not VEGFR (91). Therefore, it may also be a potentially effective treatment option for RET fusion-positive NSCLC. Takeuchi et al. (92) conducted I/II experiment in Japan. Between September 28, 2016, and January 29, 2018, 25 patients received 450 mg of alectinib twice daily. The final ORR was 4%, mPFS was 3.4%, and mOS was 19 months. An overall disease control rate of 52% was obtained. Grade three or higher TRAEs included diarrhea, pneumonia, elevated serum creatine phosphokinase and bilirubin, hyponatremia, and neutropenia (all at 3.6%).

Ribeiro et al. (93) investigated the efficacy and tolerability of alectinib in four patients with RET fusion-positive NSCLC who received 600 mg twice daily. All patients had previous chemotherapy and TKI therapy. Three cases contained one KIF5B-RET fusion and one CCDC6-RET fusion. Two months after starting medication, one patient’s condition progressed. Two patients had a PFS of four to five months. No grade three or higher TRAEs occurred in these four patients. Another clinical trial (94) enrolled 14 patients with RET fusion-positive NSCLC and achieved an mPFS of 3.7 months (95% CI, 1.8 - 7.3 months). Unfortunately, the researchers stopped early due to the lack of positive efficacy observed in other studies. Although past preclinical studies have shown that alectinib has a significant inhibitory effect on RET fusion genes (10, 95), but from the results of these clinical trials, alectinib is difficult to offer considerable disease control results in patients with advanced and chemotherapy-refractory RET fusion-positive NSCLC. Nevertheless, it has the advantages of low toxicity and side effects and great potential application value worthy of our research. Considering the small number of patients involved in previous clinical trials, maybe we need a larger clinical trial to verify the efficacy and safety of alectinib. Table 4 presents clinical trials of several selective inhibitors.


Table 4 | Selective inhibitors in RET+NSCLC patients.





Problems and prospects of RET fusion-positive inhibitors

RET fusion-positive inhibitors have brought new changes to the treatment of NSCLC, bringing new hope to patients with advanced or metastatic NSCLC who cannot be operated on. But they also have many problems, the main one is their TRAEs, such as hypertension, rash, diarrhea, neutropenia, liver function damage, etc. And Kalchiem-Dekel et al. found that Chylothorax and Chylous Ascites may appear during treatment with selected RET TKIs (96). Recognizing this side effect can help identify whether a tumor is progressive. These TRAEs will greatly limit the therapeutic dose of inhibitors, and some people even suffer from severe TRAEs and discontinuation. The problem we need to face is how to choose an appropriate drug and dosage according to the patient’s condition, and balance the factors such as treatment effect, TRAEs, and patient’s quality of life. If the toxic and side effects are too strong and the patient cannot get better disease control effects, we should choose other conservative treatments, which will make the patient’s quality of life better.

Another important aspect is the problem of resistance to these drugs. The resistance mechanisms of RET inhibitors are mainly composed of on-target mutation, off-target bypass activation or some unknown resistance pathways (97, 98). V804L/M residue gatekeeper mutation of secondary drug resistance mutation is an on-target resistance mechanism usually seen in MKI (97), a study (99) has shown that a novel RET inhibitor, SYHA1815, can overcome this resistance, which may be a new direction for drug development. Some other on-target mechanisms, S904F, G810R/S/C/V residue solvent front mutations, and I788N somatic mutation are also associated with MKI or selective TKI resistance (98, 100–102). Off-target resistance mainly includes KRAS/MET amplification, BRAF(V600E)/NTRK3 mutation, EGFR activation, and MDM2 amplification (78, 103–105), these resistance mechanisms can be seen in MKI or selective TKI. In particular, NTRK3 fusion has achieved post-clinical validation as an acquired resistance mechanism to selpercatinib in RET fusion-positive lung cancer (105). Unlike MKI, selpercatinib and pralsetinib avoid the interference of some gatekeeper mutations (106). However, it is very susceptible to non-gatekeeper mutations (such as RETG810C/S and RETY806C/N mutations). Solomon et al. (100) found 5 resistant patients after using selpercatinib, including RET carrier premutation (G810C/R/S/V) and olvent front trans-gatekeeper mutation. The speed, scope and severity of the mutations are staggering. Figure 3 shows several common mechanisms by which MKI or selective TKI resistance.




Figure 3 | Mechanisms of MKI and TKI resistance in RET fusion-positive NSCLC.



There are some caveats when analyzing TKI resistance. According to Xia, Lin, et al. (107, 108), analyzing tumor re-biopsy acquired resistance pathways is critical for next-generation RET TKIs, especially when there is an acquired resistance mutation spectrum difference between selpercatinib and pralsetinib. Next-generation TKI assays may require discriminating between RET fusion-positive and RET-mutant cancers, and differences in resistance between selpercatinib and pralsetinib. Numerous studies have shown that the combination of different RET fusion-positive inhibitors, or in combination with other drugs, can improve efficacy or overcome some MKI/TKI resistance. Rosen EY et al. (109) discovered that a combination of selpercatinib and crizotinib can overcome MET-dependent resistance in RET fusion-positive NSCLC. Another study (110) also reported that the combination of Pralsetinib and Sequential MET Inhibitors can overcome MET amplification resistance. Cabozantinib combined with everolimus improves the therapeutic effect of advanced renal cell carcinoma (111, 112), which may be a revelation of treatment for patients with RET fusion-positive NSCLC. An important research (113) result in thyroid cancer, inhibition of FGF receptor blocks adaptive resistance to RET inhibition in CCDC6-RET-rearranged thyroid cancer. This may also be replicated in RET fusion-positive NSCLC.

Overall, among non-selective RET fusion-positive inhibitors. Vandetinib and lenvatinib have very low efficacy and are accompanied by relatively serious TRAEs, which do not have much practical application value. Cabozantinib shows some activity against RET fusion-positive, and its safety is tolerable, so it can be used as a substitute or in combination with other drugs when there is no other drug with excellent efficacy. In contrast, selective fusion-positive inhibitors gave us more confidence, especially their good performance in intracranial efficacy. Selecting RET fusion-positive inhibitors not only has good reactivity, but also has relatively milder drug side effects. NCCN guidelines (114) also advocate selpercatinib and pralsetinib as first-line therapies for patients with RET fusion-positive advanced NSCLC. However, the NCCN also pointed out that if RET fusion-positive NSCLC is found, treatment with PD-1/PD-L1 inhibitors should be avoided.




Conclusions

In summary, we recommend that DNA NGS and RT-PCR should be used as the primary tool for RET fusion detection, but IHC or FISH can be chosen based on economics when screening large samples. RNA NGS can be used to confirm atypical positive and borderline negative FISH results. RNA NGS is the first choice when screening for novel fusion partners, antisense fusions, or intergenic regions is required. For RET fusion-positive inhibitors, the authors emphasize that, based on existing preclinical and clinical evidence, RET fusions have the strong potential to be an important therapeutic target for NSCLC. Selpercatinib and Pralsetinib are now the treatment of choice for patients with RET fusion-positive treatment-naïve and metastatic NSCLC, with cabozantinib available as an alternative or in combination. Alectinib has the potential to help treat RET fusion-positive NSCLC, however, more extensive randomized clinical trials are needed to confirm its efficacy and safety. Besides, it is necessary to further study the resistance mechanism of RET inhibitors and develop a new generation of anti-resistance inhibitors. Exploring the combination of RET inhibitors with other therapies is also recommended for improving overall efficacy and overcoming some resistance.
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Background

Gou Qi Zi (Lycium barbarum) is a traditional herbal medicine with antioxidative effects. Although Gou Qi Zi has been used to prevent premature aging and in the treatment of non-small cell lung cancer (NSCLC), its mechanism of action in NSCLC remains unclear. The present study utilized network pharmacology to assess the potential mechanism of action of Gou Qi Zi in the treatment of NSCLC.



Methods

The TCMSP, TCMID, SwissTargetPrediction, DrugBank, DisGeNET, GeneCards, OMIM and TTD databases were searched for the active components of Gou Qi Zi and their potential therapeutic targets in NSCLC. Protein-protein interaction networks were identified and the interactions of target proteins were analyzed. Involved pathways were determined by GO enrichment and KEGG pathway analyses using the Metascape database, and molecular docking technology was used to study the interactions between active compounds and potential targets. These results were verified by cell counting kit-8 assays, BrdU labeling, flow cytometry, immunohistochemistry, western blotting, and qRT-PCR.



Results

Database searches identified 33 active components in Gou Qi Zi, 199 predicted biological targets and 113 NSCLC-related targets. A network of targets of traditional Chinese medicine compounds and potential targets of Gou Qi Zi in NSCLC was constructed. GO enrichment analysis showed that Gou Qi Zi targeting of NSCLC was mainly due to the effect of its associated lipopolysaccharide. KEGG pathway analysis showed that Gou Qi Zi acted mainly through the PI3K/AKT1 signaling pathway in the treatment of NSCLC. Molecular docking experiments showed that the bioactive compounds of Gou Qi Zi could bind to AKT1, C-MYC and TP53. These results were verified by experimental assays.



Conclusion

Gou Qi Zi induces apoptosis and inhibits proliferation of NSCLC in vitro and in vivo by inhibiting the PI3K/AKT1 signaling pathway.





Keywords: traditional Chinese medicine (TCM), Gou Qi Zi (Lycium barbarum), non-small cell lung cancer (NSCLC), Network pharmacology, Molecular docking, Protein kinase B (AKT1)



Introduction

Lung cancer is the leading cause of cancer-related death worldwide. More than 85% of these tumors are classified as non-small cell lung cancers (NSCLCs) (1, 2). Subtypes of NSCLC include adenocarcinoma (ADC), squamous cell carcinoma (SCC) and large cell carcinoma (LCC), as well as other less common subtypes (3). Although standardized treatment of NSCLC, including chemotherapy and radiotherapy, has shown clinical benefits (4), treatment is also associated with unwanted side effects, including mood disorders, chronic pain and decreased quality of life (5). New drugs with high efficacy and low toxicity are therefore urgently needed for the treatment of NSCLC.

Traditional Chinese Medicine (TCM) has been used in patient treatment for thousands of years. The active components of TCM have multi-targeted therapeutic effects in patients with various lung diseases (6) including chronic obstructive pulmonary disease (COPD) (7), acute asthma (8) and NSCLC (9). Gou Qi Zi (GQZ; Lycium barbarum) is a common Chinese herb that has been used as a functional dietary supplement in health recipes worldwide. Traditionally it is regarded as an agent that nourishes the liver and moistens the lungs and eyes. GQZ was shown to have nutritional, preventive and therapeutic properties, including in immune regulation, antioxidation, anti-aging, cryoprotection, hypnotic protection and cancer prevention (10, 11). Extracts of Lycium barbarum (LB) have shown antioxidant activity, suggesting that LB may be a potential protective and therapeutic agent for lung injury (12, 13). The components of LB can treat a variety of lung related diseases. For example, lycium barbarum polysaccharide (LBP) can alleviate the symptoms of dyspnea in patients with stable COPD by reducing hypoxia-inducible factor 1- α (HIF-1α) (14), and can improve symptoms of allergic asthma by reducing lung lesions, improving airway inflammation and regulating intestinal flora (15). In addition, the combination of LBP and Lak/IL-2 has been found to prolong the life span and improve the quality of life of patients with lung cancer (16). Although several studies have reported that GQZ can prevent lung injury, the mechanism of action of GQZ is not completely clear. Studies are therefore needed to evaluate the mechanism of action of GQZ in the treatment of NSCLC.

Network pharmacology, consisting of the combination of systems biology and pharmacology, can comprehensively evaluate the mechanism of action of multi-component, multi-target and multi-channel Chinese herbal medicines (17, 18). A “network target, multi-component” model can systematically clarify the molecular mechanisms of action of TCM in the treatment of various diseases. To date, studies have evaluated the mechanisms of cinobufagin in the treatment of hepatocellular carcinoma, zanthoxylum bungeanum in the treatment of pain, and Xiaochaihu Decoction in the treatment of acute pancreatitis (19–21). The present study used network pharmacology methods to evaluate the pharmacological and molecular mechanisms of action of GQZ in the treatment of NSCLC.



Materials and methods


Data preparation


Data acquisition and ADME screening

The molecular structures, molecular formulas, and targets of action of the compounds of GQZ were obtained from the Traditional Chinese Medicine Information Database (TCMID) (http://www.megabionet.org/tcmid/)  (22). Potential pharmacologically active compounds in GQZ were identified based on the ADME-related properties of compounds retrieved from the Traditional Chinese Medicine System Pharmacology (TCMSP) database (http://tcmspw.com/tcmsp.php) and the SwissADME database (http://www.swissadme.ch/) (23). OB values ≥30% were regarded as having good absorption after oral administration, whereas a computed value of DL not less than 0.18 indicated that the compound was chemically suitable for drug development (24). The screening criteria used in the SwissADME database were: gastrointestinal absorption: High; Lipinski: Yes; Ghose: Yes; Veber: Yes; Egan: Yes; and Muegge: Yes. In addition, the PubChem ID numbers, 2D structures, IUPAC International Chemical Identifier (InChI), and canonical structures of the compounds were obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) (25).



Identification of GQZ compound-related targets and NSCLC-related targets

Biological targets of the GQZ compounds were identified by searches of three public databases, TCMSP, SwissTargetPrediction, and TCMID, as determined by chemical similarities and pharmacophore models (26, 27). In the SwissTargetPrediction database, the probabilities derived from cross-validation analyses were used to rank the targets and estimate the accuracy of the predictions, with targets having probabilities ≥0.5 selected (26). Genes associated with the GQZ compounds were selected if they had confidence scores of >0.7 (27). The standard gene names and UniProt ID of target proteins were obtained from the UniProt KB database (https://www.uniprot.org/) by limiting the species to Homo Sapiens.

Information on NSCLC-associated target genes was also collected from five database resources, DrugBank, DisGeNET, GeneCards, OMIM and TTD (28–32). The search results of the databases were combined and duplicate targets were deleted, yielding a list of all targets of NSCLC. The intersection of the targeted prediction results of the active components of GQZ and the retrieval results of the relevant targets of NSCLC was determined, with common targets regarded as potential therapeutic targets of GQZ in NSCLC. Active ingredients of GQZ and their targets in NSCLC were identified using Venny version 2.1 software (http://bioinfogp.cnb.csic.es/tools/venny/index.html) and a Venn diagram was drawn. The NSCLC-associated targets and the predicted GQZ targets were verified using UniProtKB ID, with the protein and gene names obtained from the UniProt database (http://www.uniprot.org/). A gene library of the anti-NSCLC targets of GQZ was established by comparing and analyzing the genes common to NSCLC-associated targets and predicted GQZ targets.



Protein-protein interaction data

A PPI network was constructed from the GQZ target and NSCLC-related gene set using the Search Tool for the Retrieval of Interacting Genes (STRING, http://string-db.org/) database (33). Screening condition was limited to Homo Sapiens, and the free point was hidden. PPIs in the STRING database with minimum interaction scores of >0.7, >0.4 and >0.15 were defined as high, medium, low, respectively. In this study, the PPI network had a confidence level of 0.4 (medium).



Network construction and analysis

To determine the therapeutic characteristics of multiple compounds of GQZ, a network was constructed using Cytoscape (version 3.7.1) (34). The GQZ (active compound) predicted target network was constructed based on each active compound and its potential targets; the target network of GQZ for treating NSCLC was constructed based on NSCLC related and GQZ predicted targets common to both; and the PPI results were exported as tabular text output (.tsv), into Cystocape (version 3.7.1). Target protein interactions were analyzed, key subnets were screened, and complex network parameters were calculated using the network analyzer. Highly connected subnetworks were identified using the Cytohubba plugin of Cytoscape, and the 14 leading gene targets were selected.



GO and KEGG pathway enrichment analyses

The biological functions of potential targets of NSCLC have been determined by using the Metascape database (http://metascape.org/) (35) to perform Gene Ontology (GO) functional annotation analysis of biological processes, molecular functions and cellular components and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis (36). In our present study, the genes common to GQZ treatment and NSCLC targets were imported into the Metascape platform, and GO and KEGG pathway enrichment analyses were performed for Homo sapiens to determine the mechanism of action of GQZ. The adjusted p values of the identified terms were sorted using the error discovery rate (FDR) algorithm, and a bubble chart was generated with RStudio software. Based on the number of targets involved in each channel, the target channel network was constructed and analyzed using Cytoscape (version 3.7.1) software.



Molecular docking technology

The binding affinity, binding site and interaction of each active compound of GQZ with its predicted target were analyzed using PyMOL 1.7.2.1, AutoDockTools 1.5.6 and the classical molecular dynamics in Discovery studio-2020. The 3D structure of each protein was downloaded in the RCSB PDB database (https://www.rcsb.org/), with each 3D structure calculated and exported using ChemBio 3D software while minimizing energy. Receptor proteins were dehydrated using PyMOL 2.4.0 software, and proteins hydrogenated and their charges calculated using AutoDock software. The parameters of the receptor protein docking site were set to include the active pocket sites to which small molecule ligands bind. Receptor proteins were docked with the small molecule ligands of the active compounds of GQZ using Autodock vina.




Experimental verification


Cell culture and reagents

Human NSCLC A549 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) were cultured in RPMI 1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA), streptomycin (100 μg/ml), and penicillin (100 U/ml), at 37°C in an incubator with 5% CO2. Crude extract powder of Lycium barbarum (LB, 20211126), synthesized as described and of purity ≥90% (Figure S1), was purchased from Yikangtang Pharmaceutical Co., Ltd (Chengdu, China), dissolved in ultrapure water and stores at -20°C; the stock solution was thawed and diluted with medium before each experiment. The main constituents of LB include LBP, scopoletin, and 2-O-β-D-glucopyranosyl-L-ascorbic acid (AA-2βG) (37).



Cell counting kit-8 assay

The antitumor activities of LB on A549 cells were evaluated using CCK-8 assays. Briefly, cultured A549 cells were detached by incubation with 0.25% trypsin, centrifugated at 400 g for 3 min, suspended in medium and seeded in 96-well plates at a density of 8×103 cells/well. After overnight incubation, the cells were treated with LB (80 μg/ml) for 24 h. A 10 μl of CCK8 solution was added to each well, followed by incubation for 2-3 h at 37°C in a humidified atmosphere containing 5% CO2. The optical density at each well 450 nm was measured by using a microplate reader (Thermo, USA).



Flow cytometry assay

The apoptosis of treated cells was evaluated using an Annexin V-FITC/PI apoptosis kits (Beyotime, China) according to the manufacturer’s protocol. Briefly, the cells were collected, washed twice with phosphate-buffered saline (PBS), and incubated in 500 μl binding buffer containing 5 μl Annexin-V FITC and 5 μl PI incubating in the dark for 5 min. Cell apoptosis was subsequently determined by flow cytometry (BD FACSVerse, USA).



Quantitative real-time polymerase chain reaction

Total RNA was extracted from A549 cells using TRIzol reagent (Invitrogen, USA) and reverse transcribed to complementary DNA (cDNA) using HiScript III RT SuperMix (Vazyme, China). Sequences corresponding to the designated genes were PCR amplified using ChamQ Universal SYBR qPCR Master Mix (Vazyme, China) and the primers listed in Table S1. The levels of designated mRNAs were normalized to that of GAPDH mRNA, with relative quantification determined using the 2-ΔΔCT method.



BrdU labelling and staining

Aliquots containing 8×104 cells were added to glass bottom culture dishes and treated with BrdU (Thermo, USA) for 12 h, followed by treatment with LB for 24 h. The numbers of BrdU labeled cells were determined by fluorescence microscopy (TCS SP8, Germany), and six independent fields were randomly selected by confocal microscopy to calculate the percentages of positively labeled cells.



Western blot analysis

A549 cells treated with LB on for 24 h and A549 xenograft tumor treated with LB for 16 days were lysed by incubation in RIPA lysis buffer supplemented with protease inhibitors (Beyotime, China), followed by centrifugation to remove cell debris. The concentrations of proteins in the supernatants were measured by BCA Protein Assay Kit (Absin, China). Equal aliquots of proteins were separated by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, USA). The membranes were incubated with 5% non-fat milk for 1 h at room temperature, followed by incubation overnight with primary antibodies (Table S2). After rinsing, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 2 h. Signals were visualized by enhanced chemiluminescence, with signal intensity analyzed using Image J software.



Xenograft mouse models

The protocols of all animal experiments were approved by the Experimental Animal Ethics Committee of Chengdu University of Traditional Chinese Medicine (ethics approval number: 2020-124). Six-to-eight week old male BALB/c nude mice were purchased from Beijing SiPeiFu Animal Co., Ltd. Mice were inoculated in the armpit with 100 μl of a suspension containing 5×106 A549 cells in logarithmic growth phase. Approximately 3-5 days later, mice that exhibited induration with a diameter of 5 mm, suggesting successful tumor establishment, were randomly divided into two groups, with one group of mice injected intraperitoneally (ip) with LB (10 mg/kg/day) for 16 days. Animal weights and the long and short tumor diameters were measured every four days. All mice were subsequently sacrificed and tumor tissue was removed.



Immunohistochemistry

Paraffin-embedded tumor tissue samples were cut into 5-μm sections, deparaffinized and subjected to antigen recovery with citric acid buffer under high temperature for 10 min. Following blocking with goat serum at room temperature for 1 h, the samples were incubated overnight at 4°C with the primary antibody (1:200), followed by incubated with biotinylated secondary antibody for 1 h at room temperature and incubation with ABC solution for 30 min at room temperature. Target protein expression was visualized after addition of DAB solution.



Statistical analysis

The data were reported as the mean ± SEM, and compared in two groups by two-tailed unpaired Student’s-t test or one- or two-way ANOVA, followed by Bonferroni’s post hoc tests as appropriate. All statistical analyses were performed using GraphPad Prism software, with P < 0.05 considered statistically significant.





Results


Screening of active compounds and construction of compound-target network

Evaluation of the TCMSP and TCMID databases revealed 199 compounds in GQZ, with ADME screening identifying 33 active compounds in GQZ (Table S3). Using these 33 compounds, 199 targets were predicted by target search based on chemical similarity. A composite target network composed of 232 nodes and 329 edges was constructed (Table S4; Figure 1A). Network analysis showed that quercetin (GQZ33, degree=152), beta-sitosterol (GQZ6, degree=37), atropine (GQZ7, degree=25) and glycitein (GQZ12, degree=22) were most closely connected with different targets.




Figure 1 | (A) Predicted target network formed by compounds in GQZ. Active compounds are represented by green nodes and predicted targets are represented by blue nodes. Each edge represents the interaction between each compound and target, with the node size being directly proportional to the degree of interaction. (B) Identification of the 113 matching predicted GQZ and NSCLC related targets.



Integration of NSCLC-related targets in the Drugbank, Genecards, DisGeNet, OMIM and TTD databases resulted in the retrieval of 1351 targets. A comparison of these targets with the predicted GQZ targets resulted in the identification of 113 common targets, identified as key targets of GQZ compounds in the treatment of NSCLC (Figure 1B). The relationships between the target proteins of NSCLC and GQZ target proteins were assessed by constructing a network containing 146 nodes and 177 edges. (Figure 2; Table S5). Quercetin (GQZ33, degree=106), beta-sitosterol (GQZ6, degree=13) and glycitein (GQZ12, degree=16) were found to have the highest number of connections to most targets, indicating that these three compounds are likely the most critical ingredients of GQZ. In addition, some target proteins were affected by several compounds. For example, progesterone receptor (PGR, degree=25) and prostaglandin G/H synthase 2 (PTGS2, degree=9) were modulated by at least nine compounds each, including sitosterol alpha1, stigmasterol, beta-sitosterol and 14b-pregnane and 7-O-methylluteolin-6-C-beta-glucoside_qt.




Figure 2 | Complex target network formed by active compounds in GQZ and targets of these compounds in the treatment of NSCLC. Green nodes represent active compounds in GQZ, while blue nodes represent anti-NSCLC targets of these active compounds. The size of nodes is directly proportional to the degree of interaction.





PPI network of the anti-NSCLC targets of GQZ

The possible mechanism of action of GQZ in the treatment of NSCLC was explored by importing 113 anti-NSCLC gene symbols into the STRING database and constructing a PPI network (Figure S2). The original network, consisting of the PPI network of the anti-NSCLC targets of GQZ, obtained from the STRING database was complex. Therefore, a second network was constructed from the tsv file of PPI data from the STRING database generated using Cytoscape (version 3.7.1) for better visualization and understanding. The reconstructed PPI network consisted of 113 nodes and 2313 edges (Figure 3A; Table S6). Cytohubba was used to generate highly connected sub-networks for further cluster analysis, with the attributed values of the clusters shown in Table 1. The cluster consisted of 14 nodes and 91 edges, including the first 14 genes screened by degree (Figure 3B). In the PPI network, AKT1 and TP53 were found to be the centers of interaction with other targets of GQZ in the cluster, indicating the importance of AKT1 and TP53 in connecting other target nodes. Quercetin has been shown to regulate the post-translational modification of p53 in the treatment of lung cancer (38). AKT1 can be activated by various stimulating factors, including growth factors and cytokines, as well as being an important gene related to NSCLC.




Figure 3 | Reconstruction of the PPI network. (A) Construction of the PPI network using Cytoscape and analysis of the network using Network Analyzer. (B) Clusters retrieved from (A); the color depth of nodes is proportional to the degree of interaction.




Table 1 | The network parameters.





GO enrichment analysis

The mechanisms of action of GQZ in the treatment of NSCLC were evaluated by GO enrichment analysis of biological processes, molecular functions, and cellular components associated with the 113 predicted targets (Tables S7–S9). The 20 most enriched biological process items, molecular function items and cell component items were determined (Figure 4). The first five biological processes terms were (1): response to lipopolysaccharide (2), response to inorganic substances (3), response to wounding (4), cellular response to organic cyclic compounds, and (5) apoptotic signaling pathway. The top five molecular function terms were (1): protein domain specific binding (2), transcription factor binding (3), protein kinase binding (4), protein kinase activity, and (5) cytokine receptor binding. The top five cellular component terms were (1): membrane rafts (2), vesicle lumen (3), organelle outer membranes (4), spindles, and (5) protein kinase complex. These targets were found to be closely associated with the regulation of flavonoid activity and with enhancement of the activity and binding of flavonoids receptors.




Figure 4 | GO Enrichment analysis of GQZ in the treatment of NSCLC, including cellular components (CC), biological processes (BP), and molecular function (MF).





KEGG enrichment analysis

KEGG enrichment analysis showed 113 GQZ targets were enriched at significance levels of p<0.01 (Figure 5A). The nodes of the KEGG pathway are shown in Table S10. The first five significantly enriched KEEG pathways were (1): pathways in cancer (hsa05200) (2), the AGE-RAGE signaling pathway in diabetic complications (hsa04933) (3), hepatitis B (hsa05161) (4), hepatitis C (hsa05160), and (5) fluid shear stress and atherosclerosis (hsa05418). Based on the number of targets contained within each pathway, a network diagram of the target pathway was constructed and analyzed by using Cytoscape (version 3.7.1) software. The target-pathway network was found to consist of 113 nodes and 564 edges (Figure 5B; Table S11). Most targets were associated with cancer, the PI3K-AKT signaling pathway and hepatitis B. The targets with the largest number of participating pathways were AKT1, RELA, and MAPK1, which participate in 21, 19, and 19 pathways, respectively. Based on these findings and the results of GO analysis, the mechanism of action of GQZ in the treatment of lung cancer, especially NSCLC, involves the PI3K/AKT1 signaling pathway.




Figure 5 | KEGG pathway enrichment analysis of GQZ in the treatment of NSCLC. (A) Pathway enrichment results at p<0.01. (B) Targeted pathway networks associated with the mechanism of action of GQZ in the treatment of NSCLC. Purple nodes represent paths, while blue nodes represent targets participating in these paths. Each edge represents the interaction between the target and the path, with node size being directly proportional to the degree of interaction.





Molecular docking

Enrichment analysis of GO and KEGG pathways showed that the anti-NSCLC effect of GQZ may be closely related to functional death such as apoptosis. The mechanism of action of GQZ compounds in the treatment of NSCLC was further evaluated by assessing the interactions of active compounds with good pharmacokinetic characteristics and their potential targets. Three NSCLC related targets, AKT1, TP53 and MYC, and three targets involved in apoptosis regulation in the PI3K/AKT signaling pathway, including BCL2, Caspase8 and Caspase9, were selected. Six molecules were selected for molecular docking with the main compounds of GQZ, with AutoDockTools-1.5.7 used to evaluate the interactions of these six targets with their corresponding active compounds. Compound-target interactions with higher free binding energy scores and their binding modes were also measured using PyMOL-1.7.2.1. The GQZ compounds in this network showed strong affinity with their predicted targets. For example, GQZ33 showed strong associations with the active pockets of AKT1, TP53 and MYC, with docking scores of -6.5, -7.3, and -8.2 kcal/mol, respectively, forming five, two and five hydrogen bonds, respectively, with different amino acid residues (Figures 6A–C). GQZ33 and GQZ12 were also found to bind with Caspase8, BCL2 and Caspase9, with docking scores of -5.2, -6.9, and -7.5 kcal/mol, respectively (Figures 6D–F). These findings showed that the molecular docking results were consistent with the screening results of network pharmacology, with the reliability of the latter confirmed by molecular docking.




Figure 6 | Three-dimensional schematic diagram of the molecular docking model, showing active sites and binding distances. (A–D) Binding mode of quercetin (GQZ33) to (A) AKT1, (B) TP53, (C) MYC, and (D) Caspase8. (E, F) Binding mode of glycitein (GQZ12) to (E) Caspase9 and (F) BCL2.





LB inhibits the proliferation and induces apoptosis of A549 cells through the PI3K/AKT1 pathway in vitro

To verify the above network pharmacology and molecular docking results, A549 cells were incubated with LB, a crude extract of GQZ, to determine whether LB inhibits A549 cell proliferation in vitro. CCK8 assays showed that the viability of A549 cells was significantly inhibited by incubation with LB for 24 h (Figure 7A), with cellular immunofluorescence assays showing that, compared with vehicle, treatment with LB significantly reduced the number of BrdU-positive cells (Figures 7B, C). LB also significantly reduced the levels of the expression of PCNA mRNA and protein (Figures 7D, E). Taken together, these results indicated that LB inhibited the proliferation of A549 cells. Further evaluation by flow cytometry showed that LB significantly increased the apoptosis rate of A549 cells (Figures 7F, G). Moreover qRT-PCR and western blotting showed that the levels of PI3K and AKT1 mRNA and protein in A549 cells were reduced after treatment with LB, accompanied by reduced levels of expression of p-PI3K and p-AKT1 proteins (Figures 7H–J). LB significantly reduced the p-AKT1/AKT1 ratio, but did not significantly alter the p-PI3K/PI3K ratio, compared with cells incubated with vehicle (Figure 7K). Compared with vehicle, incubation with LB enhanced the expression of cleaved-Caspase8, cleaved-Caspase3, cleaved-PARP, Bim and BAX mRNA and protein, but decreased the expression of pro-Caspase8, pro-Caspase3, pro-PARP and BCL mRNA and protein (Figures S4, 7L). These results indicated that LB could inhibit proliferation while inducing apoptosis in A549 cells through the PI3K/AKT1 signaling pathway.




Figure 7 | LB inhibits the proliferation and induces the apoptosis of A549 cells through the PI3K/AKT1 pathway in vitro. (A) Effects of LB on cell viability. A549 cells were seeded in 96-well plates and treated with LB (80 μg/ml) or vehicle for 24 h (n=6 each), and cell viability was assessed by CCK8 assays. (B, C) Effects of LB on cell proliferation. A549 cells were incubated with BrdU (0.96 mM) for 8 h, followed by treatment with LB (80 μg/ml) or vehicle for 24 h (n=6 each). The bar represents 100 μm. (D) Effects of LB on PCNA expression. A549 cells were treated for 24 h with LB (80 μg/ml) or vehicle (n=6 each). Relative PCNA mRNA expression was analyzed by qRT-PCR, with GAPDH mRNA serving as an internal reference, (E) and PCNA protein expression was analyzed by western blotting. (F, G) Effects of LB on A549 cell apoptosis. A549 cells were treated with LB (80 μg/ml) or vehicle for 24 h (n=6 each), followed by double staining with Annexin V-FITC and PI and detection of apoptotic cells by flow cytometry. (H) Effects of LB on PI3K and AKT1 mRNA expression. A549 cells were treated with LB (80 μg/ml) or vehicle for 24 h (n=6 each), and relative PI3K and AKT1 mRNA expression levels were analyzed by qRT-PCR, with GAPDH mRNA serving as an internal reference. (I–K) Effects of LB on the expression of p-PI3K (Tyr458), PI3K, p-AKT1 (Ser473) and AKT1. A549 cells were treated with LB (80 μg/ml) or vehicle (n=6), and protein expression was analyzed by western blotting. (L) Effects of LB on the expression of Caspase8, Caspase3, PARP, BCL2, and BAX. A549 cells were exposed to LB (80 μg/ml) for 24 h, followed by western blotting analysis of protein expression, with β-actin serving as the protein loading control. Data are expressed as mean ± SEM. *P< 0.05.





LB inhibited the proliferation and induced apoptosis in A549 xenograft tumor

The anti-tumor effect of LB in vivo was evaluated by inducing xenograft tumors in mice with A549 cells and treating these mice with LB. Tumor volumes and tumor weights were significantly lower in mice administered LB than vehicle, with relative reductions of 77% and 62%, respectively (Figures 8A, B; S5A, B), although mouse weights did not differ significantly (Figure S5C). Treatment with LB also significantly reduced the expression of proliferation-related proteins, including PCNA, Ki67 and C-MYC, compared with vehicle (Figures 8C, D). Western blotting results of PCNA protein showed a similar trend (Figure S6). Immunohistochemical assays of PI3K and AKT1 expression in tumor tissue showed that the percentages of cells positive for PI3K and AKT1 protein were lower in the LB than in the vehicle group (Figures 8C, E). Western blotting also showed that the expression of PI3K and AKT1 was lower in the LB than in the vehicle group (Figures 8F, G). The ratio of p-AKT1/AKT1 was significantly lower in mice administered LB than vehicle, although the p-PI3K/PI3K ratio was did not differ in the two groups (Figure 8H). In addition, the levels of expression of intrinsic (mitochondrial) apoptosis related molecules, such as pro-Caspase8, pro-Caspase3, pro-PARP and BCL2, were lower in tumors of mice administered LB than vehicle, whereas the levels of expression of cleaved-Caspase8, cleaved-Caspase3, cleaved-PARP and BAX were higher in tumors of mice treated with LB (Figure 8I). These results suggested that LB could activate intrinsic apoptosis and inhibit proliferation by downregulating the PI3K/AKT1 pathway in A549 xenograft tumors.




Figure 8 | LB inhibited the proliferation and induced apoptosis of A549 xenograft tumors. BALB/c nude mice were injected subcutaneously with A549 cells, followed by injection of LB (10 mg/kg/day) or vehicle for 16 days. (A) Photographs showing xenograft tumors after injection of LB or vehicle for 16 days. (B) Tumor growth curve in vehicle group and LB group (n=8 each). (C–E) Immunohistochemical analyses of PCNA, Ki67, C-MYC, PI3K and AKT1 protein expression in tumor tissues of mice treated with LB and vehicle (n=8 each). The bar represents 50 μm. (F–H) Western blotting analyses of p-PI3K (Tyr458), PI3K, p-AKT1 (Ser473) and AKT1 protein expression levels in xenograft tumors of mice treated with LB (10 mg/kg/day) or vehicle (n=6 each). (I) Western blotting analyses of Caspase8, Caspase3, PARP, BCL2, and BAX protein expression levels in xenograft tumors of mice treated with LB or vehicle. Data are expressed as mean ± SEM. *P< 0.05.






Discussion

TCMs, consisting of multiple components and having multiple targets, have been used for thousands of years to prevent and treat various diseases, including diseases of the lungs (6). In recent years, natural bioactive compounds have attracted extensive attention as anticancer drugs because of their high therapeutic value and low systemic toxicity (39). For example, GQZ was reported to have therapeutic effects on kidney injury, lung injury and aging related diseases (14, 40, 41). GQZ extract enhanced the radiation of Lewis lung cancer acute hypoxic cells, although the relevant active ingredient and its mechanism of action have not yet been clearly determined (42). The present study we used comprehensive, systematic and computational pharmacological methods, as well as molecular docking technology and experimental verification to evaluate the potential molecular mechanisms of GQZ bioactive compounds in the treatment of NSCLC. The entire process of this study could be seen in Figure 9.  LB was found to induce apoptosis and inhibit proliferation in vitro and in vivo by inhibiting the PI3K/AKT1 signaling pathway. Thus, this study provides evidence showing that LB exerts antitumor effects in A549 NSCLC cells.




Figure 9 | Flow chart showing the research performed in this study.



Evaluation of the TCMSP, TCMID and SwissADME databases and screening by an ADME standard identified 33 active compounds in GQZ. Comparisons of common NSCLC-related targets and predicted GQZ targets identified a total of 113 predicted GQZ anti-NSCLC targets. Compound classification and GQZ compound target network analysis showed that flavonoids with good pharmacokinetic characteristics were the main active anti-NSCLC components of GQZ. These results are consistent with a previous study showing that quercetin, a flavonoid extracted from GQZ, inhibited the growth of lung tumors and induced apoptosis by upregulating pro-apoptosis and downregulating anti-apoptosis genes (43). Quercetin has been shown to have anticancer activity, inhibiting cell proliferation and metastasis and inducing apoptosis and autophagy (44–47). Quercetin was found to inhibit resistance to docetaxel in prostate cancer through the PI3K/AKT signaling pathway (48), to inhibit the AKT/CSN6/C-MYC signaling pathway and induce apoptosis of HT-29 colon cancer cells (49), and to increase the sensitivity of ovarian cancer cells to chemotherapy (50).

Construction of a PPI network allowed visualization of interactions among proteins, suggesting that AKT1, C-MYC and TP53 may play key roles in the anti-NSCLC effects of GQZ. The AKT1 and C-MYC proteins were shown to be directly related to the growth of lung cancer cells (51, 52), and TP53 was also found to affect the progression of lung cancer (53). These three target proteins were found to be highly aggregated in the cluster network, especially AKT1, which may play an important role in the process of anti-NSCLC process. GO enrichment analysis annotated the functions of GQZ protein targets, with KEGG results showing that the cancer-related signaling pathway that inhibits the enrichment of the highest gene count plays a key role in the anti NSCLC effects of GQZ. This pathway in cancer contained the PI3K/AKT1 pathway, which includes most predicted targets and focused on AKT1 (Figure S3). PI3K is a lipid kinase associated with the plasma membrane and consisting of three subunits, the p85 and p55 regulatory subunits and the p110 catalytic subunit. Under physiological conditions, PI3K is activated by various extracellular stimulators, such as growth factors, cytokines and hormones (54). After activation, PI3K catalyzes the phosphorylation of PtdIns (4, 5) P2 (PIP2) to produce PtdIns (3–5), P3 (PIP3), which, as a messenger, binds a subset of the downstream targets with pleckstrin homology (PH), including FYVE, Phox (PX), C1, C2 and other lipid binding domains on the cell membrane. Various signal proteins, including the kinases AKT and PDK1, can bind to the lipid products of PI3K on the cell membrane, simultaneously activate cell growth and cell survival pathways (55). Members of AKT family regulate biological functions, including cell survival, proliferation, metabolism and growth, thus affecting the progress of cancer. AKT consists of three conserved domains, an N-terminal PH domain, a central kinase catalytic domain and a C-terminal regulatory domain. The PH domain is the docking site of phosphatidylinositol 3,4,5-triphosphate (PIP3) and phosphatidylinositol 3,4-diphosphate (PIP2). AKT can be activated by various types of stimuli, including growth factors, cytokines, hormones and stress. AKT activity is strictly regulated by post-translational modifications, such as phosphorylation, ubiquitination, pantothenation, acetylation and palmitoylation (56). AKT participates in the treatment of many cancers through various signaling pathways, especially the PI3K/AKT signaling pathway. Moreover, the PI3K/AKT signaling pathway is involved in the cell cycle, as well as in cell proliferation, growth, migration, angiogenesis and apoptosis, as well as being one of the most frequently activated signal transduction pathways in cancer (57–60). Quercetin has been shown to suppress the growth of breast cancer stem cells through the PI3K/AKT signaling pathway (61). Moreover, N’-[(3Z)-1-(1-hexyl)-2-oxo-1,2-dihydro-3H-indol-3-ylidene] benzohydrazide (MDA19) was found to downregulate the expression of the main proteins involved in the EMT process, specifically PI3K/AKT/mTOR, inhibiting EMT in osteosarcoma cells (62). The PI3K/AKT pathway was also found to be activated in chronic lymphocytic leukemia (CLL) (63), high-risk myelodysplastic syndrome (MDS) and multiple myeloma (MM) (64–66). Experimental results in the present study showed that LB inhibited the levels of the expression of PI3K and AKT1 in A549 cells, both in vitro and in vivo.

C-MYC and TP53 are located downstream of AKT and are key regulators of cell growth and proliferation (67). C-MYC and TP53 are dysregulated in various cancer types (68, 69) and play critical roles in lung tumorigenesis and cancer progression (70). BCL2, Caspase8 and Caspase9 are key molecules involved in mitochondrial apoptosis (71, 72), with BCL2 protein on the mitochondrial membrane playing a regulatory role in intrinsic apoptosis. These three proteins strictly control the internal apoptosis process by inducing mitochondrial outer membrane permeability. Molecular docking experiments, performed to assess the molecular mechanism of GQZ in the treatment of NSCLC, found that quercetin bound to AKT1, C-MYC and TP53, with highest affinity binding to AKT1, indicating that AKT1 may be the key target of the anti-NSCLC effect of GQZ. In addition, BCL2, Caspase8 and Caspase9 bound well to glycine protease (GQZ12) and quercetin (GQZ33), further supporting the results of network pharmacological analysis.

Cell proliferation is one of the most important features of tumor cells. PCNA and Ki67 are two kinds of cell proliferation proteins. PCNA is mainly involved in the repair and synthesis of damaged DNA and in the regulation of the cell cycle (73). Ki67 is also involved in cell cycle regulation and acts as a marker differentiating normal and tumor cells (74). The levels of expression of both proteins are altered during the cell cycle, with large amounts of PCNA synthesized during middle and late G1 phase and high expression during S phase. Its level of expression decreased gradually during G2 phase, with the level of expression being low in M phase (75). Ki67 is almost completely unexpressed during early G1 phase, but its level gradually increases during late G1, S and G2 phases, and peaks during M phase (76). PCNA and Ki67 were reported to be significantly associated with NSCLC proliferation, which is of great significance in evaluating the occurrence, development and prognosis of NSCLC (77, 78). C-MYC is another specific marker of tumor cell proliferation. The present study found that LB could inhibit the growth of A549 subcutaneous tumors and the viability of A549 cells, indicating that LB can play an anti-tumor role in A549 cells. The levels of expression of Ki67, C-MYC and PCNA were found to be lower treated with LB than with vehicle, suggesting that LB effectively inhibited the proliferation of A549 cells in vitro and in vivo.

Apoptosis is an important manifestation of cell death, with apoptosis suppression being associated with tumor development. This signal transduction cascade was initially found during genetic screening of Caenorhabditis elegans. Mitochondrial mediated apoptosis, one of the main pathways of cell apoptosis, includes the dissipation of mitochondrial cross potential, the release of pro-apoptotic proteins into the cytoplasm, and the release of mitochondrial derived Caspase activators. Following extracellular or intracellular signal stimulation, cytochrome C is released from the permeable mitochondrial membrane into the cytoplasm. The Caspase protease front domain participates in pro-Caspase activation and downstream regulation of Caspase cascade reactions through protein-protein interactions. The core of these interactions consists of the folding of the death domain, composed of the death effector domains of pro-Caspase8 and pro-Caspase10 and the recruitment domains of pro-Caspase2 and pro-Caspase9 (79). Cytochrome C combines with apoptosis protease activating factor-1 (Apaf-1) in the cytoplasm to recruit Caspase9, form apoptotic bodies, activate Caspase9, and subsequently activate Caspase3. Activated Caspase3 can specifically lyse substrate proteins, inhibit the PARP-associated repair of DNA damage, and break DNA, ultimately leading to apoptosis (80). Proteins of the BCL2 family play important roles in regulating the mitochondria-mediated apoptotic pathway. BAX and BCL2 are the main factors controlling apoptosis (81). BAX can activate or inhibit BCL-XL and BAD, whereas BCL2 can inhibit BAX. The BAX/BCL2 activity ratio, not the level of individual proteins, is a key determinant of apoptosis indicating that this ratio is a marker of susceptibility to apoptosis (82). Flow cytometry results in the present study showed that LB promoted the apoptosis of A549 cells; the proteins related to mitochondrial apoptosis, such as pro-Caspase8, BCL2, pro-Caspase3 and pro-PARP were decreased significantly; and that the expression of BAX, cleaved-Caspase8, cleaved-Caspase3, and cleaved-PARP proteins and the BAX/BCL2 activity ratio were increased, both in vivo and in vitro. These results indicated that LB-induced cell death is under the control of mitochondrial apoptosis and the BAX/BCL2 ratio.

The present study also investigated the mechanism involved in the inhibition of A549 cells. Previous studies have demonstrated that the PI3K/AKT signaling pathway is involved in various cell biological processes, such as cell proliferation and apoptosis, especially in cancers (83). Therefore, inhibition of PI3K signaling is considered a very promising approach to the treatment of these diseases and a major target for drug development (84). LBP, one of the most important compounds of LB, was found to inhibit the proliferation and induce the apoptosis of infantile hemangioma endothelial cells by downregulating the PI3K/AKT signaling pathway (85). Although the ability of LB to affect the PI3K/AKT signaling pathway in NSCLC was unclear, the present study indicated that LB inhibited this pathway, especially downregulating the levels of AKT1 phosphorylation, consistent with the results PPI clustering analysis. Inhibition of AKT promoting apoptosis and activation of AKT attenuating apoptosis have been observed in several studies (86, 87). LB showed greater inhibition of AKT than of PI3K phosphorylation in A549 cells. In many cell lines, especially tumor cell lines, AKT function is inhibited primarily by inhibiting PI3K function, such as by treatment with specific inhibitors of PI3K, such as LY294002 and Wortmannin, as indicated by reduced p-AKT (Ser473) expression. LB markedly increased the expression of intrinsic apoptosis-related proteins and the BAX/BCL2 ratio, while reducing the expression of proliferation-related molecules, such as including BrdU, Ki67, PCNA and C-MYC. These findings indicated that LB activated apoptosis and inhibited proliferation by inhibiting the PI3K/AKT1 pathway, with the experimental results being consistent with the results of network pharmacology and molecular docking.



Conclusion

Network pharmacology and molecular docking showed that GQZ can effectively treat NSCLC by inhibiting the PI3K/AKT1 signaling pathway, inhibiting cell proliferation through C-MYC and PCNA, and promoting apoptosis through the intrinsic pathway. Experimental validation showed that LB induced changes in relevant indicators in NSCLC were consistent with the results of network pharmacology and molecular docking. These results indicated that network pharmacology is effective in screening for drug targets in the treatment of diseases.
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Supplementary Figure 1 | Method of obtaining the Lycium barbarum (LB) extract and assays of its purity.

Supplementary Figure 2 | Original PPI network of the NSCLC targets of GQZ obtained from the STRING database.

Supplementary Figure 3 | PI3K/AKT signaling pathway adapted from the KEGG (ID: hsa04151). The targets in this pathway are shown in red.

Supplementary Figure 4 | Effects of LB on expression of BCL2 and Bim mRNAs. A549 cells were treated with LB (80 μg/ml) or vehicle for 24 h, and the levels of BCL2 and Bim mRNAs were analyzed by qRT-PCR, with GAPDH mRNA used as the internal control.

Supplementary Figure 5 | Effects of LB (10 mg/kg/day) on A549 xenograft tumor growth and mouse body weights. (A) Representative pictures of tumors in vivo. (B) Weights of xenograft tumors after 16 days of LB injection. (C) Body weight-time curve in mice.

Supplementary Figure 6 | Effects of LB on the expression level of PCNA protein in A549 xenograft tumors, as determined by western blotting.



References

1. Andrews Wright, N, and Goss, G. Third-generation epidermal growth factor receptor tyrosine kinase inhibitors for the treatment of non-small cell lung cancer. Transl Lung Cancer Res (2019) 8:S247–64. doi: 10.21037/tlcr.2019.06.01

2. Siegel, R, Miller, K, Fuchs, H, and Jemal, A. Cancer statistics, 2021. CA-Cancer J Clin (2021) 71(1):7–33. doi: 10.3322/caac.21654

3. Travis, WD, Brambilla, E, Burke, AP, Marx, A, and Nicholson, AG. Introduction to the 2015 world health organization classification of tumors of the lung, pleura, thymus, and heart. J Thorac Oncol (2015) 10(9):1240–2. doi: 10.1097/JTO.0000000000000663

4. Ettinger, D, Wood, D, Aisner, D, Akerley, W, Bauman, J, Bharat, A, et al. NCCN guidelines insights: Non-small cell lung cancer, version 2.2021. J Natl Compr Canc Neyw (2021) 19(3):254–66. doi: 10.6004/jnccn.2021.0013

5. Nagasaka, M, and Gadgeel, S. Role of chemotherapy and targeted therapy in early-stage non-small cell lung cancer. Expert Rev Anticancer Ther (2018) 18(1):63–70. doi: 10.1080/14737140.2018.1409624

6. Li, Y, Xu, C, Wang, H, Liu, X, Jiang, L, Liang, S, et al. Systems pharmacology reveals the multi-level synergetic mechanism of action of ginkgo biloba l. leaves cardiomyopathy Treat J Ethnopharmacol (2021) 264:113279. doi: 10.1016/j.jep.2020.113279

7. Yang, Y, Jin, X, Jiao, X, Li, J, Liang, L, Ma, Y, et al. Advances in pharmacological actions and mechanisms of flavonoids from traditional Chinese medicine in treating chronic obstructive pulmonary disease. Evid-Based Compl Alt Med (2020) 2020:8871105. doi: 10.1155/2020/8871105

8. Zhang, H, Wang, L, Wang, Z, Xu, X, Zhou, X, Liu, G, et al. Chinese Herbal medicine formula for acute asthma: A multi-center, randomized, double-blind, proof-of-concept trial. Respir Med (2018) 140:42–9. doi: 10.1016/j.rmed.2018.05.014

9. Su, XL, Wang, JW, Che, H, Wang, CF, Jiang, H, Lei, X, et al. Clinical application and mechanism of traditional Chinese medicine in treatment of lung cancer. Chin Med J (Engl) (2020) 133(24):2987–97. doi: 10.1097/CM9.0000000000001141

10. Zhang, Z, Zhou, Y, Fan, H, Billy, KJ, Zhao, Y, Zhan, X, et al. Effects of lycium barbarum polysaccharides on health and aging of c. elegans depend on daf-12/daf-16. Oxid Med Cell Longev (2019) 2019:6379493. doi: 10.1155/2019/6379493

11. Wang, Z, Sun, Q, Fang, J, Wang, C, Wang, D, and Li, M. The anti-aging activity of lycium barbarum polysaccharide extracted by yeast fermentation: In vivo and in vitro studies. Int J Biol Macromol (2022) 209(Pt B):2032–41. doi: 10.1016/j.ijbiomac.2022.04.184

12. Zheng, G, Ren, H, Li, H, Li, X, Dong, T, Xu, S, et al. Lycium barbarum polysaccharide reduces hyperoxic acute lung injury in mice through Nrf2 pathway. BioMed Pharmacother (2019) 111:733–9. doi: 10.1016/j.biopha.2018.12.073

13. Hong, CY, Zhang, HD, Liu, XY, and Xu, Y. Attenuation of hyperoxic acute lung injury by lycium barbarum polysaccharide via inhibiting NLRP3 inflammasome. Arch Pharm Res (2019) 42(10):902–8. doi: 10.1007/s12272-019-01175-4

14. Chen, L, Xu, W, Li, Y, Ma, L, Zhang, H, Huang, X, et al. Lycium barbarum polysaccharide inhibited hypoxia-inducible factor 1 in COPD patients. Int J Chron Obstruct Pulmon Dis (2020) 15:1997–2004. doi: 10.2147/copd.S254172

15. Cui, F, Shi, C, Zhou, X, Wen, W, Gao, X, Wang, L, et al. Lycium barbarum polysaccharide extracted from leaves ameliorates asthma in mice by reducing inflammation and modulating gut microbiota. J Med Food (2020) 23(7):699–710. doi: 10.1089/jmf.2019.4544

16. Cao, GW, Yang, WG, and Du, P. Observation of the effects of LAK/IL-2 therapy combining with lycium barbarum polysaccharides in the treatment of 75 cancer patients. Chin J Oncol (1994) 16(6):428–31.

17. Li, S, and Zhang, B. Traditional Chinese medicine network pharmacology: theory, methodology and application. Chin J Nat Med (2013) 11(2):110–20. doi: 10.1016/s1875-5364(13)60037-0

18. Li, S, Zhang, B, and Zhang, N. Network target for screening synergistic drug combinations with application to traditional Chinese medicine. BMC Syst Biol (2011) 5(Suppl 1):S10. doi: 10.1186/1752-0509-5-s1-s10

19. Yang, AL, Wu, Q, Hu, ZD, Wang, SP, Tao, YF, Wang, AM, et al. A network pharmacology approach to investigate the anticancer mechanism of cinobufagin against hepatocellular carcinoma via downregulation of EGFR-CDK2 signaling. Toxicol Appl Pharmacol (2021) 431:115739. doi: 10.1016/j.taap.2021.115739

20. Wu, M, Du, HL, Zhou, X, Peng, W, Liu, L, Zhang, Z, et al. Network pharmacology-based analysis of the underlying mechanism of huajiao for pain relief. Evid-Based Complement Alternat Med (2021) 2021:5526132. doi: 10.1155/2021/5526132

21. Zhan, L, Pu, J, Hu, Y, Xu, P, Liang, W, and Ji, C. Uncovering the pharmacology of xiaochaihu decoction in the treatment of acute pancreatitis based on the network pharmacology. BioMed Res Int (2021) 2021:6621682. doi: 10.1155/2021/6621682

22. Xue, R, Fang, Z, Zhang, M, Yi, Z, Wen, C, and Shi, T. TCMID: Traditional Chinese medicine integrative database for herb molecular mechanism analysis. Nucleic Acids Res (2013) 41:D1089–1095. doi: 10.1093/nar/gks1100

23. Daina, A, Michielin, O, and Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small molecules. Sci Rep (2017) 7:42717. doi: 10.1038/srep42717

24. Yue, SJ, Liu, J, Feng, WW, Zhang, FL, Chen, JX, Xin, LT, et al. System pharmacology-based dissection of the synergistic mechanism of huangqi and huanglian for diabetes mellitus. Front Pharmacol (2017) 8:694. doi: 10.3389/fphar.2017.00694

25. Coordinators, NR. Database resources of the national center for biotechnology information. Nucleic Acids Res (2018) 46(D1):D8–D13. doi: 10.1093/nar/gkx1095

26. Gfeller, D, Grosdidier, A, Wirth, M, Daina, A, Michielin, O, and Zoete, V. SwissTargetPrediction: a web server for target prediction of bioactive small molecules. Nucleic Acids Res (2014) 42:W32–38. doi: 10.1093/nar/gku293

27. Kuhn, M, Szklarczyk, D, Franceschini, A, von Mering, C, Jensen, LJ, and Bork, P. STITCH 3: zooming in on protein-chemical interactions. Nucleic Acids Res (2012) 40:D876–880. doi: 10.1093/nar/gkr1011

28. Wishart, DS, Feunang, YD, Guo, AC, Lo, EJ, Marcu, A, Grant, JR, et al. DrugBank 5.0: a major update to the DrugBank database for 2018. Nucleic Acids Res (2018) 46(D1):D1074–82. doi: 10.1093/nar/gkx1037

29. Safran, M, Chalifa-Caspi, V, Shmueli, O, Olender, T, Lapidot, M, Rosen, N, et al. Human gene-centric databases at the weizmann institute of science: GeneCards, UDB, CroW 21 and HORDE. Nucleic Acids Res (2003) 31(1):142–6. doi: 10.1093/nar/gkg050

30. Amberger, JS, Bocchini, CA, Schiettecatte, F, Scott, AF, and Hamosh, A. OMIM.org: Online mendelian inheritance in man (OMIM(R)), an online catalog of human genes and genetic disorders. Nucleic Acids Res (2015) 43:D789–798. doi: 10.1093/nar/gku1205

31. Piñero, J, Bravo, À, Queralt-Rosinach, N, Gutiérrez-Sacristán, A, Deu-Pons, J, Centeno, E, et al. DisGeNET: A comprehensive platform integrating information on human disease-associated genes and variants. Nucleic Acids Res (2017) 45(D1):D833–9. doi: 10.1093/nar/gkw943

32. Zhou, Y, Zhang, Y, Lian, X, Li, F, Wang, C, Zhu, F, et al. Therapeutic target database update 2022: facilitating drug discovery with enriched comparative data of targeted agents. Nucleic Acids Res (2021) 50(D1):D1398–407. doi: 10.1093/nar/gkab953

33. Szklarczyk, D, Gable, A, Nastou, K, Lyon, D, Kirsch, R, Pyysalo, S, et al. The STRING database in 2021: Customizable protein-protein networks, and functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res (2021) 49:D605–12. doi: 10.1093/nar/gkaa1074

34. Shannon, P, Markiel, A, Ozier, O, Baliga, N, Wang, J, Ramage, D, et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res (2003) 13(11):2498–504. doi: 10.1101/gr.1239303

35. Zhou, Y, Zhou, B, Pache, L, Chang, M, Khodabakhshi, A, Tanaseichuk, O, et al. Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat Commun (2019) 10(1):1523. doi: 10.1038/s41467-019-09234-6

36. Kanehisa, M, and Goto, S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res (2000) 28(1):27–30. doi: 10.1093/nar/28.1.27

37. Chen, W, Cheng, X, Chen, J, Yi, X, Nie, D, Sun, X, et al. Lycium barbarum polysaccharides prevent memory and neurogenesis impairments in scopolamine-treated rats. PloS One (2014) 9(2):e88076. doi: 10.1371/journal.pone.0088076

38. Zhang, P, and Zhang, X. Stimulatory effects of curcumin and quercetin on posttranslational modifications of p53 during lung carcinogenesis. Hum Exp Toxicol (2018) 37(6):618–25. doi: 10.1177/0960327117714037

39. Sadhukhan, P, Kundu, M, Chatterjee, S, Ghosh, N, Manna, P, Das, J, et al. Targeted delivery of quercetin via pH-responsive zinc oxide nanoparticles for breast cancer therapy. Mater Sci Eng C Mater Biol Appl (2019) 100:129–40. doi: 10.1016/j.msec.2019.02.096

40. Chang, RC, and So, KF. Use of anti-aging herbal medicine, lycium barbarum, against aging-associated diseases. What do we know so far? Cell Mol Neurobiol (2008) 28(5):643–52. doi: 10.1007/s10571-007-9181-x

41. Wu, Q, Liu, LT, Wang, XY, Lang, ZF, Meng, XH, Guo, SF, et al. Lycium barbarum polysaccharides attenuate kidney injury in septic rats by regulating Keap1-Nrf2/ARE pathway. Life Sci (2020) 242:117240. doi: 10.1016/j.lfs.2019.117240

42. Lu, C, and Cheng, B. Radiosensitizing effects of lycium barbarum polysaccharide for Lewis lung cancer. Zhong xi yi jie he za zhi (1991) 11(10):611–612, 582.

43. Li, H, Tan, L, Zhang, JW, Chen, H, Liang, B, Qiu, T, et al. Quercetin is the active component of yang-Yin-Qing-Fei-Tang to induce apoptosis in non-small cell lung cancer. Am J Chin Med (2019) 47(4):879–93. doi: 10.1142/S0192415X19500460

44. Li, S, Pei, Y, Wang, W, Liu, F, Zheng, K, and Zhang, X. Quercetin suppresses the proliferation and metastasis of metastatic osteosarcoma cells by inhibiting parathyroid hormone receptor 1. BioMed Pharmacother (2019) 114:108839. doi: 10.1016/j.biopha.2019.108839

45. Hisaka, T, Sakai, H, Sato, T, Goto, Y, Nomura, Y, Fukutomi, S, et al. Quercetin suppresses proliferation of liver cancer cell lines. In Vitro. Anticancer Res (2020) 40(8):4695–700. doi: 10.21873/anticanres.14469

46. Khan, K, Javed, Z, Sadia, H, Sharifi-Rad, J, Cho, W, and Luparello, C. Quercetin and MicroRNA interplay in apoptosis regulation in ovarian cancer. Curr Pharm (2020) 27(20):2328–36. doi: 10.2174/1381612826666201019102207

47. Wang, Z, Ma, J, Li, X, Wu, Y, Shi, H, Chen, Y, et al. Quercetin induces p53-independent cancer cell death through lysosome activation by the transcription factor EB and reactive oxygen species-dependent ferroptosis. Br J Pharmacol (2021) 178(5):1133–48. doi: 10.1111/bph.15350

48. Lu, X, Yang, F, Chen, D, Zhao, Q, Chen, D, Ping, H, et al. Quercetin reverses docetaxel resistance in prostate cancer via androgen receptor and PI3K/Akt signaling pathways. Int J Biol Sci (2020) 16(7):1121–34. doi: 10.7150/ijbs.41686

49. Yang, L, Liu, Y, Wang, M, Qian, Y, Dong, X, Gu, H, et al. Quercetin-induced apoptosis of HT-29 colon cancer cells via inhibition of the akt-CSN6-Myc signaling axis. Mol Med Rep (2016) 14(5):4559–66. doi: 10.3892/mmr.2016.5818

50. Maciejczyk, A, and Surowiak, P. Quercetin inhibits proliferation and increases sensitivity of ovarian cancer cells to cisplatin and paclitaxel. Ginekol Pol (2013) 84(7):590–5. doi: 10.17772/gp/1609

51. Zhou, Z, Zhou, Q, Wu, X, Xu, S, Hu, X, Tao, X, et al. VCAM-1 secreted from cancer-associated fibroblasts enhances the growth and invasion of lung cancer cells through AKT and MAPK signaling. Cancer Lett (2020) 473:62–73. doi: 10.1016/j.canlet.2019.12.039

52. Mollaoglu, G, Guthrie, M, Böhm, S, Brägelmann, J, Can, I, Ballieu, P, et al. MYC drives progression of small cell lung cancer to a variant neuroendocrine subtype with vulnerability to aurora kinase inhibition. Cancer Cell (2017) 31(2):270–85. doi: 10.1016/j.ccell.2016.12.005

53. Greathouse, K, White, J, Vargas, A, Bliskovsky, V, Beck, J, von Muhlinen, N, et al. Interaction between the microbiome and TP53 in human lung cancer. Genome Biol (2018) 19(1):123. doi: 10.1186/s13059-018-1501-6

54. Tewari, D, Patni, P, Bishayee, A, Sah, AN, and Bishayee, A. Natural products targeting the PI3K-Akt-mTOR signaling pathway in cancer: A novel therapeutic strategy. Semin Cancer Biol (2022) 80:1–17. doi: 10.1016/j.semcancer.2019.12.008

55. Toson, B, Fortes, IS, Roesler, R, and Andrade, SF. Targeting Akt/PKB in pediatric tumors: A review from preclinical to clinical trials. Pharmacol Res (2022) 183:106403. doi: 10.1016/j.phrs.2022.106403

56. Sugiyama, MG, Fairn, GD, and Antonescu, CN. Akt-ing up just about everywhere: Compartment-specific akt activation and function in receptor tyrosine kinase signaling. Front Cell Dev Biol (2019) 7:70. doi: 10.3389/fcell.2019.00070

57. Xue, S, Zhou, Y, Zhang, J, Xiang, Z, Liu, Y, Miao, T, et al. Anemoside B4 exerts anti-cancer effect by inducing apoptosis and autophagy through inhibiton of PI3K/Akt/mTOR pathway in hepatocellular carcinoma. Am J Transl Res (2019) 11(4):2580–9.

58. Zhang, M, Liu, L, Chen, Y, Tian, X, Qin, J, Wang, D, et al. Wogonin induces apoptosis in RPMI 8226, a human myeloma cell line, by downregulating phospho-akt and overexpressing bax. Life Sci (2013) 92(1):55–62. doi: 10.1016/j.lfs.2012.10.023

59. Yang, HL, Thiyagarajan, V, Shen, PC, Mathew, DC, Lin, KY, Liao, JW, et al. Anti-EMT properties of CoQ0 attributed to PI3K/AKT/NFKB/MMP-9 signaling pathway through ROS-mediated apoptosis. J Exp Clin Cancer Res (2019) 38(1):186. doi: 10.1186/s13046-019-1196-x

60. Elzaiat, M, Herman, L, Legois, B, Léger, T, Todeschini, AL, and Veitia, RA. High-throughput exploration of the network dependent on AKT1 in mouse ovarian granulosa cells. Mol Cell Proteomics (2019) 18(7):1307–19. doi: 10.1074/mcp.RA119.0014613

61. Li, X, Zhou, N, Wang, J, Liu, Z, Wang, X, Zhang, Q, et al. Quercetin suppresses breast cancer stem cells (CD44/CD24) by inhibiting the PI3K/Akt/mTOR-signaling pathway. Life Sci (2018) 196:56–62. doi: 10.1016/j.lfs.2018.01.014

62. Liu, B, Xu, L, Dai, EN, Tian, JX, and Li, JMAnti-tumoral potential of MDA19 in human osteosarcoma via suppressing PI3K/Akt/mTOR signaling pathway. Biosci Rep (2018) 38(6):BSR20181501 doi: 10.1042/BSR20181501

63. Ecker, V, Stumpf, M, Brandmeier, L, Neumayer, T, Pfeuffer, L, Engleitner, T, et al. Targeted PI3K/AKT-hyperactivation induces cell death in chronic lymphocytic leukemia. Nat Commun (2021) 12(1):3526. doi: 10.1038/s41467-021-23752-2

64. Nyakern, M, Tazzari, PL, Finelli, C, Bosi, C, Follo, MY, Grafone, T, et al. Frequent elevation of akt kinase phosphorylation in blood marrow and peripheral blood mononuclear cells from high-risk myelodysplastic syndrome patients. Leukemia (2006) 20(2):230–8. doi: 10.1038/sj.leu.2404057

65. Hyun, T, Yam, A, Pece, S, Xie, X, Zhang, J, Miki, T, et al. Loss of PTEN expression leading to high akt activation in human multiple myelomas. Blood (2000) 96(10):3560–8. doi: 10.1182/blood.V96.10.3560

66. Hu, L, Shi, Y, Hsu, JH, Gera, J, Van Ness, B, and Lichtenstein, A. Downstream effectors of oncogenic ras in multiple myeloma cells. Blood (2003) 101(8):3126–35. doi: 10.1182/blood-2002-08-2640

67. Jiang, D, Song, Y, Cao, W, Wang, X, Jiang, D, Lv, Z, et al. p53-independent role of MYC mutant T58A in the proliferation and apoptosis of breast cancer cells. Oncol Lett (2019) 17(1):1071–9. doi: 10.3892/ol.2018.9688

68. Hsieh, A, Walton, Z, Altman, B, Stine, Z, and Dang, C. MYC and metabolism on the path to cancer. Semin Cell Dev Biol (2015) 43:11–21. doi: 10.1016/j.semcdb.2015.08.003

69. Duffy, MJ, Synnott, NC, and Crown, J. Mutant p53 as a target for cancer treatment. Eur J Cancer (2017) 83:258–65. doi: 10.1016/j.ejca.2017.06.023

70. Stein, Y, Rotter, V, and Aloni-Grinstein, R. Gain-of-Function mutant p53: All the roads lead to tumorigenesis. Int J Mol Sci (2019) 20(24):6197. doi: 10.3390/ijms20246197

71. Zhao, X, Liu, L, Li, R, Wei, X, Luan, W, Liu, P, et al. Hypoxia-inducible factor 1-α (HIF-1α) induces apoptosis of human uterosacral ligament fibroblasts through the death receptor and mitochondrial pathways. Med Sci Monit (2018) 24:8722–33. doi: 10.12659/msm.913384

72. Solà-Riera, C, García, M, Ljunggren, H, and Klingström, J. Hantavirus inhibits apoptosis by preventing mitochondrial membrane potential loss through up-regulation of the pro-survival factor BCL-2. PLloS Pathog (2020) 16(2):e1008297. doi: 10.1371/journal.ppat.1008297

73. Mo, Y, Zhang, Y, Zhang, Y, Yuan, J, Mo, L, and Zhang, Q. Nickel nanoparticle-induced cell transformation: involvement of DNA damage and DNA repair defect through HIF-1alpha/miR-210/Rad52 pathway. J Nanobiotechnology (2021) 19(1):370. doi: 10.1186/s12951-021-01117-7

74. Hurvitz, SA, Martin, M, Press, MF, Chan, D, Fernandez-Abad, M, Petru, E, et al. Potent cell-cycle inhibition and upregulation of immune response with abemaciclib and anastrozole in neoMONARCH, phase II neoadjuvant study in HR(+)/HER2(-) breast cancer. Clin Cancer Res (2020) 26(3):566–80. doi: 10.1158/1078-0432.CCR-19-1425

75. Strzalka, W, and Ziemienowicz, A. Proliferating cell nuclear antigen (PCNA): a key factor in DNA replication and cell cycle regulation. Ann Bot (2011) 107(7):1127–40. doi: 10.1093/aob/mcq243

76. Sobecki, M, Mrouj, K, Colinge, J, Gerbe, F, Jay, P, Krasinska, L, et al. Cell-cycle regulation accounts for variability in ki-67 expression levels. Cancer Res (2017) 77(10):2722–34. doi: 10.1158/0008-5472.CAN-16-0707

77. Del Gobbo, A, Pellegrinelli, A, Gaudioso, G, Castellani, M, Zito Marino, F, Franco, R, et al. Analysis of NSCLC tumour heterogeneity, proliferative and 18F-FDG PET indices reveals Ki67 prognostic role in adenocarcinomas. Histopathology (2016) 68(5):746–51. doi: 10.1111/his.12808

78. Wang, L, Kong, W, Liu, B, and Zhang, X. Proliferating cell nuclear antigen promotes cell proliferation and tumorigenesis by up-regulating STAT3 in non-small cell lung cancer. BioMed Pharmacother (2018) 104:595–602. doi: 10.1016/j.biopha.2018.05.071

79. Fan, TJ, Han, LH, Cong, RS, and Liang, J. Caspase family proteases and apoptosis. Acta Biochim Biophys Sin (2005) 37(11):719–27. doi: 10.1111/j.1745-7270.2005.00108.x

80. Krysko, DV, Vanden Berghe, T, D'Herde, K, and Vandenabeele, P. Apoptosis and necrosis: Detection, discrimination and phagocytosis. Methods (2008) 44(3):205–21. doi: 10.1016/j.ymeth.2007.12.001

81. Du, L, Fei, Z, Song, S, and Wei, N. Antitumor activity of lobaplatin against esophageal squamous cell carcinoma through caspase-dependent apoptosis and increasing the Bax/Bcl-2 ratio. BioMed Pharmacother (2017) 95:447–52. doi: 10.1016/j.biopha.2017.08.119

82. Vucicevic, K, Jakovljevic, V, Colovic, N, Tosic, N, Kostic, T, Glumac, I, et al. Association of bax expression and Bcl2/Bax ratio with clinical and molecular prognostic markers in chronic lymphocytic leukemia. J Med Biochem (2016) 35(2):150–7. doi: 10.1515/jomb-2015-0017

83. Aoki, M, and Fujishita, T. Oncogenic roles of the PI3K/AKT/mTOR axis. Curr Top Microbiol Immunol (2017) 407:153–89. doi: 10.1007/82_2017_6

84. Alzahrani, AS. PI3K/Akt/mTOR inhibitors in cancer: At the bench and bedside. Semin Cancer Biol (2019) 59:125–32. doi: 10.1016/j.semcancer.2019.07.009

85. Lou, L, Chen, G, Zhong, B, and Liu, F. Lycium barbarum polysaccharide induced apoptosis and inhibited proliferation in infantile hemangioma endothelial cells via down-regulation of PI3K/AKT signaling pathway. Biosci Rep (2019) 39(8):BSR20191182. doi: 10.1042/BSR20191182

86. Guo, C, Zhang, L, Gao, Y, Sun, J, Fan, L, Bai, Y, et al. Cox-2 antagonizes the protective effect of sevoflurane on Hypoxia/Reoxygenation-induced cardiomyocyte apoptosis through inhibiting the akt pathway. Dis Markers (2021) 2021:4114593. doi: 10.1155/2021/4114593

87. Kunter, I, Erdal, E, Nart, D, Yilmaz, F, Karademir, S, Sagol, O, et al. Active form of AKT controls cell proliferation and response to apoptosis in hepatocellular carcinoma. Oncol Rep (2014) 31(2):573–80. doi: 10.3892/or.2013.2932



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Gong, Zhang, Liang, Xu, Hu, Jin, Wu, Chen, Li, Shi, Shi, Li, Huang, Wang and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Glossary


 






SYSTEMATIC REVIEW

published: 05 January 2023

doi: 10.3389/fonc.2022.1039882

[image: image2]


Knowledge atlas of antibody-drug conjugates on CiteSpace and clinical trial visualization analysis


Peizhuo Yao 1, Yinbin Zhang 2*, Shuqun Zhang 1*, Xinyu Wei 1, Yanbin Liu 1, Chong Du 1, Mingyou Hu 2, Cong Feng 1, Jia Li 1, Fang Zhao 1, Chaofan Li 1, Zhen Li 1 and Lisha Du 1


1 Department of Oncology, Second Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China, 2 School of Chemistry, Xi’an Jiaotong University, Xi’an, China




Edited by: 

Massimo Broggini, Mario Negri Institute for Pharmacological Research (IRCCS), Italy

Reviewed by: 

Huiping Li, Beijing Cancer Hospital, Peking University, China

Dr. Syed Faheem Askari Rizvi, Lanzhou University, China

Silvia Gazzola, University of Insubria, Italy

Samiah Shahid, University of Lahore, Pakistan

*Correspondence: 

Yinbin Zhang
 YBzhang1983@xjtu.edu.cn 

Shuqun Zhang
 shuqun_zhang1971@163.com

Specialty section: 
 This article was submitted to Cancer Molecular Targets and Therapeutics, a section of the journal Frontiers in Oncology


Received: 08 September 2022

Accepted: 12 December 2022

Published: 05 January 2023

Citation:
Yao P, Zhang Y, Zhang S, Wei X, Liu Y, Du C, Hu M, Feng C, Li J, Zhao F, Li C, Li Z and Du L (2023) Knowledge atlas of antibody-drug conjugates on CiteSpace and clinical trial visualization analysis. Front. Oncol. 12:1039882. doi: 10.3389/fonc.2022.1039882




Objective

Antibody-drugs conjugates (ADCs) are novel drugs with highly targeted and tumor-killing abilities and developing rapidly. This study aimed to evaluate drug discovery and clinical trials of and explore the hotspots and frontiers from 2012 to 2022 using bibliometric methods.



Methods

Publications on ADCs were retrieved between 2012 and 2022 from Web of Science (WoS) and analyzed with CiteSpace 6.1.R2 software for the time, region, journals, institutions, etc. Clinical trials were downloaded from clinical trial.org and visualized with Excel software.



Results

A total of 696 publications were obtained and 187 drug trials were retrieved. Since 2012, research on ADCs has increased year by year. Since 2020, ADC-related research has increased dramatically, with the number of relevant annual publications exceeding 100 for the first time. The United States is the most authoritative and superior country and region in the field of ADCs. The University of Texas MD Anderson Cancer Center is the most authoritative institution in this field. Research on ADCs includes two clinical trials and one review, which are the most influential references. Clinical trials of ADCs are currently focused on phase I and phase II. Comprehensive statistics and analysis of the published literature and clinical trials in the field of ADCs, have shown that the most studied drug is brentuximab vedotin (BV), the most popular target is human epidermal growth factor receptor 2 (HER2), and breast cancer may become the main trend and hotspot for ADCs indications in recent years.



Conclusion

Antibody-drug conjugates have become the focus of targeted therapies in the field of oncology. The innovation of technology and combination application strategy will become the main trend and hotspots in the future.





Keywords: antibody-drug conjugates, clinical trials, CiteSpace, Web of Science, research trends



Introduction

Antibody-drug conjugates (ADCs) have gradually become excellent anti-tumor drugs in recent years. They are formed by a couple of toxic small molecules (payload) with a monoclonal antibody (mAb) through a linker. ADCs deliver highly toxic payloads to specific tumor cells precisely by targeting specific receptors on the surface of tumor cells. This allows the drug concentration of ADCs to be increased only at the tumor site, resulting in an efficient and less toxic antitumor effect. Therefore, ADCs have received much attention from the oncology community in recent years (1). Since 2000, with the breakthrough efficacy of fam-trastuzumab deruxtecan (DS-8201a), ADCs have become a hotspot in the research and development of anti-tumor drugs in the world. Globally, 14 ADCs have been approved by the United States Food and Drug Administration (FDA) for the treatment of various tumor indications, including disitamab vedotin (RC-48) independently developed by RemeGen Co., Ltd. (Table 1) (2). With more and more research institutions and pharmaceutical companies entering this field, the clinical application of ADCs has increased. At present, a few kinds of literature systematically evaluate the published related literature. Bibliometrics allows the quantitative analysis of a wide range of literature in a particular field of study using mathematical and statistical methods, revealing many aspects of the field and research trends (3). CiteSpace is a software, which analyzes the co-occurrences and co-citations of a large number of articles in a particular field. It maps the relevant literature into a knowledge map, thus visualizing the trends and research hotspots in this field (4). The National Institutes of Health and the National Library of Medicine jointly opened and operate ClinicalTrials.gov, which collects more comprehensive clinical trials worldwide (5). Using CiteSpace 6.1.R2 software and Excel software, we visualized the concerning literature and clinical trials of ADCs from the WoS platform and ClinicalTrial.gov, respectively. From the results, we sorted out the development of ADCs in the past decade and visualized their hotspots and directions in the future. For future in-depth research and clinical applications of ADCs, this study provides a reference value.


Table 1 | 14 ADCs on the market.





Method


Data collection and retrieval strategy

The literature data used in this study were downloaded from the core collection of the Web of Science retrieval platform, which is widely accepted in bibliometric analyses. The subject retrieval is carried out in the above database by keywords(TS=(“Antibody-Drug Conjugates*” OR “ADCs*”) AND TS=(“cancer*” OR “neoplasm*” OR “tumor*”)), and the retrieval time range is from January 1, 2012, to March 21, 2022, A total of 2510 references were searched. We included articles and reviews, and the letters, editorial materials, conference presentations, meeting abstracts, book reviews, news, and corrections were eliminated. The field of literature was restricted to oncology. Finally, a total of 696 references were eventually retrieved, including 419 articles and 254 reviews.

Clinical trial data come from the website ClinicalTrials.gov, which is the largest and most authoritative clinical trial registration website in the world. All clinical trials must be registered on this website before further development. In this study, the platform ClinicalTrials.gov was selected to collect and analyze the clinical trial data of natural antitumor drugs. This study was searched on the clinical trial registration website ClinicalTrials.gov as “Antibody-Drug Conjugates”. The research type was limited to intervention (clinical trial), and a total of 187 drug trials were in progress before the project was retrieved.



Data analysis

The 696 documents retrieved in WoS are exported to full records and cited references in plain text format, and then imported into CiteSpace 6.1.R2 software. The parameter settings are adjusted as follows: the period is 2012.01-2022.12, the time slice is 1 year, and the TOP N is set to 50. That is, in the ten years from 2021 to 2022, 50 entries with the highest frequency of occurrence are selected for visualization every year. These documents are visually analyzed for journals, countries, institutions, keywords, and co-cited references, such as cooperative network, clustering, time distribution, salience, etc., and the map is drawn.

We will use Excel to statistically analyze the data of 187 clinical trials related to ADCs collected on the ClinicalTrials.gov platform. Then, we will map from national distribution, drug types, drug targets, cancer classification, clinical stages, etc. to summarize the development trend and research hotspots of ADCs.




Results


Distribution by publication time

The 696 papers included in the WoS platform were statistically mapped according to the time of publication (Figure 1). From Figure 1, it can be seen that the number of publications related to ADCs has been increasing year by year during this decade. From 2020 onwards, the annual number of relevant publications on ADCs exceeds 100 for the first time.




Figure 1 | Annual growth trends and geographical distribution of ADCs. (A) The number of ADCs-related papers (as of the end of March 2022). (B) The co-occurrence map of countries/regions in ADCs research. (C) National map of clinical trials in ADCs research. (D) National ranking of clinical trials in ADCs research (https://www.clinicaltrials.gov/).





Distribution by country and region

Through CiteSpace, we analyzed the cooperation map of countries or regions with N (number of network nodes) =46 and E (number of connections) =179 (Figure 1). According to the analysis, the top 5 countries in the number of documents are the United States, China, Japan, Italy, and the United Kingdom. The top 5 countries in the central ranking are the United States, Britain, Italy, France, and Spain (Table 2). A node’s centrality is related to its role in the knowledge network and how it affects other nodes. Nodes with high centrality (>0.1) are usually considered to be turning points or critical points in a domain. Get the global distribution of ADCs on the clinical trial registration website (Figure 1). Globally, the regions included on the map are Africa, Central America, East Asia, Europe, the Middle East, North America, North Asia, Pacifica, South America, South Asia, and Southeast Asia. The darker the color is, the more the number of registrations is. The lighter the color is, the less the number of registrations is. The top 10 countries in terms of the number of registered clinical trials were counted by Excel, and then their annual number of registered trials was counted and plotted separately (Figure 1). The top 10 countries included the United States, Spain, France, the United Kingdom, Belgium, Canada, Italy, China, South Korea, and Australia. According to the comprehensive analysis, the research output of ADCs is increasing year by year, covering all regions, including the United States, Europe, and Asia. Among them, the United States is far ahead in this field.


Table 2 | The top 10 countries/regions involved in ADCs.





Distribution of institutions

CiteSpace analyzed the organization cooperation map (Figure 2) with N=332 and E=623. The top five institutions in the number of articles published are MD Anderson Cancer Center, Memorial Sloan-Kettering Cancer Center, Genentech, Harvard Medical School, and Zhejiang University. The top five institutions in the center are Harvard Medical School, Dana-Farber Cancer Institute, MD Anderson Cancer Center, Memorial Sloan-Kettering Cancer Center, and Genentech (Table 3). According to the comprehensive number of publications and central analysis, MD Anderson Cancer Center at the University of Texas in the United States can be regarded as an authoritative institution in this field.




Figure 2 | Visual analysis of institutions, co-cited references, and keywords in ADCs research. (A) The co-occurrence map of institutions in ADCs research. (B) Co-cited network map of references in ADCs research. (C) Co-occurrence of keywords related to ADCs by centrality. (D) Clustering map of keywords related to ADCs.




Table 3 | The top 5 institutions involved in ADCs.





Analysis of cited references

CiteSpace analysis obtained a network diagram of co-cited references with N=633 and E=2980 (Figure 2). The frequency and centrality of citations were used as parameters to statistically rank the top 5 studies, and a total of 12 key node papers were identified. However, since lung adenocarcinoma has the same abbreviation (ADC) as antibody-drug conjugates, further screening of these articles was required. Finally, 10 co-cited references related to antibody-drug conjugates were sifted, and two articles were excluded (6, 7) (Table 4). Among these, the articles published by Alain Beck et al. (8) and Shanu Modi et al. (9) were ranked first in terms of the number of citations (citation counts=77). The review by Alain Beck et al. summarized the development of three generations of ADCs and presented the challenges faced by next-generation ADCs. Shanu Modi et al. conducted a phase II clinical trial of DS-8201a, which confirmed its efficacy in HER2-positive metastatic breast cancer with antitumor activity (NCT03248492). Equally important, the phase II multicenter clinical trial of BV for relapsed or refractory systemic interstitial large cell lymphoma (ALCL) by Barbara Pro et al. (10) in 2012 (NCT00866047) had the highest intermediary centrality (centrality=0.21), suggesting that this article plays an excellent pivotal role in the structure of the research literature on ADCs.


Table 4 | The top 5 co-cited references involved in ADCs.





Analysis of keywords

Keywords are a high generalization of the content and a reflection of the theme of the article. Keywords with high frequency can usually reflect the research hotspots and the main directions in this field (18). The keyword co-occurrence map was constructed with CiteSpace (Figure 2, N=399, E=2624). According to the frequency of occurrence, the keywords “expression”, “cancer”, “monoclonal antibody”, “open-label”, “chemotherapy”, “breast cancer”, “treatment”, “antitumor activity”, “brentuximab vedotin”, “phase II trial”, “trastuzumab emtansine”, “antibody-drug conjugates”, “ HER2” and other keywords were obtained. According to the central order, the keywords “expression”, “monoclonal antibody”, “open-label”, “chemotherapy”, “cancer”, “antitumor activity”, “efficacy”, “phase I”, “phase II trial”, “growth factor receptor” and “adenocarcinoma” were obtained. By using the log-likelihood algorithm, the keywords of the literature are extracted for clustering and naming using CiteSpace. Finally, seven clusters are formed (Figure 2). The clustering result is good with Q=0.4319 and S=0.7642. The Q value is greater than 0.3, and the S value is greater than 0.5, which indicates that the clustering results are reasonable. It suggests that the research on ADCs is a hotspot in drugs, therapeutic targets, types of cancer treatment, clinical stages of drugs, and other aspects.



Analysis of ADCs

Statistical analysis was conducted on the website Home-ClinicalTrials.gov on the top 11 ADCs clinical trials in clinical registration. Also, for the wide range of data, we searched these 14 marketed ADCs on http://www.chictr.org.cn as well, searching their Chinese names, English names, trade names, and abbreviations. Finally, we find one clinical registration trial on BV and six clinical registration trials on RC-48. The other 12 ADCs were not found for clinical registration trials. The results of these two sites were aggregated and then mapped for analysis (Figure 3). The results showed that BV, DS-8201a, sacituzumab govitecan (IMMU-132), and Ado-trastuzumab emtansine (T-DM1) were the most studied drugs in the field, with BV being the most studied drug in clinical trials.




Figure 3 | Clinical registration trials of ADCs ranked by representative drugs, common target, and clinical stages. (A) Ranking of clinical trials of representative ADCs research. (B) Histogram of common targets of ADCs. (C) Distribution of clinical trial registration stages in ADCs research.





Analysis of target

In the design of the ADC, goal selection is the starting point of the ADC and the first component that should be considered in the system (19). On the Home-ClinicalTrials.gov website, we analyzed the common targets for ADCs and ranked the top 8 most studied targets, which are HER2, EGFR, CD30, Trop-2, CD22, Nectin-4, BCMA, and CD79 (Figure 3). Over the past decade, the number of clinical trial registrations has increased significantly in 2020, and it is trending upward year by year. One of the most studied ADC targets is HER2, which has 167 clinical trials.



Analysis of disease

CiteSpace was used to conduct timeline graph cluster analysis on the above co-cited references. And then screening and induction were carried out according to the types of diseases (Figure 4). Four clusters were obtained, that is, the four cancer types with the largest number of ADCs. The smaller the number of cluster labels (#), the larger the scale of the cluster. The clustering results were #1 ovarian cancer, #2 breast cancer, #6 urothelial carcinoma, and #8 gastric cancer. The clinical trials of ADCs of common cancer species were counted on the clinical trial registration website Home-ClinicalTrials.gov. And the bar chart statistical analysis was carried out with Excel (Figure 4). The top six cancer species were breast tumor, lymphoma, urogenital system tumor, lung tumor, digestive system tumor, and ovarian tumor. Comprehensive analysis shows that the most studied diseases in the field of ADCs are breast cancer, lymphoma, uroepithelial cancer, gastric cancer, and ovarian cancer. Among them, ADCs were the first to reach a peak in the field of lymphoma as early as 2013. Three years later, ovarian cancer and gastric cancer also had breakthroughs in ADCs. In 2018, a large number of clinical trials began to be devoted to the exploration of breast cancer, and it peaked in 2020, which has also shown a gradual upward trend in recent years.




Figure 4 | Major clinical indications for ADCs. (A) Clustering timeline of references related to ADCs research. (B) Bar chart of the clinical trials and disease type ranking of ADCs.





Analysis of clinical trial stage

According to the results of CiteSpace keyword analysis (Figure 2) and the distribution results of ADCs clinical trials registration stage (Figure 3), the result shows that there are 112 phase I clinical trials, 83 phase II clinical trials, 17 phase III clinical trials, and 3 phase IV clinical trials. The distribution of the number of phases shows that more than 100 ADCs in clinical trials worldwide have already entered phase III and IV, and have been successfully marketed. With the successful launch of these drugs, more and more ADCs have entered clinical trials, and most of them are still in Phase I and II, suggesting that ADCs are about to reach their peak in the future.




Discussion


General information

In this study, we used CiteSpace to conduct a systematic search and analysis of ADCs literature within the WoS core database from 2012-2022. We then used Excel to count the registered clinical trials on ADCs in Home-ClinicalTrials.gov. In total, 696 papers were included and 187 clinical trials were registered after excluding papers that did not meet the screening criteria. In order to provide reference and help for the application of ADCs in targeted cancer therapy, we analyzed the current research status, development trend, and future hotspots of ADCs worldwide.

From the results, there has been a significant increase in papers relating to ADCs over the past few years, indicating that this topic has received much attention (Figure 1). In addition, a substantial increase in the number of papers in 2020 could be attributed to the successive launches of sacituzumab govitecan-hziy, belantamab mafodotin, and cetuximab sarotalocan sodium since 2020 and the start of many new ADCs entering clinical trials in various countries, which have boosted research related to the field of ADCs. Global sales of currently marketed ADCs rose significantly from 2020 onwards, and are forecast to exceed US$16.4 billion in 2026 (20). Clearly, ADCs will continue to attract attention over the coming years.

The distribution of ADCs by country and institution is also distinctive. As seen in Figures 1B, and Table 1, the United States is not only the country with the highest number of published literature (n=310) but also leads in the number of clinical trials (n=148). Moreover, the literature published in the United States is also the most influential in this field (centrality=0.58). It can also be seen from Figure 2 and Table 3 that of the top 5 institutions, 5 of the top 6 are United States research institutions. The Chinese research institution of Zhejiang University ranks 5th in terms of the number of publications and is the most published institution in China in this field. Overall, the United States is the first and most influential country in the field of ADCs and has the core research value that puts it far ahead of other countries. China has the second-highest number of published papers (n=91), but the impact of relevant papers is not high. In terms of drug clinical trial research and development, China started to increase significantly in 2020, following the United States, indicating that China has started to focus on the development of ADCs and clinical research in recent years. Overall, research on ADCs is concentrated in a small number of developed countries, mainly in the United States, which may be related to the high funding requirement of ADCs, or the medical technology in developed countries and research collaboration between them.



Knowledge base

Co-citation is a technique used in research to gauge how relevant two papers are to one another. The knowledge base is a list of references that have been used together (21). In this study, there are 10 papers related to the field of ADC, which are cited most frequently (Table 4). Nine clinical trials and one review are included in these journals.

Alain Beck et al. (8)’s high-quality review on strategies and challenges for next-generation ADCs published in 2017 was the most cited (Citation Counts=72). It summarizes the three generations of ADCs and suggests directions for the third-generation ADCs. The other 9 clinical trials outline the progression and breakthroughs of ADCs. The first ADC Mylotarg (gemtuzumab ozogamicin) entered the market in 2000, which represented the successful development of the first generation of ADCs. It used a humanized mAb of IgG4 isotype, coupled to a potent cytotoxic plus ozogamicin via an acid-unstable linker. However, the drug was withdrawn from the market in 2010 due to unstable linkers and the easy shedding of toxic drugs (22). In the decade since then, scientists have continued to explore the limitations of the first-generation ADCs development technology, but still without breakthroughs. It was not until after 2011 that the successful clinical trials and successive launches of BV and T-DM1 marked the second stage of the development of ADCs. The second-generation ADCs have improved the design strategy of the connector and optimized the mAb as well as the payload, resulting in significantly improved clinical efficacy and safety of ADCs (23). In 2012, one year after BV was launched, Barbara Pro et al. (10) conducted a phase II multicenter clinical trial on its efficacy and safety in patients with relapsed or refractory systemic ALCL (NCT00866047). This article had the highest centrality (centrality = 0.21), suggesting that the results of this trial are leading the way for future studies in the field of ADCs. The higher remission rate of BV in relapsed or refractory systemic ALCL also provides a reference value for first-line treatment down the road. Notably, ADCs have been of great interest in the field of breast cancer. A single-arm phase II trial of T-DM1 (TDM4258g) conducted by Howard A. Burris III et al. (12) in 2011 opened the way for drug development in the breast cancer field (NCT00509769). This trial validated the safety and efficacy of T-DM1 in patients with HER2-positive metastatic breast cancer (MBC) previously treated with trastuzumab. Two years later, Sunil Verma et al. (15) followed up with a trial (NCT00829166) using T-DM1 in HER2-positive advanced breast cancer patients previously treated with trastuzumab and paclitaxel, and they found that T-DM1 significantly prolonged progression-free (PFS) and overall survival (OS) and was less toxic than lapatinib plus capecitabine. This trial led to the approval of T-DM1 for marketing in 2013. In 2019, G. von Minckwitz et al. (13) again turned their attention to the adjuvant efficacy of T-DM1, they found that adjuvant T-DM1 treatment reduced the risk of recurrence and death in HER2-positive early-stage breast cancer patients with residual invasive breast cancer (NCT01772472). The tremendous success of T-DM1 has prompted an increasing number of scientists and developers to focus on the field of breast cancer. In 2016, DS-8201a was proposed by Yusuke Ogitani et al. (11) as a new antitumor drug candidate that can act on HER2 targets in breast cancer. The authors showed that DS-8201a exhibited potent antitumor activity in T-DM1-insensitive HER2-positive cancers and low HER2-expressing cancers through in vivo and in vitro assays. This finding initiated scientists to explore the third-generation ADCs DS-8201a. 3 years later, a phase II clinical study on DS-8201a also confirmed its potent killing activity against HER2-positive metastatic breast cancer (NCT03248492) (9). Compared to second-generation T-DM1, third-generation DS-8201a uses a cleavable linker to attach the antibody to the cytotoxic DNA topoisomerase inhibitor (DXd), as well as a targeted coupling technique using cysteine residues. These contribute to its greater lethality and less toxic side effects. In 2021, the DESTINY-Breast 03 phase III trial thoroughly demonstrated the high clinical value of DS-8201a compared to T-DM1 in HER2-positive MBC patients, with statistically significant improvement in PFS (NCT03529110) (24). The successful launch of T-DM1 and DS-8201a has culminated in the development of ADCs in HER2 targets, which has inspired developers to explore other target areas. In 2017, the results of a clinical study on IMMU-132 targeting Trop-2 for triple-negative breast cancer showed good tolerability (NCT01631552) (14). Two years later, A. Bardia et al. (17) also found that IMMU-132 was associated with durable objective responses in heavily pretreated patients with metastatic triple-negative breast cancer (NCT01631552). Since then, the development of Trop-2 targets has proceeded in full swing.

Overall, these 10 highly co-cited papers show the current exploration and development of ADCs, and the analysis of co-cited references provides a deeper comprehension of the architecture of knowledge relevant to ADCs.



Structure of ADCs and optimization strategy

ADCs consist of three components: antibodies, cytotoxic payload, and linkers. In recent years, the updated iterations of the three generations of ADCs are closely related to the improvement of their three major components and the appearance of new coupling methods. However, the current ADCs still have certain limitations that require further optimization strategies for improvement.


Target and antibody

To deliver the cytotoxic payload to cancer cells, ADC targets must be internalized. Therefore, In the design of ADCs, target selection is the starting point of ADCs and the first element that should be considered in the system (19). The selection of ADC targets must meet certain requirements. (1) The target should be abundantly or preferentially expressed on cancer cells and minimally expressed on healthy tissue. (2) The target should also have minimal cancer cell secretion in the circulation, thereby maximizing antibody binding to the target cells (19). (3) The target antigen should be internalized into the cell immediately after binding to the ADC, resulting in a toxic effect on the payload (25). In the last decade, HER2 has been the most studied target in the ADC field and is gradually maturing (Figure 3). Human epidermal growth factor receptor 2 (HER2) is a tumor-associated antigen, which is overexpressed in tumor tissues by more than 100 times compared to the equivalent normal tissues (26). Mutations in this antigen are risk factors for carcinogenesis and are expressed in a variety of tumors, such as HER2-positive breast cancer (27), gastric cancer (28), metastatic colorectal cancer (29), and lung cancer (30). Currently, ADCs targeting HER2 for breast cancer include T-DM1, DS-8201a, and trastuzumab duocarmazine (SYD985). RC48, developed by Remegen Ltd, is the first ADC to submit a new drug marketing application in China, which combines an anti-HER2 monoclonal antibody with monomethyl auristatin E (MMAE) via a cleavable linker (31). In addition to HER2, several ADCs targeting other targets have been marketed. For example, cetuximab sarotaxol sodium, which targets EGFR, and ADCs targeting related CD targets for the treatment of hematologic and lymphoma diseases, have demonstrated better efficacy in the clinic. However, ADC targets still need to be optimized to reduce toxic effects. In addition to the three requirements for targets mentioned above, the exploration of next-generation ADCs needs to consider the homogeneity of target antigen expression in target-positive patients, as well as antigen shedding and secretion (32, 33). These may lead to reduced ADC binding to the target, which may cause an elevated risk of toxicity. In addition to the optimization of existing targets, the exploration of novel targets is essential for the expansion of the ADC field. Currently, there are novel targets in clinical phase II- III trials, such as folate receptors, tissue factor, LIV-1, CEACAM, CA6, and Nectin-4.

Antibodies are selected based on the identification of molecular targets for which it has the greatest intimacy and selectivity. To avoid inappropriate target-killing effects, it should identify overexpressed targets only at the tumor site (34). Early ADCs used highly immunogenic murine antibodies and human anti-mouse antibodies (HAMA), the latter of which, although an improvement over the former, still had the problem of leading to reduced efficiency and triggering human anti-chimeric reactions (35, 36). Today, the new generation of ADCs is more likely to use chimeric, humanized, or fully human antibodies to solve some of the previous problems. The currently marketed BV uses a chimeric antibody, which consists of a linkage with a human constant fragment (Fc) and a mouse antigen-binding fragment (Fab), as Fc can mediate the interaction with the immune system cells, resulting in reduced immunogenicity. However, it does not prevent the production of human anti-chimeric antibodies (HACA), a risk that is reduced by the humanized antibody trastuzumab used in T-DM1. It consists only of the complementary determining region of Fab transplanted into the human Fab region. To prevent the development of an immune response, a fully human antibody anti-nectin-4 mAb was used for the composition of enfortumab vedotin. However, these antibodies used in modern ADCs can only minimize problems such as acute hypersensitivity reactions or the production of neutralizing drug-resistant antibodies, but these problems have still not been fundamentally solved.



Linker

As one of the most difficult aspects of developing ADCs, the selection of linkers is critical, as it promotes the biological coupling reaction. Linkers can prevent the premature release of drugs, improve the release of active drugs at the target and promote the stability of the production process (37). At present, ADC linkers that have been listed and are in clinical trials can be mainly divided into two categories, namely, cleavable linkers and non-cleavable linkers (Table 1). Cleavable linkers are also divided into hydrazone linkers, disulfide linkers, and enzyme cleavable linkers. Hydrazone linkers are often coupled with doxorubicin, auristatin E, and calicheamicin. gemtuzumab ozogamicin and inotuzumab ozogamicin, which have been approved by FDA, use hydrazone linkers (38). However, the instability of hydrazone linkers led to the withdrawal of Pfizer’s Mylotarg in 2010. It was reintroduced in 2017 after its improvement in hepatotoxicity. Disulfide linkers are often coupled with maytansine and thiol-containing maytansinoid (39). Lorvotuzumab mertansine, coltuximab ravtansine, and anetumab ravtansine, which are in the stage of clinical research, use disulfide linkers. Enzyme cleavable linkers have better plasma stability than the first two kinds of linkers, which can be divided into peptide linkers and β-Glucuronidases linkers. Dipeptide linkers Val-Citrulline-PABC (Val-CIT-PABC) and Val-Ala-PABC (Val-Ala-PABC) in peptide linkers are widely used in ADCs, among which BV, which has been listed, is the most representative. β-Glucuronidases linkers have hydrophilic advantages, which can be coupled with highly hydrophobic drug toxins such as CBI groove binder, psymberin, camptothecin, adriamycin analogues, etc., to prepare ADCs (40). In contrast, the non-cleavable linker has better stability in plasma. For the payload to be released, the entire antibody-linker must be degraded by the lysosome, which usually results in charged amino acids remaining. By doing so, it impairs the action of the protein or the permeability of cells (41). At present, the most commonly used non-cleavable linker is a succinimide-thioether bond, which is usually coupled with maytansinoid derivatives DM1 and auristatin (17). The most representative ADCs are T-DM1 and depatuxizumab mafodotin, the former is coupled with DM1, and the latter is prepared by coupling with monomethyl auristatin F (MMAF). However, the succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) linker used in T-DM1 has a retro-Michael elimination reaction, which leads to reduced efficacy of ADC (42). In response to the problems of previous linkers, scientists have been working this year to develop new linkers and conjugation technology to improve the efficacy of ADCs. New chemical triggers (cBu trigger, silyl ether trigger, TRX trigger, photo-responsive cleavable triggers, and bio-orthogonal cuttable trigger) are already being developed, which improve the selectivity in tumor delivery. Compared to the previous conjugation technology (conjugated in random variable positions), the new site-specific conjugation technology has a well-defined drug-to-antibody ratio (DAR), which reduces ADC heterogeneity and improves the therapeutic window (43). The main site-specific conjugation strategies include the use of engineered cysteine residues, unnatural amino acids, and enzymatic conjugation through glycotransferases and transglutaminases. However, many issues remain to be addressed, including off-target toxicity due to instability, drug resistance in cancer cells, retro-Michael elimination reaction of the maleimide linker, heterogeneity of the DAR, and insufficient linker-payload connectivity. All these issues suggest that the technological update of the linker is closely related to the breakthrough of ADC (44–46).



Payload

The payload is critical for ADCs to exert cytotoxic effects, and it must have several characteristics. (1) The IC50 values should be low nanomolar or picomolar, which indicates a high level of cytotoxicity. (2) It should have a clearly defined target and a clear mechanism of action. (3) An attachment site for chemicals should be present (47). In addition, the payload should have sufficient stability in plasma. At the same time, the cells die and release toxins to kill neighboring cells, which requires the toxins to be able to cross the cell membrane and thus exert a bystander effect. The payload in ADCs can be divided into two categories, microtubule-disrupting drugs, and DNA-damaging drugs. Microtubule-disrupting drugs include auristatin and maytansinoid derivatives, and ADCs with auristatin as payload generally adopt MMAE and MMAF. BV, which is currently listed in ADC, uses MMAE as a payload to kill tumor cells (Table 1). At the same time, more than half of clinical ADCs in research use this payload (47). DM1 and DM4 are commonly used as maytansinoid derivatives, which are powerful microtubule-disrupting drugs. The payload of T-DM1, which is currently on the market, is DM1, which has become a typical representative of maytansinoid derivatives in ADCs. DNA-damaging drugs include camptothecin, calicheamicin, and anthramycin. The principle of camptothecin and its derivatives is to selectively act on DNA topoisomerase I (Topo I), stabilize DNA Topo I complex, block DNA replication and transcription, and lead to tumor cell apoptosis. SN-38 is the most potential camptothecin derivative. Labetuzumab govitecan (IMMU-130) for the treatment of recurrent or refractory colorectal cancer, and IMMU-132 for the treatment of metastatic triple-negative breast cancer, both use SN-38 as a payload to couple with antibodies. In Calicheamicin, N-acetyl-γ- calicheamicin is widely used as the classic payload of ADCs, and gemtuzumab ozogamicin and inotuzumab ozogamicin approved by FDA currently use it. Pyrrolobenzodiazepine (PBD), one of the anthramycin derivatives, has also been gradually used as a payload of new ADCs. The mechanism of action of PBD is to kill tumor cells by binding and cross-linking to specific targets of cancer cell DNA, and it prevents the proliferation of tumor cells without deforming their DNA helix in the process, thus also avoiding the emergence of drug resistance (48). It is the third emerging payload after auristatin and maytansinoid, and will also become the hotspot direction of ADCs payload at present. In addition to this, RNA polymerase inhibitors (such as amatoxin, spliceostatin C, and thailanstatin A) are also expected to be new payloads (26), and they have the advantage of being able to overcome multidrug resistance (MDR) phenotypes compared to MMAE and maytansinoids (49). There are also relevant studies for nitric oxide (NO) as a payload that have shown good efficacy results (50). Currently, more effective and safe payloads are needed to support the development of new ADCs. Moreover, the problems of finding the best DAR and overcoming multi-drug resistance techniques are also needed to be overcome in the future.

In summary, there are still many limitations in ADC technology development. Among them, the off-target toxicity of ADC is the biggest challenge at present. In addition, the problem of ADC resistance and protein aggregation are also the major obstacles to ADC development (51). These issues will be the main focus of ADC in future research.




Research hotspots

In recent years, with in-depth research on the mechanism of ADC targeting therapy, ADC technology has been greatly innovated and progressed. At the same time, more and more new drug development companies have started to increase the development process of ADCs. Consequently, ADCs have become more widely applied in clinical settings.

In 2021, Carolina do Pazo et al. (20) forecasted the oncology market for ADCs over the next five years and projected that global sales of marketed ADCs will exceed $16.4 billion by 2026. This report also suggests that DS-8201a will be the highest-selling ADC in 2026 ($6.2 billion in global sales). Moreover, enfortumab vedotin ($3.5 billion in 2026), IMMU-132 ($1.1 billion in 2026), and BV ($1.8 billion in 2026) are also expected to have a large market and will be the popular research topics in the future. Trastuzumab Deruxtecan (DS-8201a) has the highest buzz thanks to its broad-spectrum anticancer effects. Since its development, DS-8201a has expanded from breast cancer to include gastric, lung, and colorectal cancers. While the results of the DESTINY-Breast03 trial have demonstrated the tremendous benefits of DS-8201a over T-DM1 in patients with HER2-positive MBC, its exploration in the breast cancer field has not stopped there. The results of the DESTINY-Breast04 trial announced this year showed that DS-8201a prolonged mPFS and mOS compared to chemotherapy in patients with HER2 low expression breast cancer (NCT03734029) (52). Based on this trial, DS-8201a was approved by the FDA for unresectable or metastatic HER2 low-expression breast cancer in August of this year. This approval officially makes HER2 low-expression breast cancer a new breast cancer classification, thus allowing more patients to benefit from HER2-targeted therapy, especially those with what would otherwise be considered triple-negative breast cancer. In the field of gastric cancer, the results of DESTINY-Gastric01 showed a significantly prolonged OS and a significantly improved ORR in DS-8201a compared to the chemotherapy group (NCT03329690) (28). As a result, DS-8201a was approved by the FDA in January 2021 for patients with locally advanced or metastatic HER2-positive gastric or gastroesophageal junction (GEJ) adenocarcinoma who have received prior trastuzumab treatment. This is the first ADC approved for HER2-positive gastric cancer, and in recent years, DS-8201a has also been a breakthrough in lung cancer. both the DESTINY-Lung01 (NCT03505710) (53) and DESTINY-Lung02 (NCT04644237) trials demonstrated a higher OR for DS-8201a in patients with HER2-positive non-small cell lung cancer (NSCLC). As a result, the FDA accelerated the approval of DS-8201a for unresectable or metastatic HER2-positive NSCLC that had received systemic therapy this past August, making it the first HER2-targeted therapy for lung cancer. the success of DS-8201a in these areas has in turn inspired scientists to explore the field of colorectal cancer. the results of the DESTINY-CRC01 trial in 2021 confirmed its antitumor effect in patients with HER2-positive metastatic colorectal cancer (mCRC) (NCT03384940) (29). In the future, DS-8201a will have a huge market as the most sought-after ADC. Also with broad therapeutic promise is IMMU-132, approved in 2020 for the treatment of triple-negative breast cancer, which is the first ADC approved by the FDA to target Trop-2. In addition to triple-negative breast cancer, IMMU132 has demonstrated excellent clinical efficacy in several solid tumors, including lung cancer (NSCLC and SCLC) (54, 55), uroepithelial cancer (56), colon cancer (57) and ovarian cancer (58). This is attributed to the expression of Trop-2 in several cancer types. Similar to HER2, Trop-2 will be a new hot target for research after HER2.

In addition to the fact that some ADCs have multiple indications in clinical practice, combination therapeutic strategies have become an important research direction in the current clinical treatment of ADCs. A reasonable combination strategy can improve the activity of ADCs and achieve more accurate and higher killing ability. Currently, relevant clinical studies have confirmed the superiority of combination strategies for ADCs. BV’s combination chemotherapy regimen BV + AVD (doxorubicin, vinblastine, and dacarbazine), has been approved in 2018 for the treatment of previously untreated adult patients with stage III or IV classic HL (NCT01657331) (59). BV was also included in the combination chemotherapy regimen BV + CHP (cyclophosphamide, doxorubicin, and prednisone) in 2020 for the first-line treatment of adult patients with CD30-positive systemic mesenchymal large cell lymphoma (sALCL) (60). The combination of Neratinib and T-DM1 in the same lung human tumor xenograft model (PDXS) with ERBB2 amplification and mutation (S310F) has a more significant and lasting effect than that of T-DM1 alone in inducing tumor regression (61). KATE2 clinical trial is the first randomized, double-blind phase II clinical study exploring ADC combined with immunotherapy, (NCT02924883). The results show that the median PFS of T-DM1 combined with the atezolizumab group is 8.5 months, which is significantly longer than that of the T-DM1 plus placebo control group (62). At present, the clinical research on ADCs combined regimen has been in full swing, which indicates that ADCs will provide better curative effects to patients in the future.




Strengths and limitations

In our research, the bibliometrics software CiteSpace and the statistical software Excel were used to visually and objectively analyze the development trend and research status of antibody-drug conjugates in the past decade. This may provide guidance for clinicians and academics working in this field. Inevitably, this study has some limitations. In the first place, our study does not include a comprehensive review of the literature, we have only included the literature from the WoS core database. CNKI data, as well as PubMed, Scopus, and other important search engines were not included. Similarly, the clinical trial data we included are all from the Home-ClinicalTrials.gov website, and the data from other clinical trial websites are also excluded. Secondly, our study may have ignored some newly published articles of high quality. This is because they were published relatively recently and do not yet have high citation rates. We expect a more comprehensive hotspot analysis to update our study in the future. Finally, although our study data are lacking (publications published in 2022 and data from other clinical trial sites are excluded), this study includes the great bulk of articles published in ADCs between 2012 and 2022, and clinical trial.org is also the largest clinical trial site in the world. Therefore, the new data may have little impact on the final results.



Conclusion

In general, antibody-drug conjugates have become the focus of targeted therapy in the tumor field in recent years. Breast cancer is the most popular indication in the ADCs research field at present. The development test of ADCs targeting HER2 and Trop-2 targets by various companies is also in full swing. At present, it is in the third-generation research stage of ADCs technology. The specificity and cytotoxicity of the new-generation ADCs are superior to those of the previous-generation products. As the ADC development technology continues to advance, the clinical aspects of the drug are becoming more widely used. Scientists are beginning to explore the efficacy of individual drugs in multiple indications, and combination therapeutic strategy is also becoming a future research direction. However, many challenges remain in the development of ADCs, including the exploration of pharmacokinetic mechanisms, the issue of off-target toxicity, the exploration of new coupling modalities, and the issue of drug resistance. The innovation of ADCs technology and the joint application strategy is still the favored breakthrough points in the field of cancer in the future.
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Patients with advanced duodenal carcinoma usually have a poor prognosis due to limited effective chemotherapy options. The study for genotype-directed therapy in patients with duodenal carcinoma is progressing. However, no clinical data assessing the efficacy of molecularly targeted therapy are presently available. We report the case of a 64-year-old woman who was diagnosed with anaplastic lymphocyte kinase (ALK) fusion-positive advanced duodenal carcinoma. Echinoderm microtubule associated protein like-4 (EML4)-ALK rearrangement was detected by comprehensive genomic profiling after resistance to first-line chemotherapy. The patient received alectinib, an ALK inhibitor, with marked shrinkage in primary tumor and liver metastases. She is currently being treated with alectinib for 6 months or more. This is the first report of the efficacy of alectinib in a patient with duodenal carcinoma harboring ALK fusion. Additionally, this case report suggests that the practical use of next-generation sequencing may expand optimal treatment choices in rare solid tumors, including duodenal carcinoma.
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1 Introduction

Small intestine cancer is a rare disease with a global incidence of less than 1 per 100,000 people (1). Duodenal carcinoma is the most common subtype of small intestine cancer, constituting more than 50% of small intestine cancers; it has the worst prognosis among small intestine cancers, with a one-year overall survival rate of approximately 20% (2). Although oxaliplatin or irinotecan-based systemic therapy is recommended for the treatment of the cancer in its advanced stages, there is limited evidence supporting the use of systemic therapy (3).

Multigene panel-based comprehensive genomic profiling (CGP) is widely used for the treatment of patients with malignant solid tumors. CGP enables the identification of patients with targetable alterations who may benefit from targeted therapies. A CGP study of small intestine cancer showed potentially targetable genomic alterations in the majority (91%) of cases, such as alterations in KRAS, BRAF, and ERBB2 (4). Nevertheless, no targeted therapies have been established for the treatment of advanced small intestine cancer, excluding tumor-agnostic indications, such as pembrolizumab for microsatellite instability-high or tumor mutational burden-high tumors and TRK inhibitors for NTRK fusion-positive tumors. Therefore, presenting the efficacy of target therapies for patient-specific alterations is necessary for the development of effective targeted therapies for small intestine cancer, even if only one case has been reported.

Herein, we report a patient with anaplastic lymphoma kinase (ALK) fusion-positive duodenal carcinoma who achieved an exceptional response to alectinib. The patient provided informed consent for the presentation of anonymized clinical information.



2 Case description

A 62-year-old female patient presenting with epigastric pain and weight loss for several weeks was referred to the Tokyo Bay Urayasu Ichikawa Medical Center. The patient had a medical history of diabetes mellitus and bronchial asthma. Upper gastrointestinal endoscopy revealed Borrmann type 2 duodenal carcinoma in the descending part of the duodenum (
Figure 1A
). A biopsy specimen of the primary tumor revealed poorly differentiated adenocarcinoma. Computed tomography (CT) revealed multiple lymph nodes, liver metastases, and lung metastases (
Figures 1B, C
). The patient was diagnosed with stage IV duodenal carcinoma (clinical stage T3N2M1, according to the TNM classification, 8th edition). She received first-line chemotherapy with modified FOLFOX6 (mFOLFOX6) regimen every 2 weeks: oxaliplatin 85 mg/m2, leucovorin 400 mg/m2, 5-FU bolus 400 mg/m2, and continuous infusion of 5-FU 2400 mg/m2 over 46 h.




Figure 1 | 
(A) Endoscopic findings of the duodenum reveal a type 2 tumor on the descending part. (B, C) Abdominal computed tomography shows multiple liver metastases (long arrow) and lymph nodes (arrowhead). (D) After EUS-guided puncture, contrast agent was injected into the common bile duct for cholangiogram. (E) Choledochoduodenostomy was accomplished with a fully covered metallic stent through the duodenal bulb.




However, after four cycles of mFOLFOX6, the patient was admitted to the hospital for fever and abdominal pain. Laboratory findings showed elevated C-reactive protein (CRP) (4.34 mg/dL) and liver enzyme levels (aspartate aminotransferase [AST], 284 IU/L; alanine aminotransferase [ALT], 133 IU/L; total bilirubin, 5.67 mg/dL). Abdominal CT revealed biliary tract obstruction due to the progression of duodenal carcinoma and enlargement of liver metastases. The patient was diagnosed with acute cholangitis and administered antibiotics (4/0.5g of piperacillin-tazobactam 4 times daily). Thereafter, she underwent endoscopic ultrasonography-guided choledochoduodenostomy (EUS-CDS) for biliary drainage. Guide wire was inserted through the duodenal bulb into the common bile duct and a metallic biliary stent (fully covered metallic stent 6cm) was placed using EUS-CDS (
Figures 1D, E
). The patient’s fever went down, and her general condition gradually improved after the drainage procedure. The laboratory data, such as CRP and liver enzyme levels, were normalized (CRP, 0.24 IU/L; AST, 31 IU/L; ALT, 15 IU/L; total bilirubin, 0.84 mg/dL).

The patient was considered to be refractory to mFOLFOX6 treatment. Subsequently, multigene panel-based CGP using FoundationOne CDx (Foundation Medicine, Cambridge, MA) was performed on the tumor tissue from the primary duodenal carcinoma. ALK fusion and echinoderm microtubule-associated protein-like 4 (EML4)-ALK rearrangement intron 19 were detected as actionable genomic alterations. Alterations in CDKN2A/B and TP53 P151R were also detected; however, both were of unknown clinical significance. Immunohistochemistry analysis showed strong ALK expression in over 80% of tumor cells (
Figure 2
).




Figure 2 | 
(A) Hematoxylin and eosin-stained biopsy specimen of the primary tumor. (B) Immunohistochemistry analysis showing strong ALK-positive staining.




Based on the result of multigene panel-based CGP, the therapeutic strategy was discussed by an intra-institutional molecular tumor board, called an expert panel, and treatment with an ALK inhibitor was recommended. the patient started 300 mg of alectinib twice daily by participating in the BELIEVE trial (NCCH1901, jRCTs031190104) according to the expert panel’s recommendation. Several days after treatment initiation, there was a gradual improvement in the patient’s general condition with an associated reduction in the severity of abdominal pain. In addition, her performance status (PS) score improved from 1 to 0. The patient had grade 1 constipation and dysgeusia due to alectinib but tolerated the dose. A CT scan on day 49 showed a significant tumor reduction of liver lesions and lymph nodes, exhibiting a partial response (57% reduction), according to the Response Evaluation Criteria in Solid Tumors version 1.1 (
Figure 3
). Furthermore, the patient’s serum carcinoembryonic antigen and carbohydrate antigen 19-9 levels markedly decreased. The 2-month follow-up CT imaging, the second assessment of response to alectinib, showed continuing partial response. The patient returned to her weight before she got duodenal carcinoma. As of December 2022, the patient was still being treated with alectinib without tumor progression.




Figure 3 | 
(A) Course of tumor markers (carcinoembryonic antigen [CEA] and carbohydrate antigen 19-9 [CA 19-9]) while receiving treatment with FOLFOX and alectinib. (B) Abdominal computed tomography showing multiple liver metastases pre-FOLFOX therapy, increased tumor volume 4 weeks after the FOLFOX therapy, and reduction of liver metastases 6 weeks after alectinib. the second follow-up CT imaging showed continuing response for liver metastases.






3 Discussion

We present the case of a patient with ALK fusion-positive duodenal carcinoma treated with alectinib. Our patient responded remarkably to alectinib treatment. ALK is located on chromosome 2p23 and encodes a transmembrane tyrosine kinase receptor. ALK rearrangements occur in the form of a translocation with another partner gene, leading to ALK activation. This fusion activates downstream signaling pathways, such as PI3K–Akt, MEKK2/3/MEK5/ERK5, RAS-MAPK, CRKL-C3G-RAP1, JAK-STAT, and JUN (5). Most ALK alterations account for EML4-ALK fusion. In addition, other ALK fusion partners include STRN, KCNQ, KLC1, KIF5B, PPM1B, and TGF (6). ALK inhibitors, including alectinib, have shown a significant survival benefit and have been approved for patients with non-small cell lung cancer (NSCLC) harboring ALK fusions. Alectinib is one of the most active ALK inhibitor showing a significant improvement of progression-free survival compared to crizotinib (7).


ALK translocations have been detected in other cancer types such as glioblastoma, non-Hodgkin lymphoma, and breast cancer (8, 9). However, the role of EML4-ALK as a therapeutic target in these non-NSCLC cancers, including gastrointestinal cancers, is not well understood. From our extensive literature search, we summarize in 
Table 1
 the case series of patients with gastrointestinal cancer who were treated with ALK inhibitors (10–17). A total of 23 patients with gastrointestinal cancer and ALK fusion were treated with ALK inhibitors. The median age was 50 years (range 32–87 years), and 13 patients (57%) were male. The cancer types included pancreatic (n = 10), colorectal (n = 8), gallbladder (n = 2), esophageal (n = 1), and gastric (n = 1), and only one patient with duodenal carcinoma was included. Crizotinib and alectinib were administered to 10 and 9 patients, respectively. The objective response rate to ALK inhibitors was 43.5%, and the median PFS was 6 months in patients in this literature review. The efficacy in these patients tended to be inferior to that in clinical trials involving patients with NSCLC harboring ALK fusions (7). One patient switched from crizotinib to ceritinib due to neutropenia, and no other serious adverse events were reported. Similar to our patient, the patient with duodenal carcinoma was treated with alectinib. Although the best response was stable disease, the patient achieved a PFS of 7.8 months.


Table 1 | 
Review of ALK inhibitors for patients with gastrointestinal cancers.




CGP studies for rare tumors identified targetable alterations, suggesting that the addition of CGP to management adds a potential line of therapy for tumors that have little or no standard of care (18). In addition, emergence of tumor-agnostic biomarkers, such as microsatellite instability-high, tumor mutational burden-high, and NTRK1/2/3 fusions, supports the use of NGS for rare tumors. Since there is no randomized trial of systemic chemotherapy in patients with duodenal carcinoma due to its rarity, the choice of chemotherapy in duodenal carcinoma is also currently limited in clinical practice. With the development of next-generation sequencing (NGS), several meaningful oncogenic pathways have been found to be altered in duodenal carcinoma. In a CGP study, alterations in ERBB2/HER2 and BRAF, microsatellite instability, and high tumor mutational burden were more frequently enriched in 317 small bowel cancers than that in gastric and colorectal cancers, and EML4-ALK fusion was identified in only one patient (0.3%) (4). Our case report encourages the use of NGS-based CGP for patients with small bowel cancers, including duodenal carcinoma, which potentially provides an opportunity of an appropriate precision medicine for these patients.

In conclusion, to our knowledge, this is the first report of an exceptional response to alectinib treatment in a patient with duodenal carcinoma harboring ALK fusion. The use of NGS to explore potentially actionable mutations in our patient paved the way for administering alectinib, which improved our patient’s quality of life and prolonged her survival after traditional chemotherapy failure. Therefore, NGS should be considered as a treatment option for patients with duodenal carcinoma. Further studies are warranted to evaluate the efficacy and safety of ALK inhibitors in patients with cancers other than NSCLC.
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Introduction

The present study tried to provide insights into the expression pattern and diagnostic significance of the IGF-1 axis main mediators in three main primary bone tumor types with different degrees of severity.



Methods

The real-time qRT-PCR (to analyze IGF-1R gene expression), the immunohistochemistry (to measure IGF-1R protein), and the ELISA assay (to assess the circulating level of IGF-1, IGFBP-1, and IGFBP-3) were applied to confirm this hypothesis. A total number of 180 bone tissues (90 tumors and 90 noncancerous adjacent tissues) and 120 blood samples drained from 90 patients with bone tumors and 30 healthy controls were enrolled in the study. The association of insulin-like growth factor (IGF)-1 axis expression pattern with the patient’s clinical pathological characteristics and tumor aggressive features, the diagnostic and predictive values were assessed for all tumor groups.



Results

A significantly elevated level of IGF-1R gene and protein was detected in bone tumors compared to the noncancerous bone tissues that were prominent in osteosarcoma and Ewing sarcoma compared to the GCT group. The positive association of the IGF-1R gene and protein level with tumor grade, metastasis, and recurrence was detected in the osteosarcoma and Ewing sarcoma groups. The circulating level of IGF-1, IGFPB-1, and IGFBP-3 were increased in osteosarcoma and Ewing sarcoma and GCT groups that were correlated significantly to the tumor severity. The ability of the IGF-1 axis to discriminate between bone tumors also malignant and benign tumors was considerable.



Discussion

In summary, our data suggested that IGF-1R, IGF-1, IGFBP-1, and IGFBP-3 levels are associated with bone tumor malignancy, metastasis, and recurrence that might serve as biomarkers for osteosarcoma and Ewing sarcoma recurrence.





Keywords: insulin-like growth factor-1 (IGF-1), bone tumors, osteosarcoma, Ewing sarcoma, giant cell tumors, tumor recurrence




1 Introduction

The insulin-like growth factor (IGF) family is a multifunctional system composed of polypeptide hormones (IGF-1 and 2) and their surface receptors; Insulin-like growth factor receptors I and II (IGF-1R, IGF-2R) and several IGF-binding proteins (IGFBPs) (1). As a tyrosine kinase receptor, the IGF receptor is a homolog of the insulin receptor (IR) with the highest affinity for IGF, which upon activation, mediates tyrosine phosphorylation and activates the Shc-dependent downstream signaling pathways (2). IGF-1 as a hormone can act through a growth hormone (GH) dependent pathway and promote cell growth and proliferation (3). The half-life of IGF is mediated by IGF-binding proteins, which can primarily sequester circulating IGFs and antagonize IGF receptors; although they exert considerable functions independent of IGFs (4). Several influential metabolic functions have been postulated for IGF-1, including its stimulatory role in protein synthesis and fatty acid utilization, as well as its regulatory role in GH and insulin secretion, which can provide sufficient signals for growth (5). However; The critical role of the IGF family in the context of carcinogenesis through both canonical and non-canonical IGF receptor signaling and interaction with multiple signaling pathways has become evident (6). Activation of IGF-1R has been shown to recruit anchor proteins such as Shc-transforming protein 1 (Shc), which mediates mitogen-activated protein kinase (MAPK) activation via Shc-dependent downstream signaling pathways (2). Also, IGF-1R activation can recruit the insulin receptor substrate (IRS), resulting in activation of the PI3K/Akt pathway, which overall favors cell cycle progression, intensified proliferation, increased mitogenesis, and resistance to apoptosis (7). In addition, IGF-1R translocation to the nucleus mediates IGF-1R binding to the enhancer region and triggers transcription of target genes such as cyclin D1, leading to IGF-1R-mediated cell transformation. IGF-1R was shown to mediate E-cadherin cleavage from the cytoskeleton and increase β-catenin levels, which may facilitate cell motility and invasion (8). Because of the multiple effects of the IGF family on cancer cell fate, altering the expression levels of IGF axis mediators and their function in cancer seems reasonable (9). In addition to the importance of this axis for cell growth and proliferation, its key role in bone homeostasis is also of interest. It is well documented that IGFs regulate bone length, bone growth, and bone properties through their effects on chondrocytes, osteoblast, and osteoclast functions (10). It was shown that binding of IGF-1 to the IGF-1R induces receptor phosphorylation and activation of downstream insulin receptor substrate (IRS) and Shc leading to the activation of phosphatidylinositol 3 kinases (PI3K), the extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK), AKT and mTOR signaling pathways (11, 12). Besides the fact that these signaling pathways are involved in controlling metabolic process during cell differentiation, it was shown that the phosphorylated AKT activate substrates such as mTORC1, Forkhead transcription factor (FoxO) and glycogen synthase kinase3α,β (GSK3) that regulate bone cell proliferation, differentiation and skeletal development (13–15). In addition, it appears that the interaction of IGFs with steroid hormones and parathyroid hormones plays a role in bone homeostasis (16). Bone sarcomas are tumors of mesenchymal origin with unresolved challenges such as complicated diagnosis due to morphological overlap with bone lesions, inefficient response to chemotherapeutic approaches, high rate of metastasis, and the possibility of tumor recurrence (17). Efforts are therefore being made to develop plausible therapeutic approaches and effective diagnostic biomarkers for the early detection of bone tumors (18). However, the relevance of the IGF family for the pathogenesis of bone tumors is exploited in some studies. For example; The high proliferative activity of cells of the human osteosarcoma cell line HOS 58 was shown to be associated with increased IGF-1R expression, indicating the regulatory role of the IGF axis in bone cancer proliferation and differentiation (19). The current study is designed to shed more light on the expression profile of the IGF-1 axis in predominant bone tumor types and to underscore the status of IGF-1, its receptor, and major binding proteins in bone tumor severity.



2 Materials and methods


2.1 Patients and sample collection

A total number of 180 bone tissues (30 osteosarcoma tumors and 30 paired noncancerous tissue, 30 Ewing sarcoma tumor and 30 paired noncancerous tissue, and 30 giant cell tumors (GCT) and 30 paired noncancerous tissue) were studied in the current study. The sample collection, preparation, molecular and serological assessments were conducted following the declaration of Helsinki with local ethical approval (20) and informed consent and regulations of our institute’s ethical standards. The patient’s demographic features are described in our previous study (21) and a brief description of the number of patients in each tumor group in terms of gender, age distribution, tumor grade, metastasis, recurrent, and receiving or not receiving chemotherapy treatment is summarized in 
Supplementary Table 1
. The age distribution of the patients with osteosarcoma tumors was as 13.33% of them were between 15-20 years of age; 23.33% of them were between 20-30 and 63.33% were over 30 years of age. The average age of patients with osteosarcoma tumors was 37.76± 3.17 years and 53.3% of them were male. The age distribution of the patients with Ewing sarcoma tumors was 36.66% between 15-20 years of age; 30% between 20-30, and 33.33% were over 30 years of age. The average age of patients with Ewing sarcoma was 25.60 ± 1.64 years, and 40% of them were male. Regarding patients with GCT, 26.66% of patients were between 15-20 years of age; 26.66% were between 20-30 and 46.66% were over 30 years of age. The average age of patients with GCT was 31.50 ± 2.8 and 56.7% of them were male. To check the serum level of the investigated factors, 6 ml of blood was collected from each patient, and therefore 30 blood samples from the group of patients with osteosarcoma tumor, 30 blood samples from the group of patients with Ewing sarcoma and 30 blood samples from the group of patients with GCT was received and subjected to serum separation and further assays. To compare the changes in the serum levels of the investigated factors in the patient group, 30 blood samples were collected from healthy individuals who matched with the patients in terms of age and gender and were analyzed. The age distribution of the healthy controls was 16.66% between 15-20 years of age; while 33.33% between 20-30 and 50% were over 30 years of age and the average age was 34.59 ± 3.02. An equal number of males and females were selected among healthy individuals. Blood samples were obtained from each patient immediately before surgery and in fasting conditions, and for a better comparison, blood samples from healthy individuals were also obtained in similar conditions. A pair of tumor and marginal tissue samples were taken from all the patients who were subjected to surgery at Shafa Orthopedic Hospital and were kept immediately at -80 for later assays (22). In this study, patients with different disease satges and tumor grades were examined. The grading of bone tumors is based on the degree of cellularity and cell differentiation which is a valuable prognostic indicator for patients with primary bone tumors (23, 24). Accordingly and based on the pathology reports in this study and our previous reports (18, 21), tumors were divided based on the degree of differentiation into low (well-differentiated) and high (low-differentiated) grades. Also based on the patient’s pathology information, if the primary bone tumor of the patient had metastasized to distant organs, this tumor was included in the metastatic tumor category and if no evidence of distant metastases was detected in the patient, the tumor was included in the non-metastatic tumor group. This study collected the primary bone tumor from both metastatic and non-metastatic tumors. Also, a local recurrent bone tumor indicates tumor returns one or more years after the patient finishes an initial treatment. Additionally, patients who received a course of a chemotherapy treatment at least 1 month before surgery were considered as patients receiving chemotherapy regimen in the current study. In terms of tumor characteristics in patients with osteosarcoma tumors, 63.3% of tumors were high grade, 30% of tumors were metastatic and 26.7% of tumors were recurrent. Moreover, 46.7% of patients with osteosarcoma had tumor sizes over 10 cm and 50% of patients received chemotherapy before surgery. As previously described (21), for patients with osteosarcoma, the combination of doxorubicin, cisplatin, and methotrexate was applied as a chemotherapy treatment protocol. Amongst patients with Ewing sarcoma, 66.7% of patients had a high-grade tumor, 70% had a non-metastatic tumor, 76.7% had a non-recurrent tumor, 40% had a big tumor size and 60% received a chemotherapy regimen. For patients with Ewing sarcoma, the combination of vincristine, cyclophosphamide, and doxorubicin was used for chemotherapy treatment. No report of metastasis, tumor recurrent, and high grade tumor was received for GCT patients enrolled in this study.



2.2 RNA extraction, cDNA synthesis, and real-time PCR

To determine the IGF-1R gene expression level, total RNA was extracted from fresh tumor and healthy bone tissue of each patient using Trizol (Invitrogen, Grand Island, USA) following the instructions. The Nanodrop spectrophotometer (Nanodrop Technologies) and electrophoresis using 1% agarose gel were applied for determining the quantity and integrity of the extracted RNA from each patient. The PrimeScript First Strand cDNA Synthesis Kit (Takara, Japan) was used for cDNA synthesis from RNA (1 µg) of each sample and the SYBR Premix Ex Taq II (Takara, Japan) was utilized for quantification of mRNA level using Applied Biosystems Step One Plus, Real-Time System (Applied Biosystems, USA). To normalize the IGF-1R expression, the β-actin expression level was simultaneously assessed for all samples, and the reaction running program was as: 10 minutes (95°C), 5 seconds (95°C, 40x), 20 seconds (55°C), and 35 seconds (60°C). The primer sequences were as follows: IGF-1R forward primer: 5’– GGAACCTGAGAATCCCAATG -3’, IGF-1R reverse primer: 5’- GAGAGATGTGGCCTGAATC -3’ (Tm=57), β-actin forward primer: 5’-GAT CTC CTT CTG CAT CCT GT-3’, β-actin reverse primer: 5’-TGG GCA TCC ACG AAA CTA C- 3’ (Tm=57). The PCR product length was evaluated using electrophoresis and the primer specificity was confirmed by evaluating their melt curve.



2.3 Assessment of serum IGF-1, IGFBP-1 and IGFBP-3 levels

The IGF-1, IGFBP-1, and IGFBP-3 levels in the serum of the patients and healthy subjects were measured using ELISA assay kits according to the manufacturer’s recommendations. A human IGF-1 Quantikine ELISA Kit (R&D, USA, Cat No.# DG100B) with an analytical sensitivity of 0.022 ng/mL, a Human IGFBP-3 Quantikine ELISA Kit (R&D, USA, Cat No.# DGB300) with an analytical sensitivity of 0.14 ng/mL and a Human IGFBP-1 DuoSet ELISA kit (R&D, USA, Cat No.# DY871) with an analytical sensitivity of 31.1 pg/mL were applied in this regards.



2.4 Protein assessment via immunohistochemistry

The local protein expression level of the IGF-1 receptor was assessed in tumor and normal bone tissues via immunohistochemistry. The dilution of 1:100 of IGF-1R (Abcam, USA, Cat No. # ab39675) and t1:200 of the anti-rabbit IgG HRP-conjugated secondary antibody (Cell Signaling, the Netherlands, Cat No. # 7074) was applied for staining. The tissue processing, preparation, and staining protocol are based on our previously described method. Briefly, the frozen tissue blocks were prepared using Optimal Cutting Temperature (OCT) embedding medium and tissues were fixed in paraformaldehyde (4%). The tissue sections (10nm) were prepared using cryotome and incubated in Triton (3%) for 30 minutes to induce membrane permeability following appropriate washing. The non-specific antigenic sites were blocked using goat serum (10%) and the tissue slides were exposed to 1 µl of 3′-diaminobenzidine (DAB) chromogen and 20µl of DAB substrate for 10 minutes. The stained tissues were evaluated by a pathologist and the intensity of IGF-1R staining was determined using Image J software and the percentage of positive reactivity was reported. In this regard, multiple images were taken from each sample and were processed with software by converting them to black-and-white images. The percentages of cells were determined by setting up a threshold and the threshold was adjusted by removing the background signals. The IHC images were analyzed based on the threshold and evaluated at least three times in a blinded manner (25, 26). The weak intensity of IGF-1R indicates <10% immune reactivity, the moderate intensity of IGF-1R indicates 10-20% immune reactivity and the strong intensity of IGF-1R indicates > 20% immune reactivity.



2.5 Statistical analysis

To analyze the gene expression level of the IGF-1 receptor, the comparative Ct (2-ΔCt) method was used that is based on the subtraction of the Ct of the IGF-1 receptor from the Ct of the β-actin, as an endogenous gene for each sample (tumor and/or margin). The normal distribution of data was evaluated by Kolmogorov-Smirnov analysis and according to the result, a nonparametric Mann–Whitney U-test was applied to compare the IGF-1 receptor gene expression level between different groups (Results are illustrated in 
Figure 1
, and statistical details are provided in 
Supplementary Table 2
). The parametric unpaired t-test was used to analyze the IGF-1R protein level, IGF-1, IGFBP-1 and IGFBP-2 between different patient groups (Results are illustrated in 
Figures 2
, 
4
–
6
). The diagnostic value of the IGF-1R gene and protein, IGF-1, IGFBP-1, and IGFBP-3 levels in patients with bone cancer was calculated by the receiver operating characteristic (ROC) curves and area under the curve (AUC), also the optimal cut-off values points were defined based on Youden index (27) (Results are illustrated in 
Table 1
). The association of IGF-1, IGFBP-1, IGFBP-3, and IGF-1R with demographic features of patients with bone cancer was using Spearman’s correlation coefficient test (Results are illustrated in 
Table 2
). The logistic regression was used to determine the possible effect of the IGF-1 axis in tumor features prediction (Results are illustrated in 
Table 3
). The mean and standard error of the mean (SEM) of IGF-1R mRNA level also IGF-1, IGFBP-1, and IGFBP-3 serum levels are reported in the results with two decimal points for each sample group, separately. The Graph Pad Prism Version 6 (Graph Pad Software, San Diego California) and Statistical Package for Social Science (SPSS v.16) was applied for statistical analysis, and P-values < 0.05 (two-tailed) were considered statistically significant.




Figure 1 | 
The gene expression level of IGF-1R in osteosarcoma, Ewing sarcoma and GCT. The mean mRNA expression level of IGF-1R increased in bone tumor (N=90) tissues compared to the adjacent noncancerous tissues (N=90) (A). The elevated level of expression was detected in osteosarcoma (N=30), Ewing sarcoma (N=30) and GCT (N=30)compared to the margin tissues (30 tumor margin tissues that were obtained and compared for each tumor group separately) also osteosarcoma (N=30) compared to the GCT (N=30) (B). The difference in the IGF-1R expression in malignant (N=60) and benign tumors (N=30) is shown (C). The comparison of IGF-1R expression level in tumor subtypes including tumor grade, chemotherapy-received status, metastasis, and recurrence is shown separately for osteosarcoma (D) and Ewing sarcoma (E). The number of examined samples in each tumor subtype is shown in 
Supplementary Table 1
. The statistical differences between groups are shown as asterisks (*P <0.05, ***P <0.001, ****P<0.0001), (ns) indicates unspecific, (#) indicates P<0.0001 for comparing osteosarcoma and Ewing sarcoma with adjacent noncancerous tissues.







Figure 2 | 
The IGF-1R protein expression level in primary bone tumors. The protein level of IGF-1R is represented as a positive reactivity percentage and the level was increased in bone tumors (N=90) versus tumor margins (N=90) (A), also bone tumor subtypes versus adjacent noncancerous tissues (B). The osteosarcoma tumors (N=30) expressed more IGF-1R protein compared to Ewing sarcoma (N=30) and GCT (N=30) (B). The elevated level of IGF-1R protein in malignant tumors (N=60) versus benign tumors (N=30) is shown (C). The elevated IGF-1R protein level is demonstrated in high-grade (N=19), metastatic (N=9) and recurrent (N=8) osteosarcoma tumors (D) and in metastatic (N=9) and recurrent (N=7) Ewing sarcoma tumors (E). The number of examined samples in each tumor subtype is shown in 
Supplementary Table 1
. The statistical differences between groups are shown as asterisks (*P <0.05, **P <0.01, ***P <0.001, ****P<0.0001) and (ns) indicates unspecific. (#) indicates P<0.0001 for comparing osteosarcoma, Ewing sarcoma, and GCT with adjacent noncancerous tissues.





Table 1 | 
The value of IGF axis to discriminate between different groups of primary bone tumors (ROC curve information).





Table 2 | 
The association of IGF-1, IGFBP-1, IGFBP-3 and IGF-1R with bone cancer different features.





Table 3 | 
The regression of IGF axis (Logistic regression).







3 Results


3.1 The IGF-1R gene expression level in osteosarcoma, Ewing sarcoma and GCT

The gene expression analysis demonstrated a significant increase in the mRNA level of IGF-1R in bone tumor tissues compared to tumor margins (P < 0.0001) (
Figure 1A
). The median of IGF-1R mRNA level was 0.1510for tumor tissues and 0.02900for tumor margins. The tumor tissues of osteosarcoma (0.2391) and Ewing sarcoma (0.1565) groups expressed higher level of IGF-1R compared to the tumor margins (0.029) (P < 0.0001); while the difference between GCT (0.03356) and margins was not notable (
Figure 1B
). Also, osteosarcoma and Ewing sarcoma tumors expressed higher level of IGF-1R compared to GCT tumors (P < 0.0001); while the difference between osteosarcoma and Ewing sarcoma tumors was not remarkable (
Figure 1B
). The malignant bone tumors (0.1999) expressed a significant gene level of IGF-1R compared to benign tumors (0.03356) (P < 0.0001) (
Figure 1C
). While comparing osteosarcoma tumors as a matter of tumor features, it was revealed that the IGF-1R mRNA level was significantly higher in metastatic tumors (0.5007) compared to non-metastatic tumors (0.1618) (P < 0.0001); however, the difference between recurrent (0.2710) and non-recurrent (0.2088) tumors was not statistically significant (
Figure 1D
). Also, no remarkable difference was detected between high grade (0.2556) compared to low grade tumors (0.2225), and chemotherapy-received tumors (0.2225) compared to their opposite counterparts (0.2864). Regarding Ewing sarcoma, both metastatic tumors (0.3280) and recurrent tumors (0.3280) expressed a significantly higher level of IGF-1R compared to non-metastatic (0.1168) (P < 0.05) and non-recurrent tumors (0.1234) (P < 0.001), respectively (
Figure 1E
). No remarkable difference was detected while comparing the high-grade (0.1492) and chemotherapy-received tumors (0.1850) to the low-grade (0.1714) and tumors with no chemotherapy history (0.1193) (
Figure 1E
). The detail of the group and intergroup comparison of IGF-1R gene expression levels in primary bone tumor tissues is illustrated in 
Supplementary Table 2
.



3.2 The IGF-1R protein expression level in osteosarcoma, Ewing sarcoma and GCT

The staining intensity of IGF-1R protein was assessed in tumor and margin tissues and the results are presented as the percentage of positive reactivity. As shown in 
Figure 2
, bone tumors expressed a significantly higher level of IGF-1R protein compared to tumor margins (P < 0.0001) (
Figure 2A
). Moreover, the IGF-1R protein level was considerably higher in osteosarcoma tumors (P < 0.0001), Ewing sarcoma tumors (P < 0.0001) and GCT (P < 0.01) compared to their matched noncancerous tumor margins, respectively (
Figure 2B
). The IGF-1R protein over-expression was detected in osteosarcoma tumors compared to Ewing sarcoma (P=0.03) and GCT (P < 0.0001), also Ewing sarcoma tumors compared to GCT (P < 0.0001) (
Figure 2B
). The malignant bone tumors expressed more IGF-1R protein compared to benign tumors (P < 0.0001) (
Figure 2C
). The IGF-1R protein level was significantly increased in high-grade, metastatic and recurrent osteosarcoma tumors compared to low-grade (P=0.01), non-metastatic (P=0.002) and non-recurrent tumors (0.008) (
Figure 2D
). Also, the IGF-1R protein level was significantly elevated in metastatic and recurrent Ewing sarcoma tumors compered to non-metastatic (P=0.0008) and non-recurrent tumors (P < 0.0001) (
Figure 2E
). The IGF-1R protein level in chemotherapy-received osteosarcoma and Ewing sarcoma tumors showed no remarkable difference compared to their opposite counterparts (
Figures 2D, E
). The representative images of bone tumor tissues histopathology using hematoxylin and eosin (H&E) staining are illustrated in 
Figures 3A–C
, also the images of IGF-1R immunohistochemistry staining with different intensities of immune reactivity are shown in 
Figures 3D–I
.




Figure 3 | 
The immunohistochemistry staining of IGF-1R protein. The representative images for hematoxylin and eosin (H&E) staining of the osteosarcoma tumor tissue (A), Ewing sarcoma (B, C), and GCT (D, E) are shown. The negative immunereactivity of IGF-1R using immunohistochemistry is shown (F). The weak staining intensity (G), the moderate intensity (H), and the strong intensity (I) of IGF-1R staining are shown. The scale of magnification for (A-E) is 40 and for (F-I) is 200.






3.3 The IGF-1, IGFBP-1 and IGFBP-3 level in osteosarcoma, Ewing sarcoma and GCT

The circulating level of IGF-1 in serum of patients indicated the elevation of IGF-1 in patients (475.3 ± 24.62) compared to healthy controls (110 ± 5.12) (P < 0.0001) (
Figure 4A
). The IGF-1 level increased significantly in osteosarcoma (624.3 ± 52.92), Ewing sarcoma (467.4 ± 18.80) and GCT (334.2 ± 31.17) groups compared to healthy controls (110.8 ± 28.18) (P < 0.0001); also patients with osteosarcoma produced a significant higher level of IGF-1 compared to patients with Ewing sarcoma (P=0.04) and GCT (P < 0.0001) (
Figure 4B
). The difference of IGF-1level between Ewing sarcoma and GCT was considerable (P < 0.0001) (
Figure 4B
). The IGF-1level between malignant (545.8 ± 29.67) and benign (334.2 ± 31.17) tumors was statistically significant (P < 0.0001) (
Figure 4C
). In addition, the high-grade (733.9 ± 70.71) vs low-grade (435.1 ± 31.20) (P=0.0007), metastatic (897.4 ± 79.2) vs non-metastatic (507.2 ± 40.78) (P=0.0002) and recurrent (937.2 ± 98.38) vs non-recurrent (510.5 ± 42.35) (P < 0.0001) osteosarcoma tumors expressed statistically significant amount of IGF-1 compared to their opposite counterparts (
Figure 4D
). The difference of IGF-1 level between high-grade (497.7 ± 21.73) vs low-grade (406.7 ± 28.47) (P=0.003), metastatic (542.6 ± 34.86) vs non-metastatic (435.1 ± 85.83) (P=0.004) and recurrent (565.9 ± 40.89) vs non-recurrent (437.4 ± 17.14) (P=0.004) Ewing sarcoma tumors was statistically significant (
Figure 4E
). The IGF-1 level showed no remarkable different between chemotherapy-received patients with osteosarcoma and Ewing sarcoma compared to their opposite counterparts. As illustrated in 
Figure 5A
, the elevated level of IGFBP-1 was detected in patients with bone tumors (38.47 ± 1.15) compared to healthy subjects (32.48 ± 1.55) (P=0.007). The IGFBP-1 level was increased a significantly in patients with osteosarcoma (43.70 ± 2.23) (P=0.0001) and Ewing sarcoma (38.82 ± 1.29) (P=0.002) compared to the healthy controls (32.48 ± 1.55); while no significant difference was detected between osteosarcoma and Ewing sarcoma. Also, GCT (32.90 ± 1.55) group expressed significantly lower level of IGFBP-1 compared to osteosarcoma (P=0.0005) and Ewing sarcoma (P=0.01) groups (
Figure 5B
). The IGFBP-1 level in serum of patients with malignant tumors (41.26 ± 1.32) was higher compared to patients with benign tumors (32.90 ± 1.86) (P=0.0004) (
Figure 5C
). The patients with metastatic (50.46 ± 3.29) and recurrent (52.11 ± 3.29) osteosarcoma tumors produced a significantly higher level of IGFBP-1 compared to patients with non-metastatic (40.80 ± 2.66) (P=0.04) and non-recurrent (40.64 ± 2.53) (P=0.009) osteosarcoma tumors (
Figure 5D
). The IGFBP-1 level showed no statistically significant difference in patients with different subtypes of Ewing sarcoma (
Figure 5E
). As shown in 
Figure 6A
, the IGFBP-3 level was increased significantly in patients with tumors (3.53 ± 0.13) compared to healthy subjects (1.63 ± 0.08) (P < 0.0001). The notable increase in the IGFBP-3 level was detected in patients with osteosarcoma (4.39 ± 0.25), Ewing sarcoma (3.75 ± 0.12) and GCT (2.53 ± 0.15) compared to healthy controls (1.63 ± 0.08) (P < 0.0001); also the difference between patients with osteosarcoma compared to Ewing sarcoma (P=0.003) and GCT (P < 0.0001); and/also Ewing sarcoma and GCT (P < 0.0001) was remarkable (
Figure 6B
). Accordingly, patients with malignant tumors (4.04 ± 0.14) produced higher level of IGFBP-3 in serum compared to patients with benign tumors (2.50 ± 0.15) (P < 0.0001) (
Figure 6C
). The patients with metastatic (5.51 ± 0.57) and recurrent (5.64 ± 0.66) osteosarcoma tumors showed higher level of IGFBP-3 in the serum compared to non-metastatic (3.91 ± 0.20) (P=0.001) and non-recurrent (3.93 ± 0.18) (P=0.001) osteosarcoma tumors (
Figure 6D
). However, between different Ewing sarcoma subtypes, only patients with high-grade tumor (3.93 ± 0.13) expressed a significant elevated level of IGFBP-3 compared to patients with low-grade tumor (3.24 ± 0.17) (P=0.005) (
Figure 6E
).





Figure 4 | 
The circulating level of IGF-1 in patients with primary bone tumors. The amount of IGF-1 level in the serum of subjects (patients and healthy controls) was detected using ELISA assay. The increased IGF-1 level was detected in patients with bone tumors (N=90) versus healthy controls (N=30) (A). The osteosarcoma group (N=30) expressed a higher level of IGF-1 compared to the Ewing sarcoma (N=30) and GCT(N=30); while the IGF-1 level was higher in all tumor subtypes compared to the healthy subjects (N=30) (B). Patients with malignant tumors (N=60) showed more IGF-1 levels (C) and the high-grade (N=19), metastatic (N=9), and recurrent (N=8) osteosarcoma (D) and the high-grade (N=20), metastatic (N=9), and recurrent (N=7) Ewing sarcoma patients showed a higher circulating level of IGF-1 compared to their opposite counterparts. The number of examined samples in each tumor subtype is shown in 
Supplementary Table 1
. The statistical differences between groups are shown as asterisks (*P < 0.05, **P <0.01, ***P <0.001, ****P<0.0001), and (ns) indicates unspecific. (#) indicates P<0.0001 for comparing osteosarcoma, Ewing sarcoma, and GCT with healthy subjects.







Figure 5 | 
The IGFBP-1 level in patients with primary bone tumors. The IGFBP-1 level is increased in patients with bone tumors (N=90) versus healthy controls (N=30) (A), patients with osteosarcoma (N=30) and Ewing sarcoma (N=30) compared to the healthy controls (N=30) and GCT group (N=30) (B). The patients with malignant tumors (N=60) expressed a higher levels of IGFBP-1 (C); while comparing the tumor subtypes, patients with metastatic (N=9) and recurrent (N=8) osteosarcoma tumors showed higher IGFBP-1 level compared to their opposite counterparts (D) and no significant difference was detected in Ewing sarcoma subtypes (E). The number of examined samples in each tumor subtype is shown in 
Supplementary Table 1
. The statistical differences between groups are shown as asterisks (*P <0.05, **P <0.01, ***P <0.001), and (ns) indicates unspecific. (a) indicates P=0.0001, (b) indicates P=0.002 and (c) indicated P=0.864 for comparing osteosarcoma, Ewing sarcoma, and GCT with healthy subjects.







Figure 6 | 
The IGFBP-3 level in patients with primary bone tumors. Patients with bone tumors (N=90) showed a higher level of IGFBP-3 in the serum compared to healthy subjects (N=30) (A). A significant elevation of IGFBP-3 was detected in osteosarcoma (N=30), Ewing sarcoma (N=30) and GCT (N=30) compared to healthy subjects (N=30) also osteosarcoma and Ewing sarcoma group compared to GCT group (B). The IGFBP-3 level in patients with malignant tumors (N=60) was considerable compared to the benign group (N=30) of tumors (C). Patients with metastatic (N=9) and recurrent (N=8) osteosarcoma tumors (D) and patients with high-grade (N=20) Ewing sarcoma tumors expressed a higher level of IGFBP-3 compared to their opposite counterparts (E). The number of examined samples in each tumor subtype is shown in 
Supplementary Table 1
. The statistical differences between groups are shown as asterisks (**P <0.01, ****P <0.0001), and (ns) indicates unspecific. (#) indicates P<0.0001 for comparing osteosarcoma, Ewing sarcoma, and GCT with healthy subjects.






3.4 The association of IGF-1 axis with different demographic features of patients and the diagnostic values

Examining the relationship between levels of IGF-1, IGFBP-1, IGFBP-3, and/also IGF-1R gene and protein expression level with patient age, tumor size, tumor grade, metastasis, tumor recurrence, and malignancy showed the positive correlation between the mentioned tumor features with IGF-1, IGFBP-1, IGFBP-3 and IGF-1R gene and protein expression level. No association was detected regarding the patient’s age and IGF-1 axis that required to be validated by further studies. The IGF-1, IGFBP-3, and IGF-1R gene and protein levels were also significantly correlated with each other; while the IGFBP-1 level in serum correlated significantly just with IGF-1, IGFBP-3, and IGF-1R protein level (The results are shown in 
Table 2
 and the specificity (p-value) of each factor is illustrated). Additionally, by using a logistic regression model (
Table 3
) and based on IGF-1R protein level, the model could predict significantly the tumor grade (P=0.013), metastasis (P=0.028) and tumor recurrence (P=0.019). Also based on the IGF-1 level and IGF-1R gene expression, the model could predict significantly the tumor grade (P=0.05) and tumor metastasis (P=0.02), respectively. Notably, the diagnostic value of IGF-1, IGFBP-1, IGFBP-3, and/also IGF-1R gene and protein expression in patients with different subtypes of primary bone tumors using ROC curve analysis showed that the IGF-1 levels differed between patients with bone tumors and healthy controls (Cut off > 173.8, AUC=0.98, P<0.0001), patients with a malignant tumor and healthy controls (Cut off > 252.6, AUC=0.99, P<0.0001), patients with benign tumor and healthy controls (Cut off > 173.8, AUC=0.97, P<0.0001) and patients with bone malignant and benign tumor (Cut off > 378.7, AUC=0.81, P<0.0001); IGFBP-1 level differed significantly between patients with bone tumors and healthy controls (Cut off > 33.65, AUC=0.68, P=0.002), patients with a malignant tumor and healthy controls (Cut off > 33.34, AUC=0.76, P<0.0001) and patients with bone malignant and benign tumor (Cut off > 41.25, AUC=0.72, P=0.0005). Accordingly, IGFBP-3 levels differed significantly between patients with bone tumors and healthy controls (Cut off > 2.26, AUC=0.93, P<0.0001), patients with a malignant tumor and healthy controls (Cut off > 2.63, AUC=0.98, P<0.0001), patients with benign tumor and healthy controls (Cut off > 2.26, AUC=0.82, P<0.0001) and patients with bone malignant and benign tumor (Cut off > 3.27, AUC=0.88, P<0.0001); while IGF-1R gene level of expression differed significantly between patients with bone tumors and healthy controls (Cut off > 0.09, AUC=0.72, P<0.0001), patients with a malignant tumor and healthy controls (Cut off > 0.09, AUC=0.83, P<0.0001) and patients with bone malignant and benign tumor (Cut off > 0.06, AUC=0.80, P<0.0001). Also, the IGF-1R protein level of expression differed significantly between patients with bone tumors and healthy controls (Cut off > 10.13, AUC=0.94, P<0.0001), patients with a malignant tumor and healthy controls (Cut off > 15.03, AUC=1, P<0.0001), patients with benign tumor and healthy controls (Cut off > 8.93, AUC=0.83, P<0.0001) and patients with bone malignant and benign tumor (Cut off > 19.98, AUC=1, P<0.0001).




4 Discussion

Bone sarcomas, as mesenchymal-originated tumors represent distinct neoplasms with tumoral heterogeneity their prevalence in the pediatric population is significant (17). The variability of response to chemotherapy treatment and lack of appropriate response in some patients is still a noticeable challenge in primary bone tumor therapy (28). Given the dismal prognosis of bone tumors and the inefficiency of current therapies, more effective treatment strategies and efficient diagnostic methods are urgently required. There is increasing evidence suggesting that the IGF-1 receptor and related mediators promote the growth, metabolism, and differentiation of cancer cells (29). The multifactorial IGF-1 family consists of IGF ligands, receptor and binding proteins that exhibits aberrant expression in favor of cancer genesis in various tumor types (2). According to the cooperative role of the IGF family in bone homeostasis and regulatory effects in bone length and growth, the hypothesis of their influence on the pathogenesis of bone tumors becomes stronger (10). Examining the IGF-1 family revealed an increase in the gene and protein level of IGF-1R in bone tumors of osteosarcoma and Ewing sarcoma compared to tumor margins as well as the circulating level of IGF-1, IGFBP-, and IGFBP-3 in these patients. The association of the IGF-1 axis with the severity of the tumor (grade and size) and tumor metastasis and recurrence indicates its possible role in the progression of osteosarcoma and Ewing sarcoma. In support of our data, the elevated level of IGF-1R mRNA and protein in osteosarcoma tissue and its correlation with tumor stage and distant metastasis was reported (30). Moreover, the local expression of IGF-1R (31), and the circulating expression of IGF-1 and IGFBP-3 (32) were detected in patients with Ewing sarcoma. Based on our data, no noticeable changes in the IGF-1R gene and protein, but a relative increase in circulating levels of IGF-1, IGFBP-1, and 3 were detected in GCT tissues and serum. Comparing the osteosarcoma, Ewing sarcoma, and GCT groups, the over-expression of the IGF-1 axis was more prominent in osteosarcoma and Ewing sarcoma compared to GCT which might be influenced by higher tumor grades and disease stages in these groups. It was shown that the expression level of IGF-1 in recurrent GCT was significantly higher than in non-recurrent GCT subjects (33); however, GCT cases in our study were GCT patients without recurrence. Most of the studies in the literature regarding the IGF-1 axis in bone tumor pathogenesis are focused on determining the functional mechanism of this axis. Evidence revealed that IGF-1R downstream signaling through MEK/ERK pathway (34) and Akt activation mediates migration and invasion of osteosarcoma cells (30). Interestingly, IGF-1 stimulates collagen-1 production in osteosarcoma cells that can further arrange cells, shape, behavior, and proliferation (35). Another study showed that IGFBP-3 induced the expression of VCAM-1 and mediates the migration of human osteosarcoma cells through the activation of PI3K, Akt, and AP-1 signaling pathways (36). It seemed that the effect of the IGF-1 axis on the expression or activity of extracellular matrix (ECM) components facilitates bone tumor cell promotion. Accordingly, blockage of IGF-1R caused down-regulation of matrix metalloproteinase-2 (MMP-2) and MMP-9 and suppress migration of human osteosarcoma (OS) MG-63 cells (37). In support of this, our previously published data showed the over-expression of MMP-9 and its association with tumor recurrence and metastasis of osteosarcoma and Ewing sarcoma (21). The simultaneous increase of IGF-1R and its associated mediators in the same set of samples in our current study can confirm the possible role of the IGF-1 axis on the change of ECM proteases in favor of bone cancer cell invasion. Moreover, the effect of exogenous biglycan on the activation of IGF-1R and the mediatory role of β-catenin hypothesize the plausible effect of β-catenin/IGF-1R signaling pathway in controlling the osteosarcoma cell growth (38). Notably, β-catenin showed clinical significance and positive association with primary bone tumor aggressiveness in our previous study which can emphasize the possible relation of IGF-1R and β-catenin in bone tumor pathogenesis (22). Regarding the stimulating or inhibiting role of the IGF-1 axis in the pathogenesis of Ewing sarcoma, the evidence is conflicting. It was shown that the high level of IGF-1 in the serum of patients with Ewing sarcoma was correlated with a lower risk of tumor progression (31). In addition, the improved overall survival (OS) and event-free survival of patients with Ewing sarcoma were correlated with an elevated level of IGF-1 and IGFBP3 (32). Also, it was illustrated that exogenous IGFBP3 reduced Ewing sarcoma motility and growth (39). Data from the current study showed over-expression of IGF-1R, IGF-1, IGFBP-1, and 3 in local tumor tissues and serum of patients with Ewing sarcoma. Although the circulating level of IGFBP-1 and 3 showed no significant correlation with tumor metastasis and recurrence in Ewing sarcoma; this correlation was significant for tumor relapse and metastasis of osteosarcoma patients. The observed difference may be due to the different etiology of Ewing sarcoma regarding the specific chromosomal translocation t (11, 22)(q24;q12) in these tumors that is required for encoding the fusion protein, EWS::FLI1, which is a modifier and acts as a master regulator of Ewing sarcoma (40). It was shown that inhibition of EWS::FLI1protein was associated with reduced IGF-1/IGF-1R signaling and induced Ewing sarcoma apoptosis and death that is postulated to be related to the interaction of IGF-1R and focal adhesion kinase (FAK) (41). Investigating the relevance of IGF-1R over-expression with poor outcomes and survival of Ewing sarcoma remained inconclusive (42) and it seemed that contradictions need to be verified by future mechanistic surveys. In the current study the diagnostic value of the IGF-1 axis to discriminate patients with osteosarcoma and Ewing sarcoma from healthy subjects was considerable; to propose this axis as a diagnostic marker, more samples need to be examined.

Ultimately, it should be noted that this study had some limitations. First, the relationship between the age of the patients and the level of the IGF-1 axis in this study was inconclusive. Considering that IGF-1 secretion occures in an age-dependent manner and its level is increased during puberty (43), it is possible that an unequal distribution of patients in terms of age in this study may lead to the lack of appropriate conclusions in this field and investigating the relationship between the age of patients with bone tumors and the level of IGF axis production should be perused in future studies. Second, the relationship between the effect of receiving chemotherapy treatment on the level of IGF-1 axis in patients with malignant bone tumors was inconclusive, and investigating the relationship between receiving chemotherapy treatment and the rate of response to treatment in patients as well as changes in tumor histology on circulating and local IGF-1 axis levels should be investigated in future studies.



5 Conclusion

Due to the comprehensive investigation of the local and circulating expression profile of the important effectors of the IGF-1 axis in three types of common bone tumors, our study can provide important evidence for the more effective design of chemotherapy treatments based on the inhibitors of this axis. Over-expression of the IGF-1 axis may account for an as negative prognostic biomarker for patients suffering from primary bone cancers especially osteosarcoma.
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The COMMD proteins are a highly conserved protein family with ten members that play a crucial role in a variety of biological activities, including copper metabolism, endosomal sorting, ion transport, and other processes. Recent research have demonstrated that the COMMD proteins are closely associated with a wide range of disorders, such as hepatitis, myocardial ischemia, cerebral ischemia, HIV infection, and cancer. Among these, the role of COMMD proteins in tumors has been thoroughly explored; they promote or inhibit cancers such as lung cancer, liver cancer, gastric cancer, and prostate cancer. COMMD proteins can influence tumor proliferation, invasion, metastasis, and tumor angiogenesis, which are strongly related to the prognosis of tumors and are possible therapeutic targets for treating tumors. In terms of molecular mechanism, COMMD proteins in tumor cells regulate the oncogenes of NF-κB, HIF, c-MYC, and others, and are related to signaling pathways including apoptosis, autophagy, and ferroptosis. For the clinical diagnosis and therapy of malignancies, additional research into the involvement of COMMD proteins in cancer is beneficial.
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1 Introduction

The protein family of copper metabolism MURR1 domain-containing (COMMD) is highly conserved in eukaryotic multicellular organisms and participates in numerous cellular processes, such as copper metabolism, endosomal sorting, ion transport, and transcription factor regulation (1). The COMMD family consists of ten members (Figure 1), of which COMMD1 (also known as MURR1) has been the subject of most research since its discovery by Nabetani et al. (2). Exon 2 deletion of the COMMD1 gene was identified in Bedlington Terriers with copper toxicosis in a pervious study (3), demonstrating for the first time that COMMD1 regulates copper metabolism. Copper toxicosis is an autosomal recessive illness characterized by copper secretory abnormalities and hepatic copper accumulation, hepatitis, and even cirrhosis. Subsequently, additional members of the COMMD protein family with comparable structure and a highly conserved COMM domain at the carboxy-terminal region were discovered; the conserved COMM domain participates in protein-protein interaction and nuclear transport, and is ubiquitination targets (4, 5). In contrast, the amino terminal domain is highly variable and practically nonexistent in COMMD6 (4). COMMD proteins are extensively expressed in a range of human tissues, with expression difference between each COMMD member (6) indicating different roles of each COMMD member in particular tissues. In recent years, the majority of research on the function of COMMD proteins has been on COMMD1; little is known about the function of the other COMMD proteins (7). This review focuses on the biological roles of the COMMD protein family and the particularity of COMMD1, and involves as far as possible the research results about other members of the COMMD protein family. Given the functional diversity of COMMD proteins, the COMMD protein family is implicated in numerous disease processes, such as hepatitis (8, 9), myocardial ischemia (10–12), cerebral ischemia (13), HIV infection (14, 15), and malignancies (4). COMMD1 deficiency induces or worsens hepatitis in mouse and dogs, and the mechanism might involve an increase in intracellular hepatic copper and hepatic lipid accumulation (8, 9). Heart ischemia is frequently accompanied by Cu depletion (16). Cu concentration is decreased in the ischemic zone of a mouse model of myocardial ischemia, but COMMD1 protein levels are up. COMMD1-knockdown can decrease the outflow of myocardial Cu, safeguard myocardial function, and diminish the size of infarct focus. However, the cause of COMMD1 rise due to myocardial ischemia requires additional study (10, 12). Although the majority of molecular mechanism research have focused on COMMD1, nearly all COMMD protein family members regulate tumor progression. For example, COMMD1 (17), COMMD4 (18), COMMD8 (19), and COMMD9 (20) regulate the proliferation, invasion, and metastasis of lung cancer. COMMD2 (21), COMMD3 (22), COMMD7 (23), COMMD8 (24), and COMMD10 (25) promote or inhibit hepatocellular carcinoma (HCC). Additionally, COMMD1 (26) and COMMD10 (27) are linked to drug resistance in tumors. After briefly explaining the biological functions of the COMMD protein family, this review then comprehensively detailed the specific roles of COMMD proteins in tumors of diverse systems in order to serve as a resource for future tumor research and clinical diagnosis and therapy.




Figure 1 | COMMD family of proteins. All ten members of the COMMD protein family share a conserved COMM domain. In contrast, the amino terminal domain is highly variable among different COMMD proteins.





2 The primary biological functions of COMMD protein family


2.1 Regulating copper metabolism

Copper is an important trace element that plays a significant role in many biological processes, including cell respiration, cell proliferation, antioxidant defense, neurotransmitter synthesis and angiogenesis. Wilson’s disease, Alzheimer’s disease, and Parkinson’s disease have been associated with an abnormal copper metabolism (28, 29). Normal life activities rely heavily on copper homeostasis being maintained. The liver plays a crucial role in controlling systemic copper homeostasis. Copper is absorbed in the intestine to fulfill the body’s needs, and excreted through the bile to prevent toxicity. Cu transporting ATPase B (Atp7b) in hepatocytes assists secreting excess copper, which will be excreted with bile (28). In humans, mutations in the Atp7b gene are responsible for Wilson’s disease, a disorder that produces hepatic copper overload comparable to copper toxicosis in dogs. Exon 2 deletion of COMMD1 in Bedlington Terriers results in the loss of COMMD1 protein expression, which ultimately results in aberrant biliary copper excretion and copper toxicosis (30). However, the mechanism by which COMMD1 regulates biliary copper excretion remains unknown. Studies have demonstrated that COMMD1 could bind to mutant Atp7b and promoted its degradation via the proteasomal pathway (31). Researchers speculated that COMMD1 is involved in the quality regulation of Atp7b through hydrolyzing misfolded and dysfunctional proteins caused by mutations. Failure to properly regulate Atp7b in Bedlington Terriers due to COMMD1 deficiency may be the underlying cause of copper toxicosis (32). Copper is efficiently secreted due to the bidirectional translocation of Atp7b between trans-Golgi network and cytosolic vesicles. Miyayama et al. discovered that COMMD1-knockdown decreased the expression of Atp7b; concurrently, the recycling of Atp7b from cytosolic vesicles to the trans-Golgi network is hindered, resulting in the accumulation of intracellular copper (33). The majority of dietary copper is absorbed in the small intestine, and Atp7a transports copper from small intestine cells to the portal vein. A mutation in the Atp7a gene could cause Menkes’ disease, which is mostly characterized by copper deficiency (28). COMMD1 could bind to both wild-type and mutant Atp7a, increasing Atp7a’s stability and ameliorating the copper exporting capacities of Atp7a mutants (34). In contrast, another research published in the same year shown that COMMD1 triggered the degradation of wild-type and mutant Atp7a through proteasomal pathway (31). The role of COMMD1 in the stability of Atp7a requires additional study. COMMD1 can also regulate the intracellular transport of Atp7a. COMMD1 forms the COMMD/CCDC22/CCDC93 (CCC) complex with CCDC22, CCDC93, and C16orf62, which is necessary for the proper sorting and relocalization of Atp7a (4, 35). COMMD1 can directly bind copper in addition to interacting with Atp7a and Atp7b. However, the importance of this binding effect on copper homeostasis is unexplored (36). There is no indication that COMMD1 gene mutation induces human copper metabolic-related disorders such as Wilson’s disease, while numerous pieces of evidence indicate that COMMD1 is involved in the regulation of copper metabolism. Also, the role of COMMD2-10 in regulating copper metabolism is rarely explored. It has been observed that the deletion of any one of COMMD1, COMMD6, or COMMD9 leads to a deficiency in the transport of Atp7b from cytosolic vesicles to the plasma membrane in mouse hepatocytes, and a hepatic copper accumulation in conditions of a high-copper diet (37). The function of the COMMD protein family in copper homeostasis requires additional investigation.



2.2 Assisting in endosomal sorting of transmembrane receptors

Receptor endocytosis and subsequent sorting is an important way to maintain cell homeostasis. Early endosomes internalize transmembrane proteins and their associated macromolecules, some of which degrade through the lysosomal pathway while others are transported to trans-Golgi network or plasma membrane for reuse by retromer, retriever, WASH complex, CCC complex, and SNX proteins (38). Phosphatidylinositol 4, 5-bisphosphate (PtdIns (4, 5) P2) is an important membrane-anchoring molecule, functioning in vesicular trafficking and modulation of transporter activity. The specific binding of COMMD1 to PtdIns(4, 5)P2 makes COMMD1 recruited to the endocytotic membranes, where it functions in endosomal sorting (39). Subsequent investigations demonstrated that COMMD1’s endosomal sorting role is performed through the formation of the CCC complex. Depletion of COMMD1 or CCC complex inhibits the transfer of Atp7a from endosomal vesicles to the plasma membrane. CCC complex binds to the WASH complex member FAM21, and CCC complex, WASH complex, and retromer are all implicated in the regulation of endosomal trafficking of Atp7a (35). The low-density lipoprotein receptor (LDLR) plays significant role in eliminating low-density lipoprotein (LDL). CCC and WASH complexes are both involved in the endosomal sorting of LDLR to maintain the homeostasis of circulating cholesterol. Similar to COMMD1, COMMD6-knockout and COMMD9 in mouse hepatocytes also destabilizes the CCC complex, resulting in reduced LDLR levels on the cell surface and elevated plasma cholesterol (40, 41). Another research conducted in the same year indicated that COMMD9 is also a component of the CCC complex and is essential for the endosomal sorting of Notch receptors. Given that almost all members of the COMMD protein family can connect with the CCC complex component CCDC22 (40), it is hypothesized that the various COMMD proteins associated with the CCC complex aid in the specific cargos selection (42). Unlike Atp7a, the endosomal cargo recycling of α5β1-integrin is retromer-independent. Retriever interacts with cargo adaptor SNX17 and combines CCC and WASH complex to facilitate cell surface recycling of α5β1-integrin (43). In conclusion, CCC complex and related proteins play an important role in the endosomal sorting of transmembrane receptors.



2.3 Regulating ion transport

ENaC is an amiloride-sensitive Na+ channel, and is comprised of three homologous subunits (α, β, and γ; or δ, β, and γ), which plays a significant role in Na+ and body fluid volume homeostasis (44). COMMD1 interacts with Nedd4-2 to increase the ubiquitination and promote the degradation of ENaC (α, β, and γ) (45). In addition, COMMD1 was also found able to bind to δENaC, therefore promoting δENaC into an intracellular recycling pool and reducing δENaC on the cell surface while enhancing ENaC ubiquitination. However, it is unknown if Nedd4-2 is involved in the regulation of δENaC (46). Additionally, COMMD2-10 interacts with ENaC, and later investigations on COMMD3 and COMMD9 have shown that they both lower ENaC expression on the cell surface and amiloride-sensitive current in mammalian epithelia. The COMMD protein family appears to play a negative regulatory role on ENaC (47). However, COMMD10-knockdown in Fischer rat thyroid epithelia resulted in increased Nedd4-2 and decreased ENaC current. In conclusion, COMMD1 inhibits Na+ transport by promoting ENaC ubiquitination and endocytosis; nevertheless, the regulatory mechanism of COMMD on ENaC proteins and its subunits need more investigation. In epithelial tissue, the cystic fibrosis transmembrane conductance regulator (CFTR) is a vast polytopic cAMP-regulated Cl- channel. Overexpression of COMMD1 in Hela cells increased the amount of CFTR on the cell surface, while COMMD1-knockdown induced ubiquitination and probably proteasomal degradation of CFTR (48). The Na-K-Cl co-transporter 1(NKCC1), a member of the cation-Cl cotransport family, interacts with COMMD1 to ubiquitinate itself, hence enhancing its own expression in the basolateral membrane. One potential reason is that COMMD1 improves the biological activity of NKCC1 by promoting non-classical ubiquitination, which stabilizes rather than degrades the target protein (4, 49).



2.4 Regulating NF-κB-mediated transcription

The NF-κB family is an essential transcription factor that regulates the expression of several genes and participates in a variety of physiological processes, such as immune response, inflammation, and cell survival. RelA(p65), RelB, cREL, NF-κB1(p50/p105), and NF-κB2(p52/p100) occur as homodimers or heterodimers in cells as five members of the NF-κB family. Furthermore, the NF-κB family members in inactive status bind to inhibitor of NF-κB (IκB) (7, 50). In the canonical NF-κB pathway, PAMPs/DAMPs (such as LPS and CpG DNA), proinflammatory cytokines, and other stimulations, activate the receptors on the cell membrane. IκB is subsequently phosphorylated by IκB kinase (IKK) and degraded by proteasomes. RelA/p50 dimers that are no longer inhibited by IκB translocate to the nucleus to bind DNA and mediate transcription (50). In the majority of instances, all ten COMMD proteins may bind selectively to distinct subunits of NF-κB and inhibit the activity of NF-κB (6, 51)(Figure 2). COMMD1 is the most well investigated regulator of the NF-κB signaling pathway. COMMD1 interacts with ECSSOCS1, a multimeric E3 ubiquitin ligase complex composed of Elongins B and C, cullin2, and SOCS1, in order to increase RelA binding to SOCS1, resulting in the ubiquitination and proteasomal degradation of RelA, hence inhibiting NF-κB-mediated transcription (52). RelA Ser468 phosphorylation induced by IKK is required for COMMD1-dependent ubiquitination of RelA (53, 54). The phosphorylation of RelA at Ser468 increases its binding to general control non-repressed protein 5(GCN5), which forms a complex with COMMD1 and ECSSOCS1, increasing RelA ubiquitination and degradation (54). Notably, COMMD1 continues to occupy the promoter site even after RelA is removed, indicating that COMMD1 may inhibit the expression of NF-κB target genes by this method (53). In addition, COMMD1 overexpression inhibits NF-κB-mediated transcription by decreasing the binding time of RelA to chromosomes (6) and IκB ubiquitination (51, 55). Acetylated COMMD1 in the cytoplasm induced the nucleolus translocation of RelA to mediate apoptosis by ubiquitylating RelA (56). Acetylated COMMD1 ubiquitinates RelA. Ubiquitinated RelA translocates to the nucleus to mediate apoptosis. CCDC22, a highly conserved protein associated with X-linked intellectual disability, binds to COMMD proteins in conjunction to regulate the NF-κB signaling pathway. Cullin1 interacts with the CCDC22-COMMD8 complex to enhance IκB ubiquitination and NF-κB-mediated transcription. In contrast, the CCDC22-COMMD1 complex binds Cullin2 in order to promote RelA ubiquitination and inhibits the NF-κB pathway. Given that CCDC22 deficit inhibits NF-κB activation, the CCDC22-COMMD8 complex may serve as the primary regulator (57). Reportedly, COMMD7 enhances the activation of the NF-κB signaling pathway in HCC, which will be described in depth in the next section of this review (58).




Figure 2 | Simplified overview of the regulation of NF-κB pathway by COMMD proteins: COMMD, copper metabolism MURR1 domain-containing; CCDC22, coiled-coil domain-containing protein 22; CRL, Cullin-RING ligase; IKK, IκB kinase complex; GCN5, general control non-repressed protein 5.





2.5 Other biological functions of the COMMD protein family

Superoxide dismutase 1(SOD1), a member of the Cu,Zn superoxide dismutase family, catalyzes the production of molecular oxygen and hydrogen peroxide from superoxide anions, therefore acting as an antioxidant. Homodimer formation is the last stage in SOD1 maturation, and COMMD1 may decrease the amount of SOD1 homodimers, hence inhibiting SOD1 maturation and activity (59). Also regulated by COMMD1 is the hypoxia inducible factor 1 (HIF-1). Overexpression of COMMD1 promotes the degradation of HIF-1α, while COMMD1 deficiency raises the stability of HIF-1α, increasing the transcription of HIF-1α target genes, and resulting in developmental defects and embryonic lethality (60). On the one hand, COMMD1 competitively inhibits Heat Shock Protein 90 (HSP90), which binds to and stabilizes HIF-1α. On the other hand, after binding to HIF-1α, COMMD1 cooperates with Heat Shock Protein 70(HSP70) to induce the ubiquitin-independent degradation of HIF-1 (61). In addition, COMMD1 may directly inhibit the formation of HIF-α and HIF-β to heterodimers with transcriptional activity (62). In a recent investigation on hepatocellular cancer, COMMD10 was also discovered to bind and inhibit HIF-1α (63), and it has to be determined if additional members of the COMMD protein family have comparable effects. Additionally, the COMMD prtotein family may engage in cell cycle control. Overexpression or silencing of COMMD1 in HEK293T cells regulates the cell cycle and cell proliferation via altering the level of p21 Cip1 (64). The interaction between Lamin A and COMMD1 indicates that COMMD1 may potentially be associated with aging and laminopathies (65). Many investigations have shown that the COMMD protein family is broadly involved in physiological processes, including copper metabolism, endosomal sorting, ion transport, transcriptional control, and others; nevertheless, the probable molecular mechanism remains unexplored.




3 The COMMD protein family and tumors


3.1 Lung cancer

Lung cancer is a leading cause of cancer-related mortality, with roughly 85% of cases attributable to smoking (which is also affected by other environmental factors). Lung cancer is separated histologically into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC); NSCLC includes adenocarcinoma (ADC), squamous cell carcinoma (SCC), and large cell carcinoma (undifferentiated NSCLC), accounting for over 80% of lung cancer cases and causing over 1.2 million deaths annually. Despite the widespread use of surgery, radiotherapy, chemotherapy, targeted therapy, and other treatments for the treatment of lung cancer, the prognosis of patients remains dismal, and the 5-year overall survival rate is just 15% (66, 67). By upregulating genes associated to cell proliferation, metastasis, angiogenesis, and anti-apoptosis, NF-κB may contribute to oncogenesis. It is believed that aberrant activation of the NF-κB signaling pathway promotes tumor survival and medication resistance by upregulating anti-apoptotic proteins and genes (67, 68). Given the obvious inhibitory effect of the COMMD protein family on NF-κB, it is plausible to hypothesize that COMMD proteins play a crucial role in oncogenesis, progression, and death. CIGB-552 is a synthetic anti-tumor peptide that stimulates the ubiquitination of RelA, a subunit of NF-κB, in lung cancer cells, therefore decreasing the anti-apoptotic action of NF-κB and promoting the death of tumor cells. The protein-protein interaction between COMMD1 and CIGB-552 and the accumulation of COMMD1 were also observed in lung cancer cells influenced by CIGB-552. Further research revealed that the COMMD1 knockout inhibited CIGB-552-induced NF-κB degradation and cell death. Therefore, COMMD1 upregulation produce antitumor effects through inhibiting the NF-κB signaling pathway (68). HIF-1 is another COMMD1-regulated transcription factor, and is involved in energy metabolism, cell growth, and angiogenesis. Similar to NF-κB, CIGB-552 promotes COMMD1 accumulation and inhibits HIF-1 activity in H460 cells (69), hence exerting anti-inflammatory and anti-angiogenic actions. CIGB-552 and cisplatin performed a synergistic impact in inhibiting tumor cell growth, inducing apoptosis and oxidative stress response, and overcoming cisplatin resistance in a recent research involving lung cancer cells and mice models (70). It is worth noting that COMMD1 promoted the repair of DNA double-strand breaks (DSBs) in lung cancer cells. The research also revealed that the upregulation of COMMD1 increased the proliferation of NSCLC cells and was associated with a bad prognosis for patients. Even COMMD1-knockdown might increase the radiation sensitivity of NSCLC cells (17). As a potential novel anticancer treatment target, the function of COMMD1 in NSCLC requires additional investigation. In addition to COMMD1, additional COMMD protein family members have showed promise as prospective lung cancer therapeutic targets. Compared to healthy tissues and cells, the gene and protein expression levels of COMMD4 is upregulated in NSCLC, and patients with high COMMD4 expression are more likely to have a poor prognosis. COMMD4 depletion significantly inhibits NSCLC cell growth, induces mitotic catastrophe and death, and increases NSCLC sensibility to irradiation and camptothecin. Because irradiation and camptothecin might produce DNA DSBs, COMMD4 activity is crucial for protecting NSCLC cells from DNA damage (18). COMMD8 is up-regulated in NSCLC, and COMMD8 promoted cell proliferation, migration, glycolysis and inhibited cell apoptosis in NSCLC. In addition, research have shown that COMMD8 might be activated in NSCLC through activating MALAT1/miR-613 axis and LINC00657/miR-26b-5p axis, playing a carcinogenic role (19, 71). In NSCLC cells, DRTF1 and E2F1 join to create a heterodimer in order to enhance G1/S transition and inhibit P53 activity. The high expression of COMMD9 in NSCLC increases cell proliferation and invasion. COMMD9-knockdown results in G1/S arrest, induces autophagy, inhibits the activation of TFDP1/E2F1 and enhances P53 signaling pathway, playing an antitumor effect (20).



3.2 Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the most prevalent type of primary liver cancer and the third biggest cause of cancer-related mortality globally. In recent years, several studies have shown that the COMMD protein family plays a crucial role in the development and incidence of HCC. Analysis of bioinformatic data revealed that COMMD2 was highly expressed in HCC and promoted the proliferation and migration of HCC cells, making it a potential oncogene. A high expression of COMMD2 is associated with poor prognosis, higher histological grade, more advanced clinical stage, lymph node metastasis and the TP53 mutation status in HCC patients. Additionally, COMMD2 impacts the overall survival of patients with HCC by enhancing tumor immune infiltration (21). Similarly with COMMD2, COMMD3, COMMD7, and COMMD8 are overexpressed in HCC, increasing cell proliferation, migration, and invasion (22, 24, 58). In HCC patients, COMMD3 upregulation is related with advanced TNM stage, poor overall survival, and vascular invasion. In null mice with subcutaneous xenograft tumors, silencing COMMD3 inhibited tumor development and expression of HIF1α, VEGF, and CD34. In HCC, COMMD3 seemed to operate as an upstream regulator of HIF1α (22). Several investigations have elaborated on the involvement of COMMD7 in HCC, despite the fact that COMMD7 inhibits NF-κB activation in HEK293T cells (72). Instead, COMMD7 stimulated NF-κB in HCC cells. A positive feedback loop was formed when COMMD7 silencing induces HCC cell apoptosis by inhibiting NF-κB, and inhibited NF-κB further lowerd COMMD7 transcription. Researchers suggested that the inconsistent action of COMMD7 on NF-κB might be due to the different cell types or cytokine stimulation (73, 74). COMMD7 overexpression alone activated NF-κB signaling pathway by increasing PIAS4-mediated NEMO sumoylation in Nanog+ HCSCs, but the overexpression of COMMD1 and COMMD7 together ended NF-κB signaling (58). Moreover, overexpression of COMMD7 in HCC might increase cell proliferation and invasion by promoting ROS accumulation and activating NF-κB, and downstream CXCL10 (23, 75). COMMD10, unlike COMMD7, inhibits HCC cell proliferation by inhibits the NF-κB signaling pathway and enhances cell death by activating the signaling pathway of Bcl‐2/Bax/caspase-9/3. On the on hand, COMMD10 binds to the Rel homology domain of p65 in HCC cells and inhibits the nuclear translocation of NF-κB. On the other hand, COMMD10 reduces the ubiquitination and degradation of IκB, hence reducing the action of NF-κB (25). Another research revealed that COMMD10 increased radiosensitivity in HCC cells by decreasing intracellular Cu, inhibiting HIF1α, and stimulating ferroptosis (63). COMMD10 exhibits an anticancer impact in HCC and is related with increased survival.



3.3 Other cancers

Similar to the effect in lung cancer, COMMD1 exerts an anti-tumor effect in malignant tumors, including prostate cancer (76), diffuse large B-cell lymphoma (77), head and neck squamous-cell carcinoma (HNSCC) (78), and neuroblastoma (79). Downregulation of COMMD1 was related with a poor prognosis for diffuse large B-cell lymphoma, according to bioinformatics study (77). COMMD1 decreases tumor cell activity by inhibiting the NF-κB signaling pathway in prostate cancer and neuroblastoma (76, 79). COMMD1 increases its stability by forming a complex with DRR1 and F-actin in the nucleus of neuroblastoma. Subsequently, DRR1 and COMMD1 inhibits cyclinD1 expression, the G1/S transition, and neuroblastoma cell proliferation (79). miR-205 enhances inflammatory and stemness properties in stemness-enriched HNSCC cells and promotes tumorigenesis and tumor progression via downregulating COMMD1. COMMD1 downregulation also enhances the activation of NF-κB in HNSCC cells, which in turn promotes the release of inflammatory factors into the tumor microenvironment and further increases miR-205 expression (78). HIF-1, a transcription factor, is similarly regulated by COMMD1 in tumor cells. In HT29 and U2OS cells, reduced COMMD1 expression inhibits many HIF-responsive genes, including VEGFA, TGFA, HK2, and GLUT1. Notably, COMMD1-deficient tumor cells did not exhibit an increase of protein level in HIF-1α or HIF-2α. Further research demonstrated that COMMD1 bond to HIF-1α in a competitive manner and prevented the formation of the HIF-1α/β heterodimer (62), hence inhibiting the DNA binding and transcriptional activity of HIF-1α. Furthermore, COMMD1 is associated to drug resistance in ovarian cancer and multiple myeloma (26, 80). Ovarian cancer cells A2780 are more susceptible to cisplatin when nuclear COMMD1 expression is increased. The mechanism might include COMMD1’s regulation of the G2/M checkpoint, DNA repair, and apoptosis (26). In Bortezomib-resistant multiple myeloma, however, COMMD1 expression was shown to be elevated. By inhibiting SCF complex, COMMD1-knockdown could overcome Bortezomib resistance (80). By activating COMMD1, CIGB-552 reduced the growth of breast cancer cells MCF-7 and colon cancer cells HT-29 in addition to lung cancer cells (81). Gene rearrangement is often linked with an aggressive phenotype and poor prognosis in prostate cancer. The researchers discovered that COMMD3: BMI1 fusion expression was significantly elevated in metastatic prostate cancer. COMMD3 activates oncogenes such as c-MYC, which promotes prostate cancer cell proliferation, migration, and invasion; COMMD3 expression is positively connected with tumor recurrence and decreased survival rate (82). COMMD5, also known as hypertension-related, calcium-regulated gene (HCaRG), is strongly expressed in renal proximal tubules, where it regulates cell proliferation and differentiation, and accelerate the repair of renal tubules. However, excessive proliferation and poor differentiation are significant tumor progression indicators. In renal cancer cells, COMMD5 decreases proliferation, improves differentiation, accelerates autophagic cell death, and lowers VEGF production through downregulating HIF-1α, ultimately inhibiting tumor angiogenesis. The overexpression of ErbB receptors (including EGFR, ErbB2, ErbB3, and other receptors) is related with the development and progression of cancer, and have been observed in several epithelial-derived human malignancies. In renal cell cancer, COMMD5 inhibits the methylation of EGFR and ErbB3 promoters. COMMD5 significantly reduces the transcription and translation of EGFR and ErbB3 by inhibiting the methylation of EGFR and ErbB3 promoters, ultimately performing an antitumor function (83, 84). Expression of COMMD5 is reduced in gastric cancer. Rosiglitazone, a synthetic PPAR agonist, was associated by COMMD5 up-regulation in inhibiting gastric carcinogenesis, according to studies. However, the precise function of COMMD5 in gastric cancer requires additional investigation (85). In pancreatic ductal adenocarcinoma (PDAC) (86) and acute myeloid leukemia (87), high COMMD7 expression is associated with a poor prognosis. COMMD7 is positively linked with PDAC histological differentiation, lymph node metastasis, and TNM staging. By downregulating cyclin D1, inhibiting MMP-2 secretion, and activating the ERK1/2 and apoptosis signaling pathways, inhibition of COMMD7 may reduce tumor growth and invasion (86). Additionally, COMMD7 is connected with medication resistance. In gastric cancer, the activation of the Linc00852/miR-514a-5p/COMMD7 axis enhances cisplatin resistance (88). Loss of ETV6 function is associated with the development of hematological cancers. Using a functional genome-wide shRNA screen, researchers discovered that COMMD9-knockdown in leukemic cells might inhibit ETV6 transcriptional activity (89). However, the underlying mechanism by which COMMD9 regulates ETV6 remains unknown. Formin-like2 (FMNL2) is a member of the Formins family, which is upregulated in colorectal cancer and increases tumor cell motility, invasion, and metastasis (90). Additional research demonstrated that FMNL2 enhanced the ubiquitin-mediated proteasome degradation of COMMD10, hence reducing the nuclear translocation of NF-κB subunit p65 and promoting tumor progression. COMMD10 downregulation is often correlated with worse clinical outcomes. Consequently, COMMD10 may be employed as an independent survival predictive marker for CRC patients (91). Bioinformatics analysis revealed that the expression of COMMD10 in lung squamous cell carcinoma, breast invasive carcinoma, and renal clear cell carcinoma is distinct from that of their corresponding normal tissues. Moreover, high COMMD10 expression in renal clear cell carcinoma is predictive with improved patient survival (27).




4 Conclusions

COMMD proteins serve various biological functions in eucaryon. It is hypothesized that the action of COMMD1 on copper metabolism is connected to its regulation of the stability as well as intracellular transport of copper-transporting ATPases Atp7a and Atp7b (31, 33, 35). In addition, COMMD1 may directly bind to Cu (II), although the importance of this binding for copper metabolism regulation is unknown (36). In the hepatocyte COMMD-specific knockout mouse model, the absence of COMMD1, COMMD6, or COMMD9 similarly impaired the endosomal recycling of Atp7b, according to a research published last year (37). However, the regulation on copper metabolism by COMMD protein family members other than COMMD1 remains poorly known. COMMD proteins may also form CCC complexes with CCDC22, CCDC93, and C16orf62, and participate in endosomal sorting of many transmembrane proteins including Atp7a (35), LDLR (41), and α5β1-integrin (43). It has to be determined if the COMMD protein family and CCC complex are involved in the protein trafficking of other proteins. COMMD may also regulate ion transport by influencing the ubiquitination and surface expression of ENaC (45), CFTR (48), and NKCC1 (92) on the cell membrane. COMMD1 increases the ubiquitination of ENaC (45), CFTR (48), NKCC1 (92). COMMD1 promotes the ubiquitination of ENaC (45), NKCC1 (92) and Nf-κB (52), but inhibits the ubiquitination of CFTR (48) and IκB (51).Therefore, the precise mechanism of COMMD protein-mediated ubiquitination needs further investigation. In addition, the action of COMMD proteins in regulating NF-κB, HIF, and other transcription factors enables it to play a crucial role in inflammation, cancer, and other disease progression.

Almost all COMMD proteins are implicated in regulating cancer signaling (Table 1). They regulate the proliferation, differentiation, invasion, and influence metastasis of tumor cells, tumor angiogenesis, chemotherapeutic drug resistance, and prognosis of cancer. Current research indicates that the great majority of COMMD proteins, such as COMMD2 (21), COMMD3 (22), COMMD4 (18), COMMD7 (7), COMMD8 (24) and COMMD9 (20), are up-regulated in tumor cells and promote tumor proliferation, invasion, and metastasis. COMMD1 (68, 76), COMMD5 (83), and COMMD10 (25, 91) have antitumor effects in general. In a recent study, researchers used the GEPIA database to evaluate COMMD6 mRNA expression in 31 human cancers with matching normal tissue species. COMMD6 was discovered to be highly expressed in 20 types of tumors, such as colon cancer and brain lower grade glioma (LGG), and to be poorly expressed in 11 other types of tumors, including adrenocortical carcinoma (ACC) and pheochromocytoma. Further research indicated that high expression of COMMD6 is associated with shorter survival in HNSC, cholangiocarcinoma, and ACC patients, but it correlates with longer survival in LGG, uveal melanoma, testicular germ cell tumors, thyroid carcinoma, and uterine corpus endometrial carcinoma patients (93). Depending on the kind of COMMD protein and the type of tumor, it is evident that the function of COMMD protein differs somewhat. Even if there are only dozens of pieces of experimental researches on the function of COMMD protein in tumors, we can still determine the general rule regarding the involvement of COMMD protein in tumors from these restricted data. Often, the same COMMD protein has a similar role in various tumors. For instance, COMMD1 inhibits the development of cancer in a number of malignancies. Inhibition of COMMD1 expression stimulated the growth of tumor cells in lung cancer (69), neuroblastoma (79), head and neck squamous cell carcinoma (78), and prostate cancer (76). The mechanism may be associated with COMMD1’s deactivation of HIF-1 and NF-κB. In contrast, the high expression of COMMD7 stimulated the proliferation and invasion of hepatocellular carcinoma (23) and pancreatic ductal adenocarcinoma (86). Various COMMD proteins serve different roles for the same tumor. COMMD1 (68) functioned as an anti-cancer agent in lung cancer, whereas COMMD4 (18), COMMD8 (19), and COMMD9 (20) increased the growth of lung cancer cells. Due to a dearth of relevant research, it remains unclear if distinct COMMD proteins have synergistic or antagonistic effects on the same tumor. Recent research has shown the relationship between COMMD1 and COMMD7. Overexpression of COMMD1 and COMMD7 concurrently inhibited NF-κB signaling in Nanog+ HCSCs (58). It is hypothesized that the antagonistic action of COMMD1 on COMMD7 is achieved through regulating the NF-κB signaling pathway. However, it remains unknown if additional COMMD proteins interact with each other in tumor cells. In terms of molecular mechanism, COMMD proteins in tumor cells regulate the oncogenes expression of NF-κB, HIF (68), C-YMC (82), and others. In lung cancer (68), prostate cancer (76), and neuroblastoma (79), for example, COMMD1 exerts anti-tumor actions via inhibiting NF-κB. Further investigation is required to determine if additional oncogenes are regulated by COMMD proteins. In addition, COMMD proteins are engaged in the regulation of cell cycle (20) in tumors and is strongly associated with apoptosis (18), autophagy, ferroptosis (63) and other signaling pathways, influencing the proliferation and death of tumor cells. Given the broad significance of COMMD proteins in tumor-related signaling pathways, COMMD is a viable therapeutic target for tumors. CIGB-552 is a synthetic anti-tumor peptide that functions as an anti-tumor agent in lung cancer and colorectal cancer by activating COMMD1 (69, 94). Several noncoding RNAs, such as Linc00852 (88), Linc657 (71), MALAT1 (19), and MNX1-AS1 (24), have been reported to influence the incidence, development of tumor, and the death of tumor cells by influencing COMMD proteins expression. Prospects for the discovery of novel anticancer medicines that target the COMMD proteins and their upstream pathways are vast. In addition, since COMMD proteins are expressed in a range of tumor tissues and there are considerable variations between normal and malignant tissues, COMMD has high predictive value that may be used for clinical staging and prognostic assessment of cancers.


Table 1 | The roles of COMMD proteins in different tumors.



Although many pieces of research have established that the COMMD proteins are closely associated with cancer, the actual molecular mechanism is still not well understood, and the great majority of studies have focused on the COMMD as a regulation for oncogenes of NF-κB and HIF. Copper homeostasis may be employed as a novel cancer therapeutic target, according to studies. Cu levels are greatly elevated in several malignant tumors, such as breast cancer, ovarian cancer, and gastric cancer. Cu can also enhance cancer proliferation, angiogenesis, and metastasis (28). Although COMMD proteins play a critical role in the regulation of copper metabolism, few studies have shown that interference with copper homeostasis by COMMD proteins affect tumor cell activity. Cu improved the radioresistance of HCC cells in a recent research, but COMMD10 increased their radiosensitivity by decreasing intracellular copper levels and inducing ferroptosis (63). This discovery offers fresh insights into the relationship between the COMMD protein family and tumors. In addition, mounting data demonstrates that ENaC (95), CFTR (96), SOD1 (97) and other signaling molecules play crucial roles in tumor cell proliferation, migration, and apoptosis, and this review notes that these molecules are similarly regulated by COMMD proteins. To be investigated further is the existence of a complex protein-protein interaction network between COMMD proteins and tumor phenotypes.

In conclusion, the COMMD proteins family has a broad variety of biological roles and is involved in tumor proliferation, invasion, metastasis, angiogenesis, and drug resistance, among other functions. Additionally, the COMMD protein may be exploited as a therapeutic target and a biomarker for the prognosis and staging of malignancies. Additional research on the function of the COMMD proteins in cancer is beneficial for the clinical diagnosis and treatment of malignancies.
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Background

Thioredoxin-1 (TXN), a redox balance factor, plays an essential role in oxidative stress and has been shown to act as a potential contributor to various cancers. This study evaluated the role of TXN in lung cancer by bioinformatics analyses.



Materials and methods

Genes differentially expressed in lung cancer and oxidative stress related genes were obtained from The Cancer Genome Atlas, Gene Expression Omnibus and GeneCards databases. Following identification of TXN as an optimal differentially expressed gene by bioinformatics, the prognostic value of TXN in lung cancer was evaluated by univariate/multivariate Cox regression and Kaplan–Meier survival analyses, with validation by receiver operation characteristic curve analysis. The association between TXN expression and lung cancer was verified by immunohistochemical analysis of the Human Protein Atlas database, as well as by western blotting and qPCR. Cell proliferation was determined by cell counting kit-8 after changing TXN expression using lentiviral transfection.



Results

Twenty differentially expressed oxidative stress genes were identified. Differential expression analysis identified five genes (CASP3, CAT, TXN, GSR, and HSPA4) and Kaplan–Meier survival analysis identified four genes (IL-6, CYCS, TXN, and BCL2) that differed significantly in lung cancer and normal lung tissue, indicating that TXN was an optimal differentially expressed gene. Multivariate Cox regression analysis showed that T stage (T3/T4), N stage (N2/N3), curative effect (progressive diseases) and high TXN expression were associated with poor survival, although high TXN expression was poorly predictive of overall survival. TXN was highly expressed in lung cancer tissues and cells. Knockdown of TXN suppressed cell proliferation, while overexpression of TXN enhanced cell proliferation.



Conclusion

High expression of TXN plays an important role in lung cancer development and prognosis. Because it is a prospective prognostic factor, targeting TXN may have clinical benefits in the treatment of lung cancer.
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Introduction

Lung cancer is one of the most prevalent cancers worldwide. The National Cancer Database and the American Cancer Society have estimated that, in 2022, lung cancer was the tenth most prevalent cancer in men and the seventh most prevalent in women (1), while also being the leading cause of cancer deaths in both (2). Recent advances in molecular targeted therapies and immunotherapeutic agents have prolonged survival in lung cancer patients (3, 4), although the effects of these treatments differ among histological subtypes. Agents targeting driver genes have been reported to contribute substantially to reductions in lung cancer mortality (5). Identifying new potential driver genes can provide support for the diagnosis and management of lung cancer.

Analyses of big data through gene sequencing, chip technology and bioinformatics have been utilized for the identification of disease characteristics and the rapid development of medicines to treat these diseases. Databases containing information on large numbers of patients have shown promise in analyzing the characteristics of various diseases, especially cancers (6). Analyses of databases such as The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO), and Human Protein Atlas (HPA), which contain data on patients with many types of cancer, have made possible the identification of biomarkers for the more effective diagnosis and management of cancer patients.

Thioredoxin-1 (Trx1, TXN), a member of the thioredoxin family, is a regulator of redox balance through the dynamic transformation between its oxidized and reduced states (7). TXN is highly expressed in various cancers and regulates cell proliferation and apoptosis through different signaling pathways (8). Small molecule inhibitors of the thioredoxin system have shown significant tumor-suppressing effects, suggesting that TXN may be a potential therapeutic target in cancer treatment (9).

The specific mechanisms of action of TXN in lung cancer have not been determined. The present study utilized bioinformatics methods to identify key genes related to lung cancer and oxidative stress. These analyses showed that TXN was differentially expressed in lung cancer and normal lung tissue and that TXN had prognostic characteristics in lung cancer. The associations of TXN expression with patient survival and prognosis were analyzed, and its prognostic value was verified in vitro.



Materials and methods


Data acquisition

Five lung cancer related datasets, GSE10072, GSE18842, GSE21933, GSE101929, and GSE118370, were selected from GEO database (https://www.ncbi.nlm.nih.gov/geo), and the gene expression profiles and clinical characteristics of each dataset were downloaded. Data characteristics were assessed using the GEO2R tool, which generated uniform manifold approximation and projection (UMAP) and volcano diagrams. Lung cancer RNAseq data were obtained from the TCGA database (https://portal.gdc.cancer.gov/), and genes related to the oxidative stress phenotype in lung cancer were obtained from the GeneCards database (https://www.genecards.org/). Information on immunohistochemical determination of TXN expression of lung cancer and normal lung epithelial tissues were obtained from HPA database (https://www.proteinatlas.org/). The specific analytic process is shown in Figure 1.




Figure 1 | Flowchart of the study design.





Identification of differentially expressed oxidative stress genes

Analysis of the five GSE datasets identified 9927 overlapping genes, which were defined as differentially expressed genes (DEGs). A total of 9629 oxidative stress genes (OSGs) were downloaded from the GeneCards database. Only 71 OSGs were selected based on the relative scores > 10. Further analysis of the DGEs and OSGs together identified 60 differentially expressed oxidative stress genes (DEOSGs).



Protein-protein interaction (PPI) network and hub genes

Interacting nodes of the 60 DEOSGs were determined by uploading these 60 DEOSGs to the STRING database (https://cn.string-db.org/); the interaction score thresholds were adjusted to 0.7 to ensure high reliability of intermolecular interactions. The PPI network was visualized using the Cytoscape database. Cytohubba is a plug-in component in the Cytoscape database to screen hub genes. The screening criteria were defined as the top 20 genes in descending order on the maximum correlation coefficient (MCC) algorithm. Thus, these 20 genes were identified as hub genes.



Biological function enrichment and pathway analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of hub genes were assessed using the Xiantao website (https://www.xiantao.love/), a tool for data analysis and visualization. The Gene Set Enrichment Analysis (GSEA) database (http://www.gsea-msigdb.org/gsea/) was used for analyses of the Hallmark, C2 and C5 gene sets in the TCGA dataset. The threshold for significant enrichment was defined as a false discovery rate (FDR) < 0.25 and a p.adjust < 0.05.



Univariate/multivariate Cox regression and prognostic analysis

The 20 hub genes in the five GSE datasets were subjected to differential analysis of expression, whereas the associations of the 20 hub genes in the TCGA dataset with survival were analyzed by the Kaplan-Meier (KM) method. TXN expression was found to differ significantly in each of the GSE and TCGA datasets, identifying TXN as a target gene. The relationships between TXN expression and the clinicopathological characteristics and overall survival (OS) of patients in these datasets were analyzed by univariate and multivariate Cox regression analyses. The prognostic value of TXN expression was analyzed using a KM plotter and by receiver operating characteristic (ROC) curve analysis.



Cell culture

The H23, A549, H1299 and PC9 human lung cancer cell lines were cultured in RPMI 1640, and the bronchial epithelial cell line BEAS-2B was cultured in DMEM, both supplemented with 10% fetal bovine serum (FBS; cat. no. 16140071, Gibco) and 1% penicillin-streptomycin (cat. no. 15140122, Gibco) at 37°C in a 5% CO2 incubator.



Western blotting

Cells were lysed and total protein extracted with RIPA buffer (cat. no. 87787, Thermo Fisher Scientific) containing protease and phosphatase inhibitor. Protein concentrations were measured by the BCA method. Each sample was added 5% loading buffer (cat. no. BL529B, Biosharp), and the samples were incubated in boiling water for 5 min. Total proteins were separated on 12% SDS-PAGE gels (cat. no. PE001, Zhonghuihecai) and transferred to PVDF membranes (cat. no. IPFL00010, Millipore). The membranes were incubated in quick blocking liquid (cat. no. P0220, Beyotime) for 5-10 min at room temperature, followed by incubation with primary antibodies overnight at 4°C. The membranes were washed three times with TBST for 15 min each, incubated with secondary antibodies for 1 h at room temperature, and washed three times with TBST for 15 min each. Bands were detected using ECL chemiluminescent kits (cat. no. BL520A, Biosharp). The primary antibodies included rabbit anti-Trx-1 (diluted 1:1000, Cat. No. 14999-1-AP, RRID: AB_2272597), rabbit anti-GAPDH (diluted 1:100000; Cat. No. 60004-1-Ig, RRID: AB_2107436) and rabbit anti-actin (diluted 1:1000; Cat. No. 20536-1-AP, RRID: AB_10700003).



Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from cells using TRIzol reagent (cat. no. RK30129, ABclonal), and cDNA was synthesized using ABScript III RT Master Mix Kits (cat. no. RK20428, ABclonal), following the manufacturer’s instructions. qPCR was performed using primers for TXN (forward, 5’-GTGAAGCAGATCGAGAGCAAG-3’; reverse, 5’-CGTGGCTGAGAAGTCAACTACTA-3’) and β-actin (forward, 5’-CCTTCCTGGGCATGGAGTC-3’; reverse, 5’-TGATCTTCATTGTGCTGGGTG-3’). The amplification conditions consisted of an initial denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 5 s and annealing and extension at 60°C for 32 s.



Lentiviral transfection

Lentiviral transfection experiments were performed following manufacturer instructions. First, cells were seeded at a density of 30% in 6-well plates; After 24 h, complete medium containing a defined amount of virus solution was added into per well, which was removed after 16-24 h transfection; Cells were incubated at 37°C in a 5% CO2 incubator for 48-72h. Then, a fluorescence microscope was used to observe the transfection effect; Finally, puromycin with 2 ug/ml was added into the complete medium in order to select the stable transfectant cell lines. RAN and protein of cells were extracted to verify the transfection effect.



CCK8 assay

Cell proliferation ability was measured using Cell Counting Kit-8 (CCK8; cat. no. C0038, Beyotime). Lentivirus-transfected cells were seeded into 96-well plates and incubated for 24 h, 48h, 72h and 96h at 37°C in a 5% CO2 incubator. Later, 100 ul serum-free medium with 10% CCK-8 were added to per well. After 1-1.5 h at 37°C, the absorbance was detected at 450 nm.



Statistical analysis

Statistical analyses were performed using SPSS Statistics (version 18.0), Image J and GraphPad Prism (version 8.0.2) software. Between group differences were assessed by the Mann-Whitney U-test or Student’s t-test, as appropriate. All experiments were performed more than three times, with p < 0.05 defined as statistically significant.




Results


Identification of oxidative stress genes in lung cancer

The characteristics of the lung cancer and normal lung tissue samples in the five GEO datasets, GSE10072, GSE18842, GSE21933, GSE101929, and GSE118370, are shown in Table 1 and Figure 2. The control and tumor samples were well separated, indicating significant differentially expressed genes between the two groups. Gene expression was analyzed in tumor and normal lung tissues from the five datasets, and genes differing significantly in levels of expression were identified. Analysis of the five GSE datasets identified 9927 overlapping genes, which were defined as DEGs. In addition, 6835 OSGs downloaded from the GeneCards database were screened. Limiting the relevant score to > 10 resulted in the selection of 71 OSGs. Overlap of the 9927 DGEs and the 71 OSGs resulted in the identification of 60 differentially expressed OSGs (DEOSGs) (Figure 3).


Table 1 | Characteristics of the GSE datasets.






Figure 2 | UMAP and volcano maps of the five GSE datasets (log2 (FC) |>1| and p.adj<0.05). (A, B) GSE10072, (C, D) GSE18842, (E, F) GSE21933, (G, H) GSE101929, and (I, J) GSE118370.






Figure 3 | Venn diagrams for screening of (A) DEGs and (B) DEOSGs.





Protein-protein interaction network and hub genes

The relationships among DEOSGs of lung cancer were further evaluated by establishing a PPI network and screening for hub genes using Cytoscape. The top 20 genes in descending order of the MCC algorithm were identified as AKT1, TP53, CASP3, JUN, MAPK1, MAPK14, CAT, IL6, CYCS, HMOX1, SOD1, TXN, GSR, FOXO3, INS, MAPK8, SIRT1, HSPA4, NFE2L2, and BCL2 (Figure 4; Table 2). The darker the color represents the more important the protein is in the interaction network.




Figure 4 | PPI and hub gene networks. (A) PPI network; (B) Hub gene network.




Table 2 | Top 20 genes, as determined by the MCC method.





Biological function enrichment and pathway analysis

The 20 hub genes were subjected to GO and KEGG function enrichment analysis. GO analysis showed significant enrichment of biological process (BP) and molecular function terms (MF) terms. BP terms enriched significantly in lung cancers included cellular response to oxidative stress, process utilizing autophagic mechanism, cell death in response to oxidative stress and positive regulation of epithelial cell apoptotic process; whereas MF terms enriched significantly in lung cancers included antioxidant activity, MAP kinase activity, oxidoreductase activity, and protein phosphorylated amino acid binding (Figures 5A, B). KEGG analysis showed that significantly enriched terms included MAPK signaling pathway, autophagy-animal, EGFR tyrosine kinase inhibitor resistance, RAS signaling pathway, non-small lung cancer, apoptosis-multiple species and ferroptosis (Figures 5B, C). GSEA function analysis was performed to comprehensively investigate the biological functions of genes. Among the interesting items selected were MYC targets from hallmark gene sets; and oxidative stress induced senescence, cell cycle and DNA repair from C2 curated gene sets (Figures 6A–D).




Figure 5 | GO and KEGG enrichment analysis of hub genes. (A) GO analysis; (B) circular diagram of GO and KEGG analyses; (C) KEGG analysis.






Figure 6 | GSEA enrichment analysis of TCGA data sets. (A) MYC targets in HALLMARK gene sets; (B) oxidative stress induced senescence in C2 curated gene sets; (C) cell cycle in C2 curated gene sets; (D) DNA repair in C2 curated gene sets.





Univariate/multivariate Cox regression and prognostic analysis

Key genes related to prognosis in patients with lung cancer were identified by analyzing differences expression of the 20 hub genes in the five GSE datasets and by KM survival analysis of the 20 hub genes in the TCGA dataset. The levels of expression of five genes, CASP3, CAT, TXN, GSR, and HSPA4, differed significantly in lung tumor and normal lung tissue samples in each GSE dataset (P < 0.05) (Supplemental Figure 1), whereas KM survival analysis found that the levels of four genes, IL-6, CYCS, TXN, and BCL2 correlated significantly with prognosis in patients with lung cancer (Supplemental Figure 2). TXN expression was associated with both analyses, suggesting that TXN may be an optimal target in lung cancer treatment. The levels of expression of TXN in each dataset are shown in Figure 7. Obviously, the expression of TXN in the tumor group was higher than that in the control group, implicating TXN as a cancer promoting factor.




Figure 7 | Levels of expression analysis of TXN in (A) the TCGA dataset and (B) the five GSE datasets. *p < 0.05, ***p < 0.001.



After identifying TXN as the target gene, univariate and multivariate Cox regression model were established. Univariate Cox regression analysis showed that age (P = 0.022), T stage (P < 0.001), N stage (P < 0.001), M stage (P < 0.001), pathologic stage (P < 0.001), curative outcome (P < 0.001) and TXN expression (P = 0.024) were prognostic of survival in lung cancer patients, whereas gender was not. Multivariate Cox regression analysis showed that T stage (P = 0.006, hazard ratio [HR] 1.779, 95% confidence interval [CI]: 1.178-2.286), N stage (P = 0.010, HR 2.180, 95% CI: 1.204-3.945), curative outcome (P < 0.001, HR 0.237, 95% CI: 0.168-0.336) and high TXN expression (P = 0.018, HR 1.403, 95% CI: 1.061-1.855) were independent risk factors for prognosis in patients with lung cancer (Table 3).


Table 3 | Univariate/multivariate Cox regression.



Assessments of the effects of TXN expression on survival of lung cancer patients showed that TXN was associated with OS (P = 0.024, HR 1.26, 95% CI: 1.03-1.56), but its predictive power was weak (AUC 0.568, 95% CI: 0.534-0.605). TXN expression was not associated with disease specific survival (DSS) or progression free interval (PFI), with both having low areas under their ROC curves (AUC) (Figure 8).




Figure 8 | Effects of TXN expression on survival outcomes in lung cancer patients, as determined by KM survival analysis and ROC curve analysis. (A) Relationships of TXN expression with risk scores and individual patient survival; (B–D) KM analysis of the relationships between TXN expression and patient (B) OS, (C) DSS and (D) PFI. (E–G) ROC curve analysis of the relationships between TXN expression and patient (E) OS, (F) DSS and (G) PFI.



The relationships between TXN expression and pathological characteristics of patients with lung cancer were further evaluated by KM survival analysis. High expression of TXN was significantly associated with T stage (III-IV vs I-II; P = 0.008, HR 1.67, 95% CI: 1.14-2.43) and curative outcomes (progressive disease [PD] vs. stable disease [SD], partial response [PR] and complete response [CR]; P = 0.005, HR 2.04, 95% CI: 1.25-3.33) (Figure 9; Supplemental Figure 3).




Figure 9 | Relationships between TXN expression with T-stage and curative outcomes in lung cancer patients. (A, B) KM survival analysis of the relationships between TXN expression and survival in patients with T-stage (A) I/II and (B) III/IV tumors. (C) ROC curve analysis of the relationship between TXN expression and T stage. (D, E) KM survival analysis of the relationships between TXN expression and patients who achieved (D) SD, PR, and CR and (E) PD. (F) ROC curve analysis of the relationship between TXN expression and patient curative outcomes.





TXN expression in tissues and cells

The immunohistochemical levels of expression of TXN in normal lung and lung cancer tissues were obtained from the HPA database. The proportion of cells positive for TXN was higher in lung cancer tissues (Figure 10). Evaluation of cell lines showed that TXN mRNA and protein expression levels were higher in the lung cancer cell lines than in the normal lung epithelial cell line (Figure 11).




Figure 10 | Representative immunohistochemical staining of TXN in (A–C) normal lung tissue and (D–F) lung cancer tissue samples.






Figure 11 | Levels of TXN mRNA and protein expression in lung cancer and normal lung epithelial cell lines. (A) TXN mRNA expression; (B) TXN protein expression; (C) gray value analysis of TXN protein expression. *p < 0.05, **p < 0.01,***p < 0.001, ns, no statistical difference (p > 0.05).





Lentiviral transfection and cell proliferation

TXN expressions were higher in H23 and A549 cells and lower in H1299 cell, therefore, knockdown assay was performed in H23 and A549 cells, and overexpression assay was performed in H1299 cell. The mRNA and protein levels were well knocked down and overexpressed (Figures 12, 13). The proliferation ability was attenuated after knockdown of TXN and was enhanced after overexpression of TXN, suggesting that TXN could promote the proliferation of lung cancer (Figure 14).




Figure 12 | RT-qRCR verification of lentiviral TXN knockdown and overexpression. (A) mRAN expression of TXN after knockdown in H23; (B) mRAN expression of TXN after knockdown in A549; (C) mRAN expression of TXN after overexpression in H1299. *p < 0.05, **p < 0.01,***p < 0.001.






Figure 13 | Western blot verification of lentiviral TXN knockdown and overexpression. (A) protein expression of TXN after knockdown in H23; (B) protein expression of TXN after knockdown in A549; (C) protein expression of TXN after overexpression in H1299. (D–F) Gray scale band analysis. *p <0.05, **p <  0.01.






Figure 14 | CCK-8 methods measuring the effect of TXN knockdown and overexpression on cell proliferation. (A) TXN knockdown in H23; (B) TXN knockdown in A549; (C) TXN overexpression in H1299. *p < 0.05, **p < 0.01,***p < 0.001.






Discussion

Lung cancer is the leading cause of cancer deaths worldwide (2). Advances in treatment have enabled more personalized therapy, significantly improving the OS of lung cancer patients (10). The biology of lung cancer plays a prominent role in responses to treatment, especially to targeted therapy and immunotherapy. Targeted tumor-suppressing drugs based on biomarkers predicted from genetic and molecular analyses have been utilized clinically, yielding excellent results (11). Biomarkers for cancer diagnosis, management and prognosis have been identified by various methods, including high-throughput sequencing, microarray, and mass spectrometry. Publicly available databases have shown prospective potential for mining of biological information of cancers (12). In the present study, several datasets from the TCGA and GEO databases were selected, with screening of differentially expressed and hub genes identifying TXN as a target gene in lung cancer. Cox regression analysis, functional enrichment, and analyses of survival and prognosis showed that TXN was predictive of the diagnosis and prognosis of lung cancer.

TXN, a member of the thioredoxin family, is a 12 kDa molecule that acts as an antioxidant. TXN is a constituent of a redox system, which also consists of thioredoxin reductase 1 (TrxR1) and NADPH (13). Specifically, TXN contains a Cys-Gly-Pro-Cys catalytic site, which switches between thiol and disulfide conditions under the influence of TrxR1 and NADPH, thus constituting a reversible redox system (14). TXN has various biological functions, such as repairing DNA damage (15), activating transcription factors (8, 16), inhibiting apoptosis signaling (17), and eliminating reactive oxygen species (ROS) (16, 18), enabling cells to resist oxidative stress while enhancing cell proliferation and invasion. Oxidative stress increases ROS, leading to an imbalance between oxidation and antioxidation. Antioxidation is required to maintain normal cell morphology and function (19), preventing the abnormal proliferation of cancer cells (20, 21). In addition to being an important biomarker of oxidative stress, the present study utilized bioinformatics to identify TXN as a molecular target of oxidative stress in lung cancer by mining of genes related to both lung cancer and oxidative stress. Evaluation of the TCGA dataset and the five GSE datasets found that TXN expression was higher in tumor than in normal tissues, consistent with previous findings (22), indicating a correlation between high TXN expression and lung cancer.

The biological functions and clinical significance of TXN in lung cancer were further assessed by in-depth analyses. Evaluations of the correlations of TXN expression with clinicopathological characteristics and OS showed that age, TNM stage, pathological stage, curative outcomes and TXN expression correlated significantly with OS. Multivariable analysis showed that T stage (T3/T4), N stage (N2/N3), pathological stage (III/IV), curative outcomes (PD), and high expression of TXN were key risk factors for lung cancer survival. A previous bioinformatics study identifying six prognostic biomarkers in lung cancer bioinformatics found, by Cox multivariate analysis that pathological stage (II/III/IV) was independently prognostic of OS and DFS (23). TNM stage has shown to be prognostic in various cancers, including lung (24, 25), liver (26), rectal (27), pancreatic (28), and skin (29) cancers. TNM stage is also associated with the risk of tumor recurrence and with treatment methods (30). In addition, the efficacy of treatment among patients with the same type of cancer has been found to be dependent on individual differences. A deep learning model that included PD, distant metastasis and local recurrence showed good performance in predicting prognosis of lung cancer patients (31).

In addition to its regulation of redox balance, TXN can interact with different proteins to regulate tumor development through redox-dependent signaling pathways (8). The present study found that biological functions identified during enrichment analysis included oxidative stress, DNA damage repair, cell death, cell cycle, and protein phosphorylation. TXN was found to act through the MAPK and RAS signaling pathways and to target MYC. Defects in DNA damage repair signaling contribute to the occurrence of tumors (32). TXN can sustain the activity of ribonucleic acid reductase (RNR), a rate-limiting enzyme during DNA replication and repair, enhancing DNA synthesis. Tumor survival requires the inhibition of the death of intact cancer cells and promoting the death of damaged cancer cells, with TXN playing this role in cancer cell apoptosis, autophagy, and ferroptosis. β-Lapachone was reported to induce the apoptosis of HL-60 cells by inhibiting TrxR and further increasing oxidative stress (33), and TrxR inhibition was found to increase the level of oxidative stress due to a reduction in the relative amount of TXN (34). TXN was shown to inhibit ferroptosis during adriamycin induced cardiotoxicity through mTORC1 signal activation (35). Impaired cell cycle in cancer leads to the proliferation of malignant cells (36). Exogenous Trx was found to inhibit G2/M cell cycle arrest and apoptosis in renal tubular cells (37). The RAS/MAPK signaling pathway plays an important role in tumor development through protein phosphorylation cascade reactions (38). Trx was also shown to prevent hyperoxia-induced lung injury caused by the loss of UCP2 through the mkk4-p38mAPK-pgC1α signaling pathway (39). In addition, the MAPK (ERK1/2 and ERK5) pathway was found to stabilize MYC protein (40). GSEA analysis in the present study showed enrichment of the MYC target, suggesting that TXN may target the MYC protein through the MAPK signaling pathway, promoting the occurrence and development of lung cancer. Additional studies, however, are needed to confirm these findings.

Prognostic analysis in the present study showed that high TXN expression was associated with poor prognosis in patients with lung cancer. Its AUC, however, was only 0.567, suggesting that TXN is weakly predictive of patient prognosis. Lung cancer prognosis, however, has been associated with many clinical and genetic factors (41). Single genes are weakly predictive of the prognosis of patients with lung cancer, with evaluations of single genes having limited clinical benefits. Although targeting the mutant form of EGFR has shown significant benefits (42), long-term treatment with targeted agents can result in drug resistance, relapse, and metastasis. Multifactorial models, rather than single genes or single pathological characteristics, are required to identify highly sensitive and accurate reliable prognostic markers in lung cancer.

This study had several limitations. First, it did not comprehensively screen sufficient numbers of lung cancer related datasets. The five GSE datasets in our study were determined after previewing the topic, population, clinical characteristics, grouping, intervention and other items. Therefore, many data sets may have been omitted owing to subjective factors. Second, because these datasets differed in sample size and clinical characteristics, some factors related to patient prognosis may have been omitted, weakening the predictive power of the included factors. Finally, all the genes included in this analysis were protein encoding genes. Thus, the predictive information of some non-protein coding genes may have been missed. Despite these limitations, however, this study may have clinical significance. Evaluation in large numbers of patients from multiple centers may identify additional potential targets for the diagnosis, management and prognosis of lung cancer.

In conclusion, the present study, which utilized bioinformatics methods to identify lung cancer oxidative stress related genes, found that TXN was related to the prognosis of lung cancer and had certain predictive value. TXN was also found to be more highly expressed in lung cancer than in normal lung epithelial cell lines. TXN may be a tumor-suppressing therapeutic target in lung cancer.
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Background

Hepatocellular carcinoma (HCC) is a common malignant primary tumor. Bactrian camels have high economic and social values, but their potential medical value has not been studied. This study aimed to investigate the effects of Bactrian camel plasma-derived exosomes on HCC.



Methods

Plasma was obtained from thin and normal Bactrian camels, and used to isolate exosomes by ultracentrifugation. The exosomes were then characterized by transmission electron microscopy and Nano particle tracking analyzer. In vivo imaging of nude mice and hematoxylin eosin (HE) staining of liver tissues were used to explore the effects of the exosomes on tumor growth. Finally, the differences of the two exosomes were further analyzed using small RNA sequencing and proteomics.



Results

In vivo imaging and HE staining showed that no significant differences were found in fluorescence value and liver tissue morphology between the control mice and the mice treated with the exosomes from thin Bactrian camels; while the fluorescence value and the live histology changes were alleviated in the mice with the exosomes from normal Bactrian camels. After sequencing and proteomic analysis, 40 differentially expressed miRNAs (DE-miRNAs, 15 down-regulated and 25 up-regulated) and 172 differentially expressed proteins (DEPs, 77 up-regulated and 95 down-regulated) were identified in the plasma-derived exosomes from normal Bactrian camels. These identified DE-miRNAs and DEPs were significantly enriched in many signaling pathways.



Conclusions

Normal Bactrian camel plasma-derived exosomes may inhibit the growth of HCC cells through regulating pathways of Ras, Ras-Association Proximate 1 (Rap1), phosphoinositide 3-kinase-protein kinase B (PI3K-Akt), mitogen-activated protein kinase (MAPK), adenosine monophosphate-activated protein kinase (AMPK), and canonical Wnt signaling pathways.
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Introduction

Hepatocellular carcinoma (HCC) is a common malignant primary tumor, and the second leading cause of cancer-related deaths worldwide, particular in East Asia (China, Japan, and Korea) and sub-Saharan Africa (1). Like any other cancer, the pathogenesis of HCC is complex, and there were no obvious symptoms, so most HCC patients can only be diagnosed in a late stage (2). Despite recent advances in clinical diagnosis and treatment, advanced diagnosis and metastasis remain the major causes of high HCC mortality (3). Chemotherapy is also commonly used to treat HCC, but currently used chemotherapy lacks selective targeting, and may damage normal (healthy) cells, thereby leading to serious adverse reactions (4). Its long-term use can contribute to drug resistance, which is detrimental to the prognosis and survival of HCC patients (5). In addition, the liver is a robust immunosuppressive microenvironment, characterized by high levels of immunosuppressive cytokines (IL-10, and TGF-β) released by LSEC and Treg cells, and well expression of immune checkpoint molecules (PD-1, CTLA-4, LAG-3, and TIM-3) on immune cells (6). Nowadays, immune checkpoint inhibitors (ICIs), such as tyrosine-based protein kinase inhibitors and histone deacetylase inhibitors, are used for targeted therapy of HCC (7). However, due to the drug resistance and side effects, the prognosis of HCC patients remains frustrating, with a 5-year survival rate of ~12.5% (6). Therefore, there is an urgent need to develop a more safe, effective, and selective anti-cancer drug adjuvant that can be used alone or in combination with chemotherapy or ICIs to enhance its therapeutic potential and reduce side effects.

Exosomes are about 40-160 nm extracellular vesicles that produced by different types of cells (8). Exosomes, as carriers of protein, lipid, nucleic acids (mRNA, microRNA [miRNA] and DNA) and metabolites, are mediators of near- and long-distance cell-to-cell communication, and influence various cell biological processes, including cell growth, migration, invasion and apoptosis (9). It has also been reported that exosomes play immune-activation and immunosuppression functions in cancer. The activation of immunity depends on the antigen presentation of exosomes, while the immunosuppressive effect of exosomes depends on the carried ligands, proteins, and miRNAs to suppress the activity of cytotoxic T cells or increase the immunosuppressive cells (9). Increasing evidence showed that mesenchymal stem cell-derived exosomes can promote angiogenesis, tissue regeneration and immune regulation through regulating intercellular micro-communication and transfer of paracrine factors, thus being used in the treatment of liver diseases (10). A study of Lou et al. demonstrated that exosomes from adipose tissue-derive MSCs could be an effective vector for miR-199a delivery, and effectively improve the sensitivity of HCC to chemotherapy drugs via targeting the mTOR pathway (11). Additionally, a previous study has reported that camel milk-derived exosomes could induce cell apoptosis and inhibit inflammation, oxidative stress, angiogenesis, and metastasis in tumor microenvironment, thus promoting the death of MCF7 cells and suppressing the progression of breast cancer (12). Another study also showed that camel milk-derived exosomes have a selective anti-proliferation effect on HepaRG cells (liver cancer cells), but have no significant cytotoxic effect on ThLE-2 cells (normal liver cells), suggesting a potential therapeutic role in cancer treatment and prevention (13). Based on these reports, we speculate that exosomes from camel or camel milk may be useful for cancer management. Furthermore, the degree of individual weight can change the contents of exosomes, such as mRNAs, miRNAs, proteins, and adipokines, thereby playing different mechanisms in the diseases (14, 15). However, the roles of exosomes from camel of different body weights in HCC remain unclear.

Bactrian camels (Camelus bactrianus) are widely distributed in Xinjiang, Gansu, and Inner Mongolia of China, and have unique biological characteristics, including strong thirst tolerance, hunger tolerance, and adaptability to harsh climate (16). They can store energy in the form of fat deposit, and can survive for a long time in the case of water and food shortage. The blood sugar levels of camels are more than twice as high as those of other ruminants, but they do not develop metabolic diseases and show associated pathological features (16, 17). It has also been reported that Bactrian camels may have potential immunotherapeutic roles in cancer treatment and prevention because of their unique habits and extreme living conditions (18–20). However, understanding of their potential medical values is still limited. In addition, milk is different from other body fluids (such as plasma), as well as its composition is complex, and contains a mass of small molecules of milk proteins and milk fat (21, 22). Some of the small molecules are similar in size to exosomes, which may lead to low concentration and purity of milk-derived exosomes after isolation (22, 23). To date, there is no recognized separation method that can obtain high purity, concentration, and bioactivity of milk-derived exosomes (24). Therefore, in our study, the exosomes were isolated from the plasma from the thin and normal Bactrian camels, and then their roles in HCC progression were explored. Due to the different effects of the two exosomes on HCC, the two exosomes were further analyzed using small RNA sequencing and metabolomics analyses. Our work will provide new evidence and insights into the prevention and treatment of HCC.



Materials and methods


Plasma sample collection

On December, 15th, 2021, thin Bactrian camels (n = 5) and normal Bactrian camels (n = 5) were obtained from Shibatai Township, Zhuozishan Town, Wulanchabu, Inner Mongolia, and the blood (80 mL) were taken from each Bactrian camel. The information (age, girth of abdomen, height, and body length) of all the Bactrian camels was shown in Table 1. The research protocols were approved by the Experimental Animal Welfare and Ethics Committee of Inner Mongolia Agricultural University (No. NND2021094) on November 2, 2021.


Table 1 | Detailed characteristics of two groups camels in this study.





Isolation and characterization of exosomes

The exosomes were isolated from the Bactrian camel plasma samples (n = 5 for each group) at 4°C as described previously (25) with some modifications. Briefly, the blood samples were diluted with the isopycnic PBS, and then centrifuged at 300 g for 10 min. After that, the supernatant was transferred to a new tube, and then centrifuged at 2000 g for 10 min, followed by 12000 g for 30 min, and 120000 g for 70 min. The sediments were resuspended with pre-cooling PBS (2500 μL), and the exosomes were obtained and stored at -80°C. The concentrations of the isolated exosomes were quantified using a BCA protein assay kit (Boster Biological Technology Co. Ltd, Wuhan, China) based on the manufacturer’s instructions.

Thereafter, the isolated solution (50 μL) was added to PBS (10 mL), and centrifuged at 120000 g for 70 min at 4°C. Then, the sediments were resuspended with 50 μL PBS, and used for transmission electron microscopy (TEM) and Nano particle tracking analyzer (NTA). A TEM (Tecnai G2 spititi, FEI company, OR, USA) was used to visualize the morphology and ultrastructure of the extracted exosomes based on the previous study (26). Besides, the exosomes size distribution was evaluated using a ZetaView® NTA (ZetaView Particle Metrix, Particle Metrix, Germany) in accordance with the method of Soares Matins et al. (27).



Total RNA extraction and small RNA sequencing

Total RNA was extracted from all the plasma-derived exosomes of thin and normal Bactrian camels using mirVANA miRNA Isolation kit (Takara Biomedical Technology Co., Ltd., Beijing, China) according to the manufacturer’s recommendations, and then the quality and concentrations of the total RNA were assessed using a microplate reader (OD260/280). After that, the total RNA (n = 5 for each group) was sent to OBiO Technology (Shanghai) Corp., Ltd (China) for small RNA sequencing.

During sequencing, TruSeq small RNA Sample Prep Kit (Illumina, San Diego, USA) was used to construct miRNA library. Thereafter, RNA 3’ and 5’ adaptors were ligated, as well as the enrichment library was amplified by reverse transcription-polymerase chain reaction (RT-PCR), and was purified by gel electrophoresis. After the library preparation, Illumina Hiseq200/2500 was used to sequence the constructed library, and the sequencing read length was 1×50 bp. After that, the samples were also sequenced on this platform.

Raw data by sequencing were submitted to an in-house program, ACGT101-miR (LC Sciences Houston, Texas, USA), to remove the 3’ connectors and junk sequences, and clean data were achieved. The clean data were mapped to databases of mRNA, Rfam and Repbase, and after filtering, valid data were obtained and used for miRNA identification. Subsequently, unique sequences of 18-26 nt in length were mapped to specific species precursors in miRbase 22.0 by BLAST searching, and known or novel miRNAs were annotated. After that, differentially expressed miRNAs (DE-miRNAs) between the plasma-derived exosomes of thin and normal Bactrian camels were identified using Student t test, and the thresholds for DE-miRNAs selection were |log2Fold change (FC)| > 1 and P value ≤ 0.05. Next, the potential target genes of the identified DE-miRNAs were predicted using the TargetScan and miRanda databases, and then were submitted to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses. A P value ≤ 0.05 was set as the criterion of the significantly enriched GO terms and KEGG pathways.



Proteomics analysis of exosomes

The exosomes from the plasma of thin and normal Bactrian camels (n = 5 for each group) were further sent to OBiO Technology (Shanghai) Corp., Ltd for proteomics analysis. Briefly, SDT lysate (4% SDS, 100mM Tris-HCl, pH 7.6) was added in the plasma-derived exosomes of thin and normal Bactrian camels, and then bathed in boiling water for 15min. After centrifuged at 14000 g for 15 min, the supernatant was collected, and then FASP ultrafiltration method was adopted to remove the SDT solution in the supernatant (28). Then, 100μg peptide of each sample was labeled using a TMT labeling kit (Thermo) according to the manufacturer’s protocols. The labeled peptides in each group were mixed, and graded by Agilent 1260 Infinity II HPLC system. Thereafter, each sample was separated using Easy nLC system, and then analyzed with a Q Exactive plus mass spectrometer.

The raw data generated by Q Exactive plus were converted to the.mgf format using Proteome Discoverer 2.2 (Thermo Fisher Scientific) software, and then submitted to MASCOT2.6 for protein annotation. Differentially expressed proteins (DEPs) between the plasma-derived exosomes of thin and normal Bactrian camels were screened based on the thresholds of FC > 1.2/FC < 0.85 and P < 0.05. Afterwards, the screened DEPs were subjected to GO terms, KEGG pathways and subcellular localization analyses.



Cell culture and construction of MHCC-97H-LUC cells

A human hepatoma cell line MHCC-97H cells were purchased from Cell Bank, Chinese Academy of Sciences (Shanghai, China), and cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific). Then, the cells were maintained in an incubator with 5% carbon dioxide at 37°C. The MHCC-97H cells were passaged upon reaching 80%-90% confluence.

The MHCC-97H cells with LUC fluorescence (MHCC-97H-LUC cells) were constructed using lentivirus (H7656 pLenti-CBh-3xFLAG-Luc2-tCMV-mNeonGreen-F2A-Puro-WPRE, OBiO Technology (Shanghai) Corp., Ltd) package. Briefly, The MHCC-97H cells were seeded into a 6-well plate at a density of 3×105 cells/well, and cultured overnight. After that, the cells were transfected with H7656 lentivirus, and then 10 μL polybrene (1 mg/mL) was added to each well at a final concentration of 5 μg/mL. After 24 h of transfection, the medium was changed to fresh medium, and after 72 of culture, final concentration of 2 μg/mL puromycin was added to select the stable transfection cell line (MHCC-97H-LUC cells).



Animal experiments

A total of 21 SPF female Balb/c-nude mice aged 5-6 weeks were purchased from Jiangsu GemPharmatech Biotechnology Co. Ltd (Jiangsu, Chian). During the experiments, all the mice were free access to food and water, and maintained under controlled temperature (24 ± 2°C) and humidity (50 ± 10%) conditions, with a 12 h light/dark cycle. After acclimatization for 7 days, all the mice were randomly and equally divided into three groups as follow (n = 7 for each group): control group, N-Exo and T-Exo groups. All the mice were used to perform in situ tumor of the liver as previously described (29). Briefly, the mice were anesthetized using an isoflurane air hemp machine. After anesthesia, the liver lobe was gently extruded, and 40 μL MHCC-97H-LUC cell suspension (5×106 cells/mouse) was injected to the liver. After stopping bleeding, the liver lobe was slowly returned to the abdominal cavity, sutured, and the wound was disinfected with iodophor. The animals were kept in a state of gas anesthesia all the time. After seven days, the mice in the N-Exo and T-Exo groups were respectively injected with 200 μg normal Bactrian camel plasma-derived exosomes and thin Bactrian camel plasma-derived exosomes through a tail vein once a week for three weeks (30, 31). The mice in the control group were treated with equal amount of PBS.

At the end of the experiment, all the mice were used for in vivo imaging using in vivo imaging system (PE LuminaLT series III, USA) (32). After that, the mice were sacrificed by cervical dislocation, and the liver tissues were collected for hematoxylin eosin (HE) staining to observe the effects of normal and thin Bactrian camel plasma-derived exosomes on tumor growth. All animal experiments were conducted in accordance with the National Medical Advisory Committee (NMAC) guidelines using approved procedures of the Experimental Animal Welfare and Ethics Committee of Inner Mongolia Agricultural University (No. NND2021094).




Results


Exosomes successfully isolated from the plasma of thin and normal Bactrian camels by ultra-centrifugation

Exosomes were respectively isolated from the plasma of thin and normal Bactrian camels, and then TEM and NTA were used to characterize them. TEM results showed that the exosomes isolated from the plasma of thin and normal Bactrian camels both exhibited a cup-shaped or round morphology with a diameter of approximately 100 nm (Figure 1A). Furthermore, NTA analysis indicated that the major peak in particle size of the exosomes from the plasma of thin and normal Bactrian camels were about 124.6 nm and 117.9 nm, respectively; and the overall size distribution ranged from 50 nm to 200 nm (Figure 1B). These were in line with the size distribution of exosomes previously reported (33, 34). All the results implied that the exosomes were successfully extracted from the plasma of thin and normal Bactrian camels using the ultra-centrifuge method.




Figure 1 | Characterization of exosomes from the plasma of thin Bactrian camels and normal Bactrian camels. (A) The morphology of the two exosomes visualized using a transmission electron microscopy. scale bar = 100 nm. (B) A Nano particle tracking analyzer used to measure the exosomes size distributions. Left: plasma-derived exosomes from thin camels; right: plasma-derived exosomes from normal camels.





Effects of normal and thin Bactrian camel plasma-derived exosomes on tumor growth

In order to understand the function of Bactrian camel plasma-derived exosomes on liver tumor growth, in vivo imaging of the mice was performed. After imaging, there was no significant difference in the fluorescence value between the control mice and the mice treated with thin Bactrian camel plasma-derived exosomes (P > 0.05); but the fluorescence value in the mice treated with normal Bactrian camel plasma-derived exosomes was significantly decreased compared to the control mice and the mice with thin Bactrian camel plasma-derived exosomes (P < 0.05, Figure 2). Additionally, HE staining of liver tissues showed that in the control mice, the normal hepatic nodule structure disappeared, the tumor cells showed clumpy and solid growth, peripheral hepatocyte cords were compressed and atrophied (green arrow); as well as more mitotic phases (black arrow) and slight fibrous hyperplasia were seen. The morphology of liver tissues in the mice with thin Bactrian camel plasma-derived exosomes was similar with that in the control mice (Figure 3). However, in the mice with normal Bactrian camel plasma-derived exosomes, hepatic lobule structure was clear, hepatocyte cords were arranged neatly, hepatic sinuses were obvious, a few hepatic cells were slightly vacuolated (black arrow), and no obvious inflammatory cell infiltration and tumor cells were observed (Figure 3). All these results indicated that compared with the thin Bactrian camel plasma-associated exosomes, normal Bactrian camel plasma-derived exosomes could inhibit liver tumor growth, which may have potential therapeutic effects on HCC.




Figure 2 | Representative images of in vivo imaging and quantitative analysis in the mice with different treatments. *: P < 0.05, compared with the control group; #: P < 0.05, compared with the T-Exo group. T-Exo: plasma-derived exosomes from thin camels; N-Exo: plasma-derived exosomes from normal camels.






Figure 3 | Representative pictures of hematoxylin eosin staining of liver tissues in the mice with different treatments. Black arrow: hepatic cells; blue arrow: fibrous hyperplasia; green arrow: peripheral hepatocyte cords. T-Exo: plasma-derived exosomes from thin camels; N-Exo: plasma-derived exosomes from normal camels.





Identification of DE-miRNAs between the plasma-derived exosomes from thin and normal Bactrian camels, and functional analysis

Due to the different effects of normal and thin Bactrian camel plasma-associated exosomes on tumor growth, we further investigated the differences of the two kinds of exosomes using small RNA sequencing and proteomics. After sequencing and analyzing, a total of 40 DE-miRNAs were identified between the exosomes from the thin and normal Bactrian camels based on the criteria of |log2FC| > 1 and P < 0.05, including 15 down-regulated and 25 up-regulated DE-miRNAs in the normal Bactrian camel plasma-derived exosomes (Figure 4A and Supplementary Table 1). The bidirectional hierarchical clustering heatmap of these DE-miRNAs showed that all the identified DE-miRNAs could well distinguish the thin Bactrian camel plasma-derived exosomes from the normal Bactrian camel plasma-derived exosomes (Figure 4B).




Figure 4 | Identification of differential expressed microRNAs (DE-miRNAs) between the plasma-derived exosomes from thin and normal Bactrian camels. (A) The volcano figure of DE-miRNAs. (B) The bidirectional hierarchical cluster analysis of these DE-miRNAs. (C) Gene Ontology (GO) terms of these DE-miRNAs in biological process, cellular component, and molecular function. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment of these DE-miRNAs.



After that, 22602 target genes of these DE-miRNAs were predicted using the TargetScan and miRanda databases, and then were significantly enriched in 626 GO terms and 149 KEGG pathways. As shown in Figure 4C, these DE-miRNAs were significantly related to “positive regulation of transcription by RNA polymerase II”, “regulation of transcription, DNA-template” and “oxidation-reduction process” in biological process (BP) GO terms; and “cytoplasm”, “integral component of membrane”, and “nucleus” in cellular component (CC) GO terms; as well as “protein binding”, “metal binding” and “ATP binding” in molecular function (MF) GO terms. Additionally, the significantly enriched KEGG pathways of these DE-miRNAs included “Ras signaling pathway”, “Rap1 signaling pathway”, “PI3K-Akt signaling pathway”, “MAPK signaling pathway”, “AMPK signaling pathway”, “FoxO signaling pathway”, “phospholipase D signaling pathway” and “phosphatidylinositol signaling system” (Figure 4D).



Screen of DEPs between the plasma-derived exosomes from thin and normal Bactrian camels

According to the thresholds of FC > 1.2/FC < 0.85 and P < 0.05, 172 DEPs were screened out, including 77 up-regulated (such as angiogenin, apolipoprotein A-II, cornulin, kinase suppressor of Ras 1, hepatocyte growth factor activator, Ras-related protein Rab-11B, and integrin-linked protein kinase) and 95 down-regulated (complement C1q subcomponent subunit B, phosphoserine aminotransferase, CD5 antigen-like, and claudin-5) DEPs in the normal Bactrian camel plasma-associated exosomes compared with the thin Bactrian camel plasma-derived exosomes (Figure 5A and Supplementary Table 2). The heatmap of these DEPs between the plasma-derived exosomes from thin and normal Bactrian camels was shown in Figure 5B, which indicated that these screened DEPs could differentiate the two kinds of exosomes well.




Figure 5 | Screen of different expressed proteins (DEPs) between the plasma-derived exosomes from thin and normal Bactrian camels. (A) The volcano figure of DEPs. (B) The heatmap of these screened DEPs in the different samples.





Functional and subcellular localization analyses of these DEPs

These DEPs were further submitted for GO terms, KEGG pathways and subcellular location analyses. It is clear that these DEPs were significantly enriched in “proteasome core complex, alpha-subunit complex”, “cortical cytoskeleton”, “septin ring” and “sperm annulus” of CC GO terms, and “threonine-type endopeptidase activity”, “lipase inhibitor activity”, and “metallocarboxypeptidase activity” of MF GO terms, and “proteasomal ubiquitin-independent protein catabolic process”, “negative regulation of endothelial cell apoptotic process”, “negative regulation of G2/M transition of mitotic cell cycle”, “interleukin-1-mediated signaling pathway” and “positive regulation of canonical Wnt signaling pathway” of BP GO terms (Figure 6A). KEGG enrichment analysis showed that these DEPs were related to “HIF-1 signaling pathway”, “complement and coagulation cascades”, and “central carbon metabolism in cancer” (Figure 6B).




Figure 6 | Functional and subcellular localization analyses of the identified DEPs. (A) GO terms of the identified DEPs. (B) Top 10 KEGG pathway enrichment of these DEPs. (C) Top 10 significant enriched protein domains of these DEPs. (D) The Pie of subcellular localization of the screened DEPs.



In addition, these DEPs were significantly enriched in some protein domains, such as “nucleophile aminohydrolases, N-terminal”, “proteasome, subunit alpha/beta”, “septin”, “actin, conserved site” and “fibrinogen, alpha/beta/gamma chain, coiled conserved site” (Figure 6C). Finally, subcellular location analysis found that the most DEPs located in extracellular (32%), followed by cytosol (25.6%), plasma membrane (15.1%), nucleus (12.2%), and mitochondria (8.7%). A small number of the DEPs were in cytoskeleton (2.9%), endoplasmic reticulum (1.7%), peroxisome (1.2%) and lysozyme (0.6%) (Figure 6D).




Discussion

HCC is highly invasive, fast-growing and insidious onset, which poses a serious threat to people’s health and life (35). Exosomes, released by various cells, are reported to participate in the occurrence and development of HCC (36), and previous studies have elaborated that camel milk-derived exosomes have an inhibitory effect on breast (MCF7 cells) and liver cancer (HepaRG cells) cells, thus acting as anticancer adjuvant agents (12, 13). However, the roles of different camel plasma-associated exosomes in HCC remain unclear. This study was the first time to investigate the effects of exosomes isolated from the plasma of Bactrian camels of different body sizes on HCC, and further explore their differences at transcriptome and proteomics levels. In this study, exosomes were isolated from the plasma of thin and normal Bactrian camels. Due to the lack of the corresponding antibodies, TEM and NTA were only used to characterize the isolated exosomes. It was found that the morphology of the isolated exosomes was cup-shaped of nearly round, and the major peak of the exosomes was about 120 nm, which were quite similar with the results of human/mice plasma-derived exosomes (37–39). Therefore, the exosomes were successfully isolated from Bactrian camel plasma through this ultracentrifugation method, and can be used for subsequent experiments.

In order to determine the effects of the plasma-derived exosomes from thin and normal Bactrian camels on HCC tumor growth, MHCC-97H cells were injected to the liver of the nude mice, and the two exosomes were then treated with the mice. MHCC-97H cells are a kind of highly metastatic liver HCC cell lines, and are often used to induce orthotopic liver tumors by injection into nude mice. In a previous study of Zhou et al., MHCC-97H cell suspension was injected to the same part of the left liver lobe of nude mice to form in situ liver tumors, and in vivo tumorigenesis experiments were conducted, as well as it was found that ZEB1 knockout in MHCC-97H cells significantly reduced the weight and size of primary tumors and the number of metastases on the liver surface (40). Another study created a tumor mouse model by subcutaneously injecting MHCC-97H cell suspension transfected with miR-30a-3p or miRNA negative controls into the right side of female nude mice, and then the roles of miR-30a-3p in HCC were further investigated (41). Our study also used MHCC-97H cell suspension to perform in situ tumor of the liver, and after modeling, different exosomes from the plasma of Bactrian camels were treated the mice. In vivo imaging and HE staining showed that no significant differences were found in fluorescence value and liver tissue morphology between the control mice and the mice treated with the exosomes from thin Bactrian camels; while the fluorescence value and the live histology changes were alleviated in the mice with the exosomes from normal Bactrian camels. Zhu et al. (42) showed that natural killer cells-derived exosomes treatment could evidently decrease the signal intensity after melanoma xenograft compared with the control, which indicated the immunotherapeutic capacity of the natural killer cells-derived exosomes in melanoma. Another study also used in vivo imaging and found that DiR fluorescence was stronger after intracerebroventricularly administrated with human adipose mesenchymal stem cell-derived exosomes (hADSC-ex), which suggested that exosomes were accumulated in rat brain, and combined with the physiological indicators, hADSC-ex could promote sensorimotor functional recovery in a traumatic brain injury rat model (43). Taken together, we concluded that normal Bactrian camel plasma-associated exosomes could suppress the growth of live cancer cells (MHCC-97H) and relieve liver tissue pathological changes, so they may have potential immunotherapeutic roles in HCC. These results suggest that normal Bactrian camel plasma-derived exosomes may be potential for HCC treatment and management.

Exosomes can effectively deliver drugs, miRNA or proteins to specific cells or tissues, such as the intestine, colon, or liver, and may thereby be used as potential tools for the treatment cancer or other diseases (44). In addition to treating diseases, another important application of exosomes is that they can serve as biomarkers for disease diagnosis and prognosis (9). For example, the level of plasma-derived exosomal PD-L1 was strongly correlated with the progression of head and neck cancers (9); as well as elevated levels of miR-191, miR-21, and miR-451a in serum exosomes appeared to be biomarkers for pancreatic cancer (45). In our research, due to the different actions of normal and thin Bactrian camel plasma-associated exosomes in liver tumor growth, we further compared the differences of the two exosomes from different perspectives. After small RNA sequencing and proteomics analysis, 40 DE-miRNAs (15 down-regulated: hsa-miR-21-5p, hsa-miR-320c, hsa-144-3p/5p; and 25 up-regulated: hsa-miR-4454, hsa-miR-582-5p) and 172 DEPs (77 up-regulated: angiogenin, Ras-related protein Rab-11B, kinase suppressor of Ras 1; and 95 down-regulated: complement C1q subcomponent subunit B, claudin-5) were identified in the plasma-derived exosomes from normal Bactrian camels. A previous study of Pu et al. (46) demonstrated that extracellular vesicle-related hsa-miR-21-5p and hsa-144-3p were significantly elevated in the serum of HCC patients, which indicated the two miRNAs may be essential for HCC pathogenesis. Besides, a meta-analysis of seventeen animal and human studies reported that hsa-miR-320c was up-regulated after bariatric surgery (47), which was in accordance with our results. After comparing the thin and obese individuals, hsa-miR-4454 was consistently higher in obesity (48); whereas hsa-miR-582-5p was down-regulated in the visceral adipose tissues-derived exosomes of obese patients (49). They were found to be associated with diabetes and multiple cancer (50, 51). In addition, angiogenin is a stress-induced secreted ribonuclease with nuclear and cellular solute activities, and involved in normal development and disease (52). Ras-related protein Rab-11B is a key regulator of intracellular transport and endocytic pathway (53), and Rab proteins play important roles in HCC progression (54). Kinase suppressor of Ras 1 has been reported to attenuate neurostatin secretion and extracellular signal-regulated kinase 1 and 2 signaling in human endocrine cells, thereby participating in obesity-related metabolic disorders and Ras-driven cancer (55). Complement C1q subcomponent subunit B is involved in complement and coagulation cascades; and claudin-5 is an abundant tight junction protein at the blood-brain barrier, and its dysregulation is closely related to neurodegenerative disorders (56). These findings, together with our results, we speculate that the identified DE-miRNA (such as hsa-miR-21-5p, hsa-miR-320c, hsa-144-3p/5p, hsa-miR-4454, hsa-miR-582-5p) and DEPs (such as angiogenin, Ras-related protein Rab-11B, kinase suppressor of Ras 1, complement C1q subcomponent subunit B, claudin-5) may be involved in the development of HCC. However, the potential roles of these DE-miRNAs and DEPs in the pathogenesis of HCC deserve further investigation.

Further, these identified DE-miRNAs and DEPs were subjected to functional analysis, and found these DE-miRNAs and DEPs were significantly enriched in many signaling pathways, including Ras, Rap1, PI3K-Akt, MAPK, AMPK, FoxO, HIF-1, interleukin-1-mediated signaling pathway, and positive regulation of canonical Wnt signaling pathway. Ras signaling pathway plays a key role in cancer initiation and cell proliferation, and MAPK signaling pathway is the downstream of Ras, and can be regulated by Ras signaling (57). Rap1, a small GTP enzyme very similar to Ras, has been shown to combat and mimic Ras-driven cancer phenotypes (58). The presence of Rap1 in the nanoclusters can reduce the number of Ras molecules, thereby inhibiting Raf-1 activation and MAPK signaling (58). A previous study reported that imbalance of Ras/MAPK signaling is associated with HCC progression and prognosis, and Ras/MAPK pathway effectors can be considered as potential therapeutic targets in the HCC field (59). Many studies have demonstrated that PI3K/Akt pathway is activated in 40-50% of HCC patients and plays a critical role in cell growth and metabolism, ultimately affecting the invasion, metastasis, and invasiveness of cancer cells (60, 61). FoxO is negatively regulated by PI3K/Akt signaling pathway, and is believed to inhibit cell proliferation and induce cell cycle arrest and cell apoptosis (62). Hypoxia and inflammation are two key factors that shape the HCC microenvironment. The steady increase of HIF-1 can induce tumor-associated macrophages to secrete more interleukin-1β in response to hypoxia, thus promoting epithelial mesenchymal transition and metastasis of HCC cells (63). Zhu et al. (64) found that TRIM24 knockdown inhibited proliferation and migration of HCC cells, and AMPK knockdown mitigated the action of TRIM24 knockdown in HCC cells, which suggested that TRIM24 could accelerate HCC development via AMPK signaling. Additionally, canonical Wnt signaling pathway is involved in the activation of β-catenin, and the abnormal activation of Wnt/β-catenin signaling contributes to the occurrence and progression of liver cancers, including HCC and cholangiocarcinoma (65). Combined with our results, it can be inferred that normal Bactrian camel plasma-derived exosomes may suppress tumor growth of HCC through Ras, Rap1, PI3K-Akt, MAPK, AMPK, FoxO, HIF-1, interleukin-1, and canonical Wnt signaling pathways. However, how normal Bactrian camel plasma-derived exosomes play specific roles in HCC through these pathways remains to be further studied.

However, there are some limitations in our research. Firstly, the potential roles of these DE-miRNAs and DEPs in the pathogenesis of HCC deserve further investigation, as well as how normal Bactrian camel plasma-derived exosomes play specific roles in HCC through the enriched pathways remains to be further studied. Secondly, UTR assay or other functional studies should be carried out to functionally validate the identified DE-miRNAs, and their target genes, as well as to confirm their association. Additionally, in the future, male mice and clinical trials were also needed to be used for further verification of our findings.



Conclusion

In conclusion, normal Bactrian camel plasma-derived exosomes could inhibit the growth of HCC cells and tumor, thus having potential therapeutic effects on HCC. After comparing the exosomes from the plasma of thin and normal Bactrian camels, it was found that the identified 40 DE-miRNAs and 172 DEPs may be involved in the HCC progression, and normal Bactrian camel plasma-derived exosomes may repress tumor growth of HCC by Ras, Rap1, PI3K-Akt, MAPK, AMPK, FoxO, HIF-1, interleukin-1, and canonical Wnt signaling pathways. These findings provide evidence for normal Bactrian camel plasma-derived exosomes in the clinical treatment of HCC, and lay the foundation for the screened DE-miRNAs, DEPs and enriched signaling pathways as novel targets and pathways for HCC therapy in clinical settings.
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Alternative polyadenylation (APA) is a molecular process that generates diversity at the 3’ end of RNA polymerase II transcripts from over 60% of human genes. APA and microRNA regulation are both mechanisms of post-transcriptional regulation of gene expression. As a key molecular mechanism, Alternative polyadenylation often results in mRNA isoforms with the same coding sequence but different lengths of 3’ UTRs, while microRNAs regulate gene expression by binding to specific mRNA 3’ UTRs. Nudix Hydrolase 21 (NUDT21) is a crucial mediator involved in alternative polyadenylation (APA). Different studies have reported a dual role of NUDT21 in cancer (both oncogenic and tumor suppressor). The present review focuses on the functions of APA, miRNA and their interaction and roles in development of different types of tumors.NUDT21 mediated 3’ UTR-APA changes can be used to generate specific signatures that can be used as potential biomarkers in development and disease. Due to the emerging role of NUDT21 as a regulator of the aforementioned RNA processing events, modulation of NUDT21 levels may be a novel viable therapeutic approach.
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Introduction

Cancer ranks as a leading cause of death and an important barrier to increasing life expectancy in every country of the world. According to the GLOBOCAN 2020 estimates of cancer incidence and mortality produced by the International Agency for Research on Cancer, worldwide, an estimated 19.3 million new cancer cases (18.1 million excluding Non-melanoma skin cancer) and almost 10.0 million cancer deaths (9.9 million excluding Non-melanoma skin cancer) occurred in 2020 (1). The low survival rate of cancer is mainly due to the high invasion rate and easy metastasis of cancer cells in its development process, which makes it difficult to diagnose early in clinical work. Therefore, it is urgent to find out the mechanism of invasion and metastasis of cancer. The initiation and progression of cancer have long been considered as a result of the accumulation of genetic mutation, by which oncogenes are activated and/or tumor suppressor genes are inactivated. Recent studies demonstrated that alternative polyadenylation (APA) activates oncogenes without genetic mutations and facilitates cancer transformation (2). APA is emerging as a novel mechanism of gene expression regulation in normal and in disease states. Polyadenylation, a cotranscriptional process, was first identified in the nuclear extracts of calf thymus as early as the 1960s (3). Cleavage and polyadenylation are RNA maturation events that cut and add an oligonucleotide (DA) tail to the 3’ end of the nascent transcript (4, 5). This processing is to prevent mRNAs from degradation and to increase their stability. Previous studies have indicated that more than half of human genes possess multiple polyadenylation sites,called alternative polyadenylation (APA), which may produce mRNA isoforms with different protein-coding regions or 3’ UTRs of variable length (when APA occurs in the last exon) (6). However microRNAs have been shown to be a very important post-transcriptional regulator of gene expression. It can regulate gene expression by complementarily binding to recognition sequences, mostly 6-8 nt, in the 3’ untranslated regions (3’ UTR) of their target mRNAs, thus inducing mRNA degradation and/or blocking mRNA translation. Moreover, several microRNAs have been shown to be expressed abnormally in many cancer types,indicating that microRNA is closely related to carcinogenesis (7).

In the last three decades, thousands of papers have supported the existence of a class of small ncRNAs termed microRNAs (miRNAs) that have biologically relevant roles in gene regulation (8). MiRNAs are defined as short non-coding RNAs~22 nucleotides long, present in all eukaryotic cells, and highly conserved during evolution. Investigators have implicated them in many biological processes, including metabolism, cell cycle, development, differentiation, and apoptosis (9). MiRNAs contribute to both malignant and benign diseases (9). There is mounting evidence that miRNAs repress gene expression through translational repression pathways as well as through mRNA degradation (8, 10). Due to the partial complementarity to their targets, miRNAs are capable of targeting multiple genes, often in multiple sites, and some mRNAs have multiple binding sites for different miRNAs (11). It is noteworthy that Brumbaugh et al. have shown that post-transcriptional regulation plays a key role in reprogramming, transdifferentiation, and stem/progenitor cell differentiation.NUDT21 is a highly conserved hydrolase, which constitutes a subunit of the CFIm complex required for 3’ RNA splicing and polyadenylation.Mechanistically, NUDT21 suppression exerts its effect on cell fate by inducing a widespread switch of APA patterns in over 1,500 transcripts (12).  At present, studies have shown that NUDT21 is involved in the occurrence and development of many kinds of tumors, including glioblcomplementarily astoma (13), cervical cancer (14), breast cancer (15, 16), bladder cancer (17), pancreatic ductal adenocarcinoma (18), small cell lung cancer (19), gastric tumorigenesis (20). The lack of understanding of the mechanisms and regulation of APA, miRNA and their interaction and roles has underscored the need for further research regarding their role in cancer and other diseases.This paper will describe the impact on tumor from the relationship between miRNA, APA and NUDT21.



APA process of gene expression

Each segment of gene expression with genetic information includes two steps: transcription and translation, that is, a DNA strand is used as a template for transcription into mRNA, and mature mRNA is translated into protein or other products. In the process of transcription, when a gene is transcribed into a precursor mRNA by RNA polymerase II, it has to go through multiple processing steps to become a mature mRNA, which is the key step of transcription. The formation of mature mRNA mainly involves 5’ terminal capping, splicing and 3’ terminal polyadenylation (21). Most eukaryotic mRNA precursors (premRNAs) must undergo extensive processing, including cleavage and polyadenylation at the 3’-end. Processing at the 3’-end is controlled by sequence elements in the pre-mRNA (cis elements) as well as protein factors (22). The 3’-end processing machinery also has important roles in transcription and splicing. Non coding RNA (ncRNA) is usually not translated into protein RNA, including miRNA, lncRNA and circle RNA (23), which can regulate mRNA expression at the transcriptional and post transcriptional levels (24).

MicroRNAs (miRNAs) are a group of highly conserved small non-coding RNAs, with a vital role in regulating the expression of protein coding genes, and could function either as oncogenes (oncomiRs) or tumor suppressors. MiRNAs are key players participating in different stages of the signal transduction process (5). They function by targeting several mRNAs affecting a multitude of transcripts to control cellular metabolisms; therefore, their dysregulation influences numerous cancer relevant processes such as proliferation, differentiation, apoptosis, and metastasis (25). They function to stabilize mRNA transcripts via post-transcriptional gene silencing through inhibiting the translational process of their target mRNAs via binding partially or fully to complementary sequences of mRNA 3′-untranslated region (3′ UTR) (26). Owing to the genomic events including mutations, deletions, amplifications, or transcriptional changes, miRNAs are dysregulated in several diseases including cancer (27). In the processing of the 3’ termini, the 3’ end of nascent mRNA is cleaved, followed by addition of a poly(A) tail (i.e., polyadenylation) (28). Both cleavage and polyadenylation occur at polyadenylation sites (PASs) which are located within the 3’ untranslated regions (3’ UTRs), introns, or internal exons (29, 30). Most eukaryotic genes contain multiple PASs. A conserved hexameric sequence AAUAAA (31), occurring upstream of the PASs, contains the most important signal (i.e., poly(A) signal) of pre-mRNA cleavage and polyadenylation. Both this canonical poly(A) signal and the PASs are widespread in eukaryotic mRNA. According to the analysis, the status of 3’ UTRs do not affect their own RNA level. Instead, they significantly influence their binding RBP’s downstream targets. However, it is still possible that the changed 3’ UTRs might affect their protein translation even though they not affect mRNA level directly (32). Alternative poly(A) sites can be located in the last or 3’-most exon, giving rise to mRNAs with variable 3’-untranslated region (3’-UTR), or in a different exon, resulting in protein products that vary at the C-terminus (33). Polyadenylation of eukaryotic mRNA occurs in a step-wise process, which includes a specific cleavage at the 3’ end of nascent mRNA followed by an addition of a poly(A) tail. Six factors, namely CPSF, CstF, CFIm, CFIIm (cleavage factor II), PAP (poly(A) polymerase) and PABII (poly(A) binding protein II) have been characterized to facilitate the 3’ end processing (34, 35). The cleavage reaction requires recognition by CPSF of AAUAAA hexamer upstream of the cleavage site and by CstF of degenerate GU- and U-rich sequences downstream of the cleavage site. CFIm is an essential pre-mRNA 3’ end processing factor unique to metazoans, which facilitates assembly of 3’ end processing factors on pre-mRNA in vitro (36). 3′ UTRs contain regulatory element binding sites of miRNA and RNA binding protein, which allow the regulation of these genes and provide an important gene expression regulatory layer. Different lengths of 3’ UTR can lead to the inclusion or deletion of cis regulatory elements (miRNA and RNA binding protein) binding sites, thus affecting the stability, transport and translation efficiency of mRNA. It is worth noting that some fast-growing cell populations (including cancer cells) prefer to generate mRNA with shorter 3’ UTR by APA process, while static or differentiated cell populations tend to generate mRNA with longer 3’ UTR (37, 38). Studies have shown that the number of proteins translated by an mRNA depends on its 3’ UTR length, and shorter 3’ UTR transcripts can produce higher protein levels. When APA produces the same protein, the production of protein will also be affected by the increase or decrease of regulatory elements in 3’ UTR. In a word, APA promotes the complexity of RNA structure and diversity of RNA function, which complicates the transmission of genetic information from genome to phenotype Group (39, 40). The diverse 3′ UTRs generated by APA may confer different stability, translation efficiency, or subcellular localization to the mRNA isoforms (41).



miRNA, APA and cancer

At present, many studies have found that polyadenylation is an RNA-processing mechanism that generates distinct 3’-termini on messenger RNAs, producing messenger RNA isoforms. Different factors influence the initiation and development of this process. All forms of APA (both splicing-APA and tandem UTR-APA) involve changing the position of the poly(A) tail making the identity of the 3′-UTR different between each mRNA isoform (42). The majority of the 3′-UTR changes are quite likely to be impactful because an estimated 70% of protein-coding genes in humans have conserved microRNA (miRNA) target sites and ~11% have AU-rich elements (AREs) within their 3′-UTRs (43–45). Over the past decade, significant attention has been focused on the role that 3′-UTR localized microRNA-binding sites and AREs play in modulating gene expression of protein-coding genes (46, 47). Up to now, at the genomic level, a number of single-nucleotide polymorphisms have been identified that disrupt miRNA-binding sites in the 3′-UTRs of genes associated with increased cancer risk and poor survival (48). As we know, 3′-end polyadenylation is a critical step of eukaryotic mRNA processing to maturation (49). Alternative polyadenylation (APA) generates multiple mRNA isoforms, among which the shorter ones can escape from translation repression or mRNA degradation mediated by microRNAs (miRNAs) or other RNA regulatory elements within its 3′-UTRs (50). Recently, shortening of mRNA 3′-UTRs has been reported to be involved in the pathogenesis and progression of certain malignancies (39, 44, 46). A prevailing hypothesis is that it induces proto-oncogene expression in cis through escaping microRNA-mediated repression (51). Their results suggest a major role of 3’ UTR shortening in repressing tumor-suppressor genes in trans by disrupting ceRNA crosstalk, rather than inducing proto-oncogenes in cis (51, 52).

1. The role of APA as RNA regulation process has been reported in various human physiological conditions and diseases. Transcripts with longer 3′ UTRs were observed during embryonic development (53) and neuron differentiation (54), as well as the development of the central nervous system (55, 56). Several recent studies have shown that global 3′ UTR shortening is present in malignancies (39, 57). The global 3’UTR shortening landscape and 3’UTR shortening of specific genes could have opposite effect thus when we discuss about the impact of Nudt21 on tumor growth it should be evaluated on a case by case basis. In addition, APA plays an important role in cellular processes, including cell proliferation (58, 59), cell fate determination (12). The consequences of APA can be significant, with effects on post-transcriptional gene regulation, including mRNA stability, translation, nuclear export, and cellular localization (60). Many studies have found that APA process is closely related to the occurrence and development of tumors. As mentioned earlier, Rehfeld et al. used high-throughput sequencing data to map poly(A) sites and characterize polyadenylation genome-wide in three small intestinal neuroendocrine tumors(SI-NETs) and a reference sample. In the tumors, 16 genes showed significant changes of APA pattern, which lead to either the 3′ truncation of mRNA coding regions or 3′ untranslated regions. Among these, 11 genes had been previously associated with cancer, with 4 genes being known tumor suppressors: DCC, PDZD2, MAGI1, and DACT2 (61). Li et al. in 2020 identified that the 3′-UTR shortening of fibronectin type III domain containing 3B (FNDC3B) mRNA mediated its overexpression in Nasopharyngeal carcinoma(NPC)and promoted NPC progression by targeting myosin heavy chain 9 (MYH9) (62). This newly identified FNDC3B-MYH9-Wnt/β-catenin axis could represent potential targets for individualized treatment in NPC. Meanwhile, another study showed that the use of tandem APA sites was prevalent in NPC, and numerous genes with APA-switching events were discovered (63) In total, they identified 195 genes with significant differences in the tandem 3′ UTR length between NPC and normal nasopharyngeal epithelial tissue (NNET): including 119 genes switching to distal poly (A) sites and 76 genes switching to proximal poly (A) sites. Several gene ontology (GO) terms were enriched in the list of genes with switched APA sites, including regulation of cell migration, macromolecule catabolic process, protein catabolic process, proteolysis, small conjugating protein ligase activity, and ubiquitin-protein ligase activity. Lai et al. found that the new mRNA isoforms in MKN28 cell line contained shorter 3’ UTR compared with MKN45 and AGS cell lines (64). MKN28 is a kind of gastric adenocarcinoma with lymph node metastasis, which is more malignant than the other two gastric cancer cell lines. This result suggests that the new isoforms containing shorter 3’ UTR mRNA may be closely related to the malignant degree of the tumor. Similarly, the 3’ UTR of SEC11A gene was significantly shorter than that of normal cells, but it was previously reported that SEC11A gene was overexpressed in gastric cancer (65). Fu et al. found that the shortening of 3’ UTR caused the deletion of miRNA recognition sites, resulting in gene overexpression (66). Therefore, the overexpression of SEC11A in gastric cancer cells may be related to the emerging APA sites. In 2021, Venkat et al. reported widespread, recurrent, and functionally relevant 3′-UTR alterations associated with gene expression changes of known and newly identified pancreatic ductal adenocarcinoma (PDAC) growth-promoting genes and experimentally validate the effects of these APA events on protein expression (67). They found enrichment for APA events in genes associated with known PDAC pathways, loss of tumor-suppressive miRNA binding sites, and increased heterogeneity in 3′-UTR forms of metabolic genes. According to the researches, Ki-67 is an independent prognostic factor in early breast cancer (68) and in neoadjuvant therapy (69). Yan et al. identified a novel post-transcriptional mechanism, involving APA and miRNA, that underlies the elevated expression of Ki-67 in breast cancer (70). The results have shown that breast cancer cells preferentially express Ki-67 mRNA isoforms with short 3’UTRs, and the expression of shorter Ki-67 mRNAs leads to an increase in Ki-67 mRNA stability and translational efficiency. In all, Ki-67 promotes the proliferation and migration of breast cancer by replacing the interaction between polyadenylation (APA) and microRNA. It has been known that the expression ratio between long isoforms and short isoforms (LSR) of overall genes is variable across different tissues or cell types (71, 72). Interestingly, Sandberg et al. found that the ratio has a strong negative correlation with cell proliferative state (50). In addition, cancer cells exhibit significantly lower ratios than normal tissues and untransformed cells (46). Liaw et al. retrieved public APA annotations and isoform expression profiles of breast cancer and normal cells from a high-throughput sequencing method study specific for the mRNA 3′end (73). Combining microRNA expression profiles, they performed statistical analysis to reveal and estimate microRNA regulation on APA patterns in a global scale. They found that: 1). The amount of microRNA target sites in the alternative UTR (aUTR), the region only present in long isoforms, could affect the LSR of the target genes; 2). The genes whose aUTRs were targeted by up-regulated microRNAs in cancer cells had an overall lower LSR; 3). The target sites of up-regulated microRNAs tended to appear in aUTRs. Finally, they demonstrated that the amount of target sites for up-regulated microRNAs in aUTRs correlated with the LSR change between cancer and normal cells. The results indicate that up-regulation of microRNAs might cause lower LSRs of target genes in cancer cells through degradation of their long isoforms. Singh et al. suggested that alternative mRNA processing, particularly APA, can be a powerful molecular biomarker with prognostic potential (74). By the global shortening of 3’ UTRs in vitro and in vivo,the 3’ UTRs show distinct features in primary cancer samples (75). With shortened 3’ UTRs, functional consequences have been produced by genes, which has led to greater mRNA stability and increased protein output (46). Through forcing the expression of shorter 3’ UTR isoforms, phenotypic consequences were observed, which suggests that 3’ UTR shortening is associated with cell proliferation, including T-cell activation or early embryogenesis (50, 53). WANG et al. found a significantly greater number of genes with shortened 3’ UTRs in the samples with luminal B breast cancer (76). According to the research, there are 64 significant differentially expressed miRNAs (DERs) in colorectal cancer (CRC) patients (77). Their target genes were related to cell adhesion and transcription regulation and were prevailingly involved in the CRC-related pathway. Integrative analysis of the miRNA and APA profile revealed 16 DERs were correlated with 12 polyadenylation factors, and six of them were significantly differently expressed in CRC. Meanwhile they also found four DERs that lost binding sites due to APA and showed a positive correlation between the miRNA and gene expression. The above data show that miRNAs regulated APA by modulating key polyadenylation factors, and several miRNAs lost their suppression on mRNA due to APA. The current study performed a systematic identification and analysis of survival-associated genes from the perspectives of AS, APA and DNA methylation in gynecology cancers (78). The results indicate that the mRNA expression levels of CIRBP and INPP5K are significantly downregulated and associated with the clinical outcomes of patients with cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), uterine corpus endometrial carcinoma (UCEC) and ovarian serous cystadenocarcinoma (OV). Further enrichment analysis confirmed that these prognostic genes possibly modulate cancer progression by inducing T cell activation. Similarly, it has been identified that remarkably consistent alternative 3’ UTR isoforms between the two cohorts, most of which were shortened in lung adenocarcinoma (LUAD) (79). The research further suggested that aberrant usage of proximal poly(A) sites resulted in escape from miRNA binding, thus increasing gene expression. Notably, it also showed that the 3’ UTR lengths of the mRNA transcriptome were correlated with the expression levels of APA factors. These results suggest that APA events, both 3′ -UTR shortening and lengthening, play important roles in cancer etiology and treatments.



NUDT21 and APA and tumor

NUDT21 (also known as CPSF5 and CFIm25) is a highly conserved hydrolase, which constitutes a subunit of the CFIm complex required for 3’ RNA splicing and polyadenylation (80). Studies have found that silencing NUDT21 can lead to changes in the utilization of poly(A) sites in other genes, thus promoting the selection of proximal poly(A) sites and ultimately shortening the 3’ UTRs of cell mRNA (81, 82). Analysis of NUDT21 target showed that 3’ UTRs of corresponding mRNA enriched multiple miRNA binding sites. When NUDT21 was knocked out, the Poly(A) sites in JMJDC1, RYBP and WDR5 target genes shifted from the far end to the near end, resulting in the loss of miR-34C and miR-29A binding target sequences. This finding confirmed that escaping from miRNA mediated degradation is an important mechanism of NUDT21 silencing increasing cell reprogramming. NUDT21 posttranscriptional regulation of APA plays a key role in gene reprogramming, stem cell directed differentiation and tumor progression (12). NUDT21, also referred to as cleavage and polyadenylation specificity factor subunit 5 (CPSF5), is a subunit of the cleavage factor Im (CFIm) complex required for 3′-UTR cleavage and polyadenylation. Recently, the mammalian cleavage factor I 25-kD subunit (CFIm25; encoded by the gene Nudt21) was discovered as a master regulator of APA among 15 cleavage and polyadenylation factors (81, 83). NUDT 21 is responsible for sequence-specific recognition of the element UGUA upstream of the poly (A) site (PAS), and thus plays a determinant role in APA (84, 85). In mammals, the factors that are required for mRNA maturation in vitro include the cleavage and polyadenylation specificity factor (CPSF), cleavage stimulatory factor (CstF), cleavage factors Im and IIm (CFIm and CFIIm), poly(A) polymerase (PAP) and nuclear poly(A) binding protein (PABN2). The cleavage reaction requires CPSF, CstF, CFIm, CFIIm, and PAP. CPSF binds the highly conserved AAUAAA hexamer upstream of the cleavage site, and CstF binds the GU/U-rich sequence downstream of the cleavage site (86). CFIm25 can regulate the selection of poly(A) site in this way, promote the assembly of pre-mRNA 3′-end processing complex, and improve the splicing rate and efficiency of polyadenylate site in vitro (87). As a key factor in alternative polyadenylation, cleavage factor I m25 plays an important role in messenger RNA maturation and cell signal transduction. Moreover, by regulating the process of alternative polyadenylation, it can inhibit the proliferation, invasion, and metastasis of a variety of tumors. Sun X et al. discovered  cleavage factor I m25 also acts as an oncogene in select tumors (88). Recently, a unbiased shRNA screen revealed that NUDT21 expression is a major barrier for creation of iPS cells from fibroblasts (12). In this context, downregulation of NUDT21 will induce broad shortening of 3′-UTRs enhancing differentiation of cells leading to a stem-like state (12). It has been shown that CFIm25 stimulates the use of PASs that are enriched in UGUA elements, which are most prevalent at distal PASs (dPAS) (12). Research found that depletion of NUDT21 not only causes increased pPAS usage but also increases cell proliferation and enhances glioblastoma(GBM) cell tumorigenicity (83, 89). Mechanistically, NUDT21 suppression exerts its effect on cell fate by inducing a widespread switch of APA patterns in over 1,500 transcripts (12). Inhibition of NUDT21 can enhance the induction of pluripotent stem cells, promote the transformation of trophoblast stem cells, and affect the differentiation of myeloid precursor and embryonic stem cells, indicating that NUDT21 plays a broad role in the process of cell differentiation. APA of the poly (A) splice site at the 3′-end of the mRNA precursor was carried out in different environments to produce mature mRNA with different 3′ untranslated region (3′ UTR) or different coding ability. Different lengths of 3′ UTR can cause changes of RNA binding protein or microRNA binding site, and then affect the localization, stability and translation of mRNA. Related studies have shown that NUDT21 can guide APA to regulate 3′ UTR length by combining proximal cleavage and polyadenylation sites (90). NUDT21-mediated alternative polyadenylation has been shown to influence various cell fate decision processes as well as tumorigenesis (12, 83). In particular, depletion of NUDT21 leads to global 3′ UTR shortening, which has been linked to increased tumorigenesis and tumor development (91). Saeko et al. demonstrated the cytoplasmic localization of NUDT21 and its unexpected role in regulation of antiviral proteins in the cytoplasm in addition to its well-established localization to nucleus and function in alternative polyadenylation (92). According to the research, Masamha et al. demonstrated that downregulation of NUDT21 enhanced the tumorigenic properties and increased the tumor size, whereas the upregulation of NUDT21 inhibited the growth and tumorigenicity of GBM cells (83). In hepatocellular carcinoma, Sun et al. showed that downregulation of NUDT21 led to enhanced cancer cell proliferation via shortening the 3′ UTR of several oncogenes (93). Meanwhile, NUDT21 can function as an oncogene under certain conditions. In 2020, Xing et al. found that NUDT21 was remarkably downregulated in Cervical Cancer(CxCa) tissues and cells, and that the aggressive phenotype of CxCa cells, including proliferation, migration, and invasion were inhibited by NUDT21 overexpression; conversely, silencing NUDT21 yielded the opposite effect (14). 3′-UTR shortening (3′ US) was reported widespread in diverse types of human cancers (39). Using PRIMATA-APA on the cancer genome atlas (TCGA) breast cancer data, Kim et al. found that the global APA events collectively increase or decrease the target sites of the miRNAs that are known to regulate cancer etiology and treatments (15). Their results were replicated in a reanalysis of NUDT21 knockdown (KD) data. NUDT21 knockdown (KD) was shown to induce global 3′ US events and promote tumorigenesis in vivo and in vitro by removing miRNA target sites to repress tumor suppressor genes (83). They also found that although the NUDT21 KD in HeLa Cells and the TCGA breast cancer carry a distinct set of 3′ US genes, they change the target sites of the common miRNAs (tamoMiRNA), suggesting that the APA initiated tumorigenesis is attributable to the miRNA target site changes, not the APA events themselves (51). Weng et al. demonstrated a consistent downregulation of CFIm25 in skin samples collected from systemic sclerosis patients, and this downregulation was mainly detected in (myo)fibroblasts (94). RNA-seq detected significant APA events in human skin fibroblasts upon CFIm25 KD and identified important fibrotic TGFβ-regulated genes targeted by CFIm25. Previous studies have shown that the production of a eukaryotic protein-coding messenger RNA (mRNA) requires the recognition of a specific poly(A) site sequence at the end of the gene. The deletion of CFIm25 or CFIm68 promotes the use of a proximal poly(A) site, thereby affecting the function of the 3′ untranslated region (3′UTR) of many mRNAs (95). In addition, Elkon et al. suggested that when located in the last or 3′-most exons, alternative poly(A) sites could lead to the production of mRNAs with variable 3′-untranslated regions, resulting in protein products that vary at the C-terminus (96). It suggests that CFIm generally promotes the recognition of distal poly(A) sites. Related studies have shown that the misregulation of CFIm is associated with the tumorigenicity of glioblastoma and some neuropsychiatric diseases by altering the length of the 3′ UTR of mRNA (83). In 2020, Wang et al. found that NUDT21 might play a tumor-suppressive role by inhibiting cell proliferation and invasion via the NUDT21/CPSF6 signaling pathway in breast cancer cells (16). In HeLa Cells, it was found that the most significant poly (A) site transition was found after NUDT21 knockout, and abnormal expression of several oncogenes including cyclin D1 (83). Recently, Chu et al. have identified that NUDT21 regulates the APA of a broad spectrum of mRNA in GBM, with target genes enriched in the Ras signaling pathway (13). They also find the activated oncogenic function of Pak1 is potentiated by NUDT21-regulated 3′-UTR shortening and therefore can contribute to GBM development and progression. Further, their results reveal that both NUDT21 and Pak1 may serve as a biomarker for predicting prognosis of GBM patients and imply an important role in GBM development and progression. Moreover, NUDT21 expression is reduced in low-grade glioma(LGG) grade II and grade III, and all four GBM subtypes relative to normal brain tissue. Collectively, these results suggest that reduction in NUDT21 is an important component of GBM tumor progression. The research in 2019 for the first time provide novel insight into the crucial role played by NUDT21 in regulation of APA-mediated 3′-UTR alterations, which further promote bladder cancer (BC) progression (17). Here they reported NUDT21 inhibits cell proliferation, migration, and invasion, and represses tumorigenicity in BC. It characterized NUDT21-regulated genes with shortened 3′-UTRs, and found that ANXA2 and LIMK2 contribute to NUDT21-mediated tumor suppression by augmenting Wnt and NF-κB signaling. Recently, it has been reported that loss of NUDT21 increased usage of proximal polyadenylation sites and produced shorter 3′ UTR in various oncogenes, such as PSMB2 and CXXC5, which had fewer miRNA binding sites, escaped from miRNA-mediated gene repression, and further promoted hepatocellular cancer(HCC)cell proliferation and invasion (2, 93). In addition, Sun et al. reported that loss of NUDT21 shortens the 3′-UTR of various oncogenes (mainly RAB3IP, TMEM267, UBA5, and CCT5) in HCC cells, leading to unregulated tumor cell proliferation (93). In hematologic malignancy, silencing NUDT21 inhibits proliferation and promotes apoptosis of human K562 leukemia cells through regulation of p-ERK expression (97). Similarly, In Huang’s study, they found KD of CFIm25 promoted its 3′ UTR shortening (98). The shortened transcripts were sufficient to increase its protein turnover without increasing its transcript level, suggesting that 3′ UTR shortening of IGF1R could be a mechanisms that promotes its protein expression in Non-small cell lung cancer(NSCLC). This mechanism was further confirmed by RNA-seq data from the Cancer Genome Atlas which showed a significant 3′ UTR shortening of IGF1R in lung cancer samples compared to normal donors.Traditionally, CFIm25 is known to facilitate 3’ end formation of pre-mRNAs resulting in the formation of polyadenylated transcripts. Recent studies suggest that CFIm25 may be involved in the cyclization and hence generation of circular RNAs (circRNAs) that contain UGUA motifs (99). These circRNAs act as competing endogenous RNAs (ceRNAs) that disrupt the ceRNA-miRNA-mRNA axis. Different studies have reported a dual role of CFIm25 in cancer (both oncogenic and tumor suppressor). microRNAs (miRNAs) may be involved in CFIm25 function as well as competing endogenous RNAs (ceRNAs) (100). Last year Zhu et al. published that NUDT21 promoted cell proliferation, colony formation, cell migration and invasion through modulating SGPP2 in human gastric cancer (101). They found that NUDT21 expression was positively correlated with tumor size, lymph node metastasis and clinical stage in gastric cancer patients. High level of NUDT21 was associated with poor overall survival (OS) rates in gastric cancer patients. A recent work published by Witkowski et al. on Nature Immunology also reported the negative role of Nudt21 in chimeric antigen receptor T cell therapy (CAR-T) (102). They foung that NUDT21 limits CD19 levels through alternative mRNA polyad xsenylation in B cell acute lymphoblastic leukemia.Nudt21 has been reported to both prohibit and promote tumor progression.In many cancers, NUDT21 acts as a tumor suppressor. However, there are some cancers where NUDT21 has the opposite effect. These studies indicate the mechanism underlying NUDT21-mediated tumor suppression may be cancer specific and have different features in different malignancies. Because of the key role of APA in mRNA output, we hypothesized whether NUDT21 could affect the occurrence and development of oral cancer by controlling the APA process.



Conclusion

Revealing the molecular mechanism of malignant tumor pathogenesis and progression may help to develop new and effective early detection, diagnosis and prediction strategies. The occurrence of cancer is a multifactorial process, involving many genetic and epigenetic processes, which can change the functions of tumor suppressor genes, oncogenes and other related molecules. Malignant tumors have difficulty in early diagnosis, high metastasis rate and poor prognosis. In recent years, the search for tumor related epigenetic biomarkers has shown an upward trend, especially the study of miRNA and APA. Herein above statement, we need to find novel regulatory molecules and epigenetic biomarkers. With the research of tumor, more and more tumor related genes and molecular mechanisms have been gradually explored, such as NUDT21 and APA. Up to date, it has been reported that the APA process mediated by NUDT21 is closely related to the biological behavior of many tumors. Due to the lack of current knowledge regarding the mechanisms of action and regulation of NUDT21 and alternative polyadenylation, it is necessary to further examine their role in cancer as well as in other diseases. This provides a new idea for us to study tumor. Studying the expression of NUDT21 mediated APA process in cancers may become an attractive field, which will bring new markers for cancer diagnosis, prognosis and new therapeutic targets. The significance of NUDT21 and APA in tumorigenesis, metastasis and progression needs to be studied. They may be important regulatory molecules in the occurrence and development of tumors. The discovery of this epigenetic biomarker may have an impact on the early diagnosis and prognosis of tumor patients.
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Background

The C-X-C motif chemokine ligand-9 (CXCL9) is related to the progression of multiple neoplasms. Yet, its biological functions in uterine corpus endometrioid carcinoma (UCEC) remain shrouded in confusion. Here, we assessed the prognostic significance and potential mechanism of CXCL9 in UCEC.



Methods

Firstly, bioinformatics analysis of the public cancer database, including the Cancer Genome Atlas / the Genotype-Tissue Expression project (TCGA+ GTEx, n=552) and Gene Expression Omnibus (GEO): GSE63678 (n=7), were utilized for the CXCL9 expression-related analysis in UCEC. Then, the survival analysis of TCGA-UCEC was performed. Futher, the gene set enrichment analysis (GSEA) was carried out to reveal the potential molecular signaling pathway in UCEC associated with CXCL9 expression. Moreover, the immunohistochemistry (IHC) assay of our validation cohort (n=124) from human specimens were used to demonstrate the latent significance of CXCL9 in UCEC.



Results

The bioinformatics analysis suggested that CXCL9 expression was significantly upregulated in UCEC patients; and hyper-expression of CXCL9 was related to prolonged survival. the GSEA enrichment analysis showed various immune response-related pathways, including T/NK cell, lymphocyte activation, cytokine-cytokine receptor interaction network, and chemokine signaling pathway, mediated by CXCL9. In addition, the cytotoxic molecules (IFNG, SLAMF7, JCHAIN, NKG7, GBP5, LYZ, GZMA, GZMB, and TNF3F9) and the immunosuppressive genes (including PD-L1) were positively related to the expression of CXCL9. Further, the IHC assay indicated that the CXCL9 protein expression was mainly located in intertumoral and significantly upregulated in the UCEC patients; UCEC with high intertumoral CXCL9 cell abundance harbored an improved prognosis; a higher ratio of anti-tumor immune cells (CD4+, CD8+, and CD56+ cell) and PD-L1 was found in UCEC with CXCL9 high expression.



Conclusion

Overexpressed CXCL9 correlates with antitumor immunity and is predictive of a favorable prognosis in UCEC. It hinted that CXCL9 may serve as an independent prognostic biomarker or therapeutic target in UCEC patients, which augmented anti-tumor immune effects to furnish survival benefits.
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1 Introduction

Uterine corpus endometrial carcinoma (UCEC) ranked as the third most popular gynecological malignant neoplasm worldwide. Merely in the United States, the estimated new cases and deaths of UCEC have reached 65,950 and 12,550, respectively, in 2022 (1). Approximately 75% of patients with UCEC are diagnosed at an early stage (International Federation of Gynecology and Obstetrics [FIGO] stages I or II), with an overall 5-year survival rate of approximately 80%, While UCEC patients diagnosed with advanced stage (stage III or IV) have an overall 5-year survival of about 60% or 25% (2). Currently, multiple therapeutic strategies, including surgery, chemotherapy, radiotherapy, and hormonal therapy, are still applied to UCEC therapy, but the incidence and mortality associated with the disease continue to increase annually (3, 4). Accurate assessment of prognosis is the cornerstone of effective treatment. However, patients with the same clinical stage may have different clinical features, suggesting that UCEC prognosis is not entirely accurate according to traditional clinicopathological staging (5). Immunotherapy has been an effective treatment for many cancers in recent years (6, 7), especially in non-small cell lung carcinoma (NSCLC) (8), melanoma (9), and colorectal cancer (10). The concept of UCEC as an immunogenic tumor has emerged (11), beginning with the observation that tumor-infiltrating lymphocyte subpopulations (TILs) are closely related to the prolongation of (OS) and progression-free survival (PFS) (12, 13). Therefore, the molecular mechanisms of the UCEC development should be further identified, and new biomarkers for prognostic assessment should be investigated. In addition to aberrant gene expression profiles, the tumor microenvironment (TME), particularly immune cells, is implicated in the occurrence and development of UCEC (14). Distinct roles for anti-tumor immunity depend on cytokine-cytokine interactions, which comprise the cytokine networks that commonly sustain homeostasis of the uterine corpus (15, 16). As a class of signaling cytokines, chemokines are prominent components in the interaction between tumor cells and the microenvironment, which interacts with receptors to regulate immune infiltration, tumor-associated angiogenesis, activation of the host immune response and tumor cell proliferation (17, 18). As a member of the chemokine superfamily that encodes secretory proteins implicated in the regulation of immune response and inflammatory process, the chemokine ligand C-X-C motif chemokine ligand-9 (CXCL9) is reported to be involved in T-cell trafficking, acting as a chemoattractant to lymphocytes but not neutrophils via the C-X-C motif 3 (CXCR3) pathway of the chemokine receptor (19). The CXCL9-CXCR3 signaling pathway involves in several physiological activities, including migration, differentiation, and activation of immune cells (20, 21). Overexpression of CXCL9 has been reported to associate with increased T-cell infiltration and prolonged OS in ovarian cancer (22). Based on the evidence of human samples and C57BL/6 mouse assay, hyper-expressed CXCL9 has been proven to stifle tumor cell growth and promote anti-PD-L1 therapy in ovarian cancer, especially the histological subtypes of clear-cell carcinomas (23). Chow et al. revealed that CXCL9 (derived from CD103+ dendritic cell) and CD8+ T cells (CXCR3+ are essential for the efficiency of anti-PD-1 therapy in melanoma, colon adenocarcinoma, and breast adenocarcinoma cell lines (21). However, the expression profile, masked prognosis significance, and molecular mechanism of CXCL9 in UCEC remain unclear. In addition, the CXCL9/10/11-CXCR3 signaling axis mainly regulates immune cell migration, differentiation, and activation. The immune response is triggered by the recruitment of immune cells, including cytotoxic lymphocytes (CTL), macrophages, natural killer cells (NK), and NK T cells. CXCL9 was crucial for the recruitment of NK and T cells, and facilitates interactions between DCs and T cells during immunotherapy (24). Tumor-infiltrating lymphocytes are the key to achieving a favorable prognosis and predicting response to existing checkpoint inhibitors. However, in vivo studies have demonstrated that the CXCL9-CXCR3 signaling axis also has tumorigenicity by enhancing tumor cell proliferation and metastasis (25). Therefore, more investigations on CXCL9 in the tumor microenvironment are required to learn whether it has any clinical relevance for immunotherapy or could serve as a predictive biomarker for UCEC.



2 Materials and methods


2.1 Patient UCEC specimens

In this study, three independent datasets were investigated, including the TCGA dataset (n=552), the GSE63678 dataset (n=7), and our validation cohort (n=124). All specimens in our validation cohort were gathered as formalin-fixed and paraffin-embedded (FFPE) specimens and diagnosed by two or three pathologists to evaluate pathologic characteristics. Finally, we collected 34 normal control endometrial tissues (corresponding normal tissues from leiomyoma or inflammation samples) and 90 UCEC samples from February 2019 to February 2022 for this study. All clinical samples and relevant information were gathered from patients or family members with informed consent (IFC). This study was supported and approved by the Ethics Committee of Taihe Hospital. Clinically relevant parameters of all selected patients were illustrated in Supplementary Table S1.



2.2 Immunohistochemistry (IHC) analysis

The IHC assay of all FFPE tissues was conducted according to the manufacturer’s protocol. Specifically, all 3 μm sections cut from FFPE were dewaxed with xylene and rehydrated with graded ethanol. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in methanol for 10 min. Sections were incubated with primary antibody (Supplementary Table S2) at 4°C overnight and with HRP-labeled secondary antibody for 0.5 h at 37°C, and hematoxylin staining was performed for 30 s at 37°C.

The protein expression was assessed via a combined score based on the intensity and the extent of staining under 200× field microscopy. Three experienced pathologists scanned and scored all IHC staining results, and the final score was taken as the median value. The assessing criteria for the extent of staining of positive cells were denoted as follows: 0 (absent), 1 (1%-10%), 2 (11%-50%), 3 (51%-80%) and 4 (81%-100%). The staining intensity scores were grad as 1 (weak), 2 (moderate), and 3 (strong). The quantity and intensity scores were multiplied to yield an overall score of 0 to 12. Finally, cases with scores of 0-3 were seated as a low-expression subgroup. And, cases with scores of 4-12 were recorded as a high-expression subgroup.



2.3 Quantitative real-time PCR

RT-qPCR analyzed the relative expression of the CXCL9 according to the merchant’s protocol. Total RNA was isolated from FFPE blocks by RNeasy FFPE Kit (QIAGEN, Germany). Total RNA of 1 μg was reversely transcribed into cDNAs using Revert-Aid First Strand cDNA Synthesis Kit (Thermo Scientific, USA). CXCL9 was amplified in a 20-μL volume that contained 2 μL of cDNAs, 1 μl of forward and reverse primers (10 nmol/L) and 10 μL of PowerUp SYBR Green Master Mix (Thermo Scientific, USA) for 38 cycles (95˚C for 15 s, 57˚C for 15 s, 72˚C for 30 s) after an initial 120 s denaturation at 95˚C in an ABI Prism 7500 analyzer (Applied Biosystems, USA). GAPDH was utilized as an endogenous reference gene. All reactions were run in triplicate. The relative CXCL9 mRNA expression was assessed by using the 2−ΔΔCt method. All primers were manufactured by Sangon Biotech (Shanghai, China), and the corresponding sequences were presented in Supplementary Table S3.



2.4 Immune cell infiltration signatures

Immune cell infiltration into tumors has emerged as a research hotspot as one of the crucial indicators for speculating on the effect of immunotherapy. The correlation between immune cell infiltration and CXCL9 mRNA expression was assessed by five algorithms, including ssGSEA, ESTIMATE, TIMER, TISIDB, and xCELL, based on TCGA-UCEC data. In addition, Spearman’s test was adopted to measure the correlation between CXCL9 expression and immune cell abundance.



2.5 Gene set enrichment analysis

For exploring the underlying enriched molecular pathways in CXCL9high tumor samples, gene set enrichment analyses were investigated by the Molecular SignaturesDatabase of GSEA software (version 4.2.2; Broad Institute, USA). Then, three predefined gene sets, including ‘h.all.v7.2.symbols.gmt’, ‘c2.cp.go.v7.2.symbols.gmt’ and’c2.cp.kegg.v7.2.symbols.gmt’, was assessed to yield the enrichment score. The main statistical results of GSEA include two indicators (normalized enrichment score (NES) threshold: | NES |>1 and P-value< 0.05).



2.6 Differential expression analysis

The R package ‘limma’ was applied to analyze differentially expressed genes in UCEC with CXCL9high versus CXCL9low samples. The upregulated or down-regulated genes were defined with a fold change ≥1.5 and normalized P-value< 0.05.



2.7 Associations of CXCL9 expression with immunosuppressive-related genes

The associations of CXCL9 expression with several immunosuppressive-related genes, including CD274(PD-L1), CTLA4, HAVCR2, LAG3, PDCD1(PD-1), PDCD1LG2(PD-L2), TIGIT, and SIGLEC15 closely related to immunotherapy, were explored in UCEC. Further, the “ggstatsplot” package of R software was applied to analyze the correlation between CXCL9 expression and microsatellite instability (MSI) or tumor mutation burden (TMB) to predict the potential anti-tumor effect of immunosuppressants.



2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0 software (San Diego, CA) and SPSS 25.0 software (IBM SPSS Inc., Chicago, IL). Data were presented as the mean ± standard deviation (Mean ± SD). Comparisons between the 2 groups were performed by One-Way ANOVA or 2-tailed Student’s t-test. The Kruskal-Wallis test was used to assess the correlation of CXCL9 expression with clinical features. We deployed both uni-and multiple Cox regression assays to characterize the effect of CXCL9 expression on survival time and other clinical features. For prognostic analysis, the log-rank test was applied. The correlation between the two variables was tested using Pearson’s chi-square test.Statistical significance was established at a threshold of P <0.05 (ns=non-significant, * P <0.05, ** P <0.01, *** P <0.001).




3 Results


3.1 Aberrant expression of CXCL9 in UCEC, including various histomorphological subtypes and molecular subtypes

The bioinformatics analysis was carried out to state that the CXCL9 expression was remarkably upregulated in UCEC tumor, compared with control ones based on the TCGA+GTEx dataset (P< 0.0001, Figure 1A), TCGA dataset (Figure 1B, P=0.0003), GSE36389 (Figure 1C, P=0.014) and tissues of our validation cohort (Figure 1D, P= 0.011). However, no difference was found in different clinical stages (Figure 1E, P > 0.05), histological grades (Figure 1F, P> 0.05), and histological subtypes (Figure 1G, P > 0.05) based on the TCGA-UCEC data repository. Further, the analysis of classical molecular subtypes was performed to reveal that the expression of CXCL9 was significantly different among CN-high (high-level somatic copy number alterations), CN-low, MSI, and POLE mutation subgroups in UCEC patients (Figure 1H, P < 0.01). Specifically, the CXCL9 was significantly overexpressed in POLEmutation (POLE mutation-type), compared with POLEwt (POLE wild-type) (Figure 1I, P < 0.001), but not between TP53mutation and TP53wt (Figure 1J, P> 0.05). Additionally, a tight correlation was depicted between the expression of CXCL9 and MSI score in UCEC (Figure 1K, P< 0.001, r=0.27).




Figure 1 | Aberrant expression pattern of CXCL9 in UCEC. The mRNA expression of CXCL9 in UCEC tumor and normal control tissues is based on the TCGA+GTEx dataset (A), TCGA dataset (B), GSE36389 (C), and tissues of our validation cohort (D). The mRNA expression of CXCL9 in different clinical stages (E), histological grades (F), and histological subtypes (G) based on TCGA-UCEC. The classical molecular subtypes of UCEC patients (H), especially POLE mutation status (I) and TP53 mutation status (J) wt, wild-type; ns, non-significant. (K) The correlation analysis between the expression of CXCL9 and MSI score in UCEC patients.





3.2 Correlation between CXCL9 expression and clinicopathological signatures and prognostic value in UCEC patients

All UCEC cases from TCGA were divided into two subgroups, including CXCL9low (CXCL9 low expression, n=272) and CXCL9high (CXCL9 high expression, n=273), according to the median cut-off to probe the correlation between CXCL9 expression and clinicopathological signatures in UCEC (Figure 2A). As illustrated in Table 1, CXCL9 expression was independent of age, BMI, histological subtype, histologic grade, clinical stage, etc. (P>0.05). However, UCEC patients with CXCL9high undergo a favorable outcome, compared with CXCL9low subgroups in the TCGA dataset (P=0.017) and the validation cohort (Supplementary Table S1, P=0.008). Then, the Sanguini diagram depicted the distribution of CXCL9 expression in age, TNM stages, grades, and survival status (Figure 2B). Further, the uni-cox and multi-cox regression assays were conducted to analyze the correlation between CXCL9 and clinical factors, such as age and TNM stage, on the OS of UCEC. In the uni-cox analysis, CXCL9 expression, age, clinical stage, histological subtype, histologic grade, tumor invasion, and residual tumor were closely related to OS in UCECC patients. In the multi-cox analysis, CXCL9 expression, age, and the clinical stage could be independent prognostic factors for the OS of UCEC patients (Table 2, all P<0.05). Then, the Nomogram was performed to evaluate prognosis at 1, 2, or 3 years in UCEC patients with CXCL9high (Figures 2C, D). Compared with the CXCL9low subgroup, CXCL9high indicates a better OS (Figure 2E; HR = 0.48, log-rank P=0.0000836) and PFS (Figure 2F; HR =0.629, log-rank P= 0.0111) based on the predictive analysis of the TCGA-UCEC dataset.




Figure 2 | The prognostic assay of CXCL9 expression in the clinicopathological parameters of UCEC patients. (A) CXCL9 expression (low or high) and survival status (dead or alive) in UCEC patients. The order of related samples was consistent. (B) Sanguini plot for the analysis of the distribution of UCEC expression in age, stage, grade, and survival status. (C) Nomogram to predict 1-, 3- and 5-year survival rates in UCEC patients associated with CXCL9 expression. (D) Calibration curves of the Nomogram model for the OS of UCEC patients. The diagonal dashed line denotes the ideal Nomogram, and the blue, orange, and red lines represent the 1-y, 3-y and 5-y observed Nomograms. The closer the Nomogram model matches the calibration curve, the better the model is at predicting the result. The survival assay of CXCL9 expression in UCEC patients, including the OS (E) and PFS (F).




Table 1 | Correlation between ESM1 expression and clinicopathological characteristics in UCEC patients (n=552).




Table 2 | The univariate-cox and multivariate-cox regression analysis of CXCL9 and related clinical factors, including age, histologic grade and TNM stage, etc.





3.3 Tumor immune microenvironment in UCEC associated with CXCL9 expression

To probe the masked mechanism of CXCL9 in UCEC, we investigated the relationship between CXCL9 and tumor immune microenvironment based on the TCGA dataset. Five algorithms, including ssGSEA, ESTIMATE, TIMER, TISIDB, and xCELL, were performed to study immune cell infiltration associated with differential CXCL9 expression in UCEC. The ssGSEA figured out that overt differences of multiple immune cell populations were shown between the CXCL9high and CXCL9low subgroups of UCEC. The expression of CXCL9 was positively correlated with T cells, B cells, NK cells, DC cells, macrophages, etc., but not mast cells and eosinophils (Figure 3A). The ESTIMATE suggested that the enrichment of stromal score, immune score, and ESTIMATE score were dramatically different in the UCEC with CXCL9high compared to the CXCL9low (Figure 3B, all P<0.001). In Figure 3C, the TIMER demonstrated that CXCL9 expression level was negatively related to tumor purity (P <0.001, r=-0.212) but positively associated with B cells (P<0.001, r=0.527), CD8+ T cells (P<0.001, r=0.435), CD4+ T cells (P<0.001, r=0.42), macrophages (P<0.001, r=0.211), neutrophil (P<0.001, r=0.433), and DC (P<0.001, r=0.57). As shown in Figure 3D, the TISIDB asserted that CXCL9 expression was positively related to the abundance of Act B (activated B cells; r = 0.57, P < 0.001), Act CD4 (activated CD4 T cells; r = 0.63, P< 0.001), Act CD8 (activated CD8 T cells; r = 0.72, P< 0.001), Act DC (activated dendritic cells; r = 0.442, P < 0.001), NK (natural killer cells; r = 0.49, P< 0.001), NKT (natural killer T cells; r = 0.51, P< 0.001), and Th1 (activated dendritic cells; r = 0.61, P< 0.001) in UCEC. The xCELL depicted that CXCL9 high expression was mainly enriched in CD4+/CD8+ T cells, B cells, NK cells, monocyte, M1/M2-like macrophages, and DC, as well as different stroma score, immune score, and microenvironment score (Figure 3E). As presented in Figure 3F, the GSEA enrichment analysis of the GO: BP items showed that UCEC patients with CXCL9high mainly were enrolled in the lymphocyte activation involved in immune response (NES=2.58, P =0), lymphocyte-mediated immunity (NES=2.56, P =0), NK cell activation (NES=2.61, P=0), NK cell-mediated immunity (NES=2.52, P =0), and regulation of T cell activation (NES=2.57, P =0). The GSEA analysis of the HALLMARK description uncovered that the overexpression of CXCL9 was tightly related to the inflammatory response (NES=2.30, P=0) and interferon-γ response (NES=2.13, P=0.002). The GSEA analysis of KEGG pathways pointed out that UCEC patients with CXCL9high were significantly correlated with the antigen processing and presentation (NES=2.38, P=0), chemokine signaling pathway (NES=2.47, P=0), cytokine-cytokine receptor interaction (NES=2.37, P=0), NK cell-mediated cytotoxicity (NES=2.59, P=0), and T cell receptor signaling pathway (NES=2.29, P=0), which are widely known to augment the anti-tumor immunity.




Figure 3 | Immune cell infiltration analysis of CXCL9 expression in UCEC patients with CXCL9high and CXCL9low subgroups. Assessment of relative abundance of tumor-infiltrating lymphocytes (TIL) in UCEC tissues with different CXCL9 mRNA expression status by ssGSEA (A), ESTIMATE (B), TIMER (C), TISIDB (D), and xCELL (E) based on TCGA dataset. (F) The GSEA enrichment analysis of UCEC patients with CXCL9high versus CXCL9low subgroups. ns=non-significant, * P <0.05, ** P <0.01, ***P < 0.001.



Then, the differentially expressed genes in UCEC patients with CXCL9high versus CXCL9low subgroups were studied to find that high CXCL9 mRNA expression was remarkably related to various immune-activated genes. As presented in Figure 4A via the volcano plot, the CXCL9high was enriched in the expression of IFNG, CXCL13, CXCL11, CXCL10, CCL4, CCL5, CCL18, CCL19, CD8A, and PD-L1. As illustrated in Figures 4B–F, CXCL11 was positively associated with the chemokine gene-set related to DC recruiting (CCL4: r=0.732, P<0.0001; CCL5: r=0.763, P<0.0001), T cell and NK cell recruiting (CXCL10: r=0.746, p<0.0001; CXCL11: r=0.73, P<0.0001), T cell chemoattractant (CCL18: r=0.525, P<0.0001), B cell chemoattractant (CXCL13: r=0.522, P<0.0001), and lymphocyte homing (CCL19: r=0.618, P<0.0001). To some extent, CXCL9 was identified to facilitate the antitumor immune microenvironment in UCEC. Additionally, the cytotoxicity molecules, including SLAMF7, JCHAIN, NKG7, GBP5, LYZ, GZMA, GZMB, TNF3F9, and IFNG, were positively related to the expression of CXCL9 mRNA expression (Figure 4G; Spearman’s r = 0.82, 0.63, 0.73, 0.79, 0.71, 0.7, 0.69, 0.28, and 0.83, respectively; all P< 0.01). Furthermore, several immunosuppressive-related genes, including CD274(PD-L1), CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, and TIGIT, were positively associated with CXCL9 expression (Figure 4H; Spearman’s r = 0.632, 0.751, 0.706, 0.725, 0.732, 0.711, and 0.873, respectively; all P< 0.001), but not SIGLEC15. Then, the OS analysis of TIMER suggested that high immune cell abundance, especially B cell (P=0.019) and CD8+ T cell (P=0.022), indicates a beneficial clinical outcome (Figure 4I). Lastly, it implied that CXCL9 expression was positively correlated with the TMB score in UCEC (Figure 4J; r=0.43, P<0.0001).




Figure 4 | Correlations between CXCL9 and immune-related genes in UCEC. (A) The differentially expressed genes in UCEC patients with CXCL9high versus CXCL9low subgroups visualized by a volcano plot. (B–F) Relationship of CXCL9 expression to the chemokine gene-set related to DC recruiting, T cell and NK cell recruiting, T cell chemoattractant, B cell chemoattractant, and lymphocyte homing. Relationship between CXCL9 and cytotoxic molecules (G), or immunosuppressive-related genes (H). (I) The OS analysis of immune cell abundance in UCEC based on the TIMER service platform. (J) Correlations between CXCL9 expression and TMB score in UCEC patients. ns=non-significant, ***P < 0.001.





3.4 Aberrant expression and prognosis of CXCL9 in our validation cohort

To further investigate the role of CXCL9, the UCEC samples cohort of our hospital was collected. Firstly, the protein expression of CXCL9 in tumor tissue was upregulated, compared with control tissue (Figures 5A, B) by IHC assay. Then, all patients were divided into two subgroups, high-expression and low-expression, based on the overall IHC score, and the respective clinical prognosis was analyzed. It suggested that UCEC patients with high CXCL9 abundance in tumor interstitial tissue featured a significantly better cumulative survival within the validation cohort (Figure 5C, P=0.0023). Furthermore, based on the uni-cox and multi-cox regression analyses, interstitial CXCL9 expression was strongly associated with UCEC patients’ survival and could be used as an independent prognostic biomarker for UCEC patients (Figure 5D; HR = 0.208; 95% CI 0.062–0.705; P= 0.012. Figure 5E, HR = 0.454; 95% CI 0.128–0.607; P= 0.0221).




Figure 5 | The expression and prognosis of CXCL9 in UCEC patients from the validation cohort. (A, B) The different expression of CXCL9+ cells in tumor and control samples. (C) The cumulative survival analysis of UCEC patients with CXCL9high versus CXCL9low subgroups. (D, E) The uni-cox and multi-cox regression analyses of CXCL9+ cell infiltration and clinicopathological variables in UCEC patients.





3.5 Validation of CXCL9+ cells for association with immune cells and PD-L1

Furthermore, the immunomodulatory function of CXCL9+ cell infiltration was assessed in the validation cohort. As presented in Figure 6A, tumors with significant infiltration of CXCL9+ cells showed significant intertumoral CD8+ T cells, CD4+ T cells, and CD56+ NK cells, which were related to antitumor immunity but not CD20+ B cells. Additionally, high levels of CXCL9+ cell infiltration were associated with the high level of PD-L1+ cells, which were expressed primarily at the junction between tumor cells and stroma. Thus, the expression of PD-L1, CD8A, CD4, and CD56, but not CD20, was higher in the CXCL9high group than in the CXCL9low group (Figure 6B). Within the validation cohort, it suggested that CXCL9 expression was positively associated with PD-L1, CD4, CD8A and CD56 (Figures 6C–F; r = 0.57, P< 0.001; r = 0.54, P< 0.001; r = 0.63, P< 0.001; r = 0.46, P< 0.001, respectively).




Figure 6 | Identifying the correlations between the expression of CXCL9 and the abundance of PD-L1 and tumor-infiltrating lymphocytes (CD8+ T cell, CD4+ T cell, CD56+ NK cell, and CD20+ B cell) in UCEC patients via immunohistochemistry. (A, B) Comparison of the infiltration of PD-L1+, CD8A+, CD4+, CD56+, and CD20+ cells between CXCL9high versus CXCL9low subgroups in the validation cohort. (C–F) Correlation of CXCL9 with PD-L1, CD4, CD8A, and CD56 in UCEC patients.






4 Discussion

UCEC is the most common gynecological neoplasm in high-income countries, and its incidence is rising worldwide (26). Based on clinical and endocrine characteristics (e.g., types I and II), histopathological signatures (e.g., endometrioid, clear-cell, or serous adenocarcinoma), or molecular subtypes (e.g., microsatellite instability, TP53 mutation, POLE mutation, or high-level somatic copy number alterations, HER2 amplification), it reveals the histological heterogeneity and complexity of this neoplasm from different perspectives (27, 28). Additionally, the homeostasis between tumor cells and tissue microenvironment (especially immune cells) played a crucial role in the tumorigenesis and progression of tumors (14). Cytokines are soluble proteins that arrange cell migration according to a defined concentration gradient. Cytokines form the immune landscape of the tumor microenvironment during the early stages of tumor development. CXCL9, also known as INF gamma (MIG) -induced monocytes, can be produced in inflammatory conditions by antigen-presenting cells (e.g., dendritic cells or macrophages) or tumor cells in the tumor microenvironment (29). It attracts cells expressing CXCR3 receptors, including activated T and NK cells, and has been proven closely related to the response to immune checkpoint therapy. Overexpressed CXCL9 has also been reported to impede tumor progression and metastasis by inhibiting angiogenesis (30). The unique roles of antitumor immunity are closely related to the cytokine-cytokine interactions, which form the cytokine networks to maintain the homeostasis of the uterine corpus (15, 16).

In this study, we found that the CXCL9 expression was dramatically upregulated in UCEC tumors, compared with control ones based on the TCGA dataset, GSE36389, and human tissues of our validation cohort. The overexpression of CXCL9 has independent prognostic value for UCEC. Furthermore, the results showed that upregulation of CXCL9 expression acts as a defense against the tumorigenesis or progression of UCEC.

In different cancers, CXCL9 serves as a tumor suppressor or promoter, as it may regulate cellular processes in a specific manner through different regulatory networks. The expression of CXCL9 could be induced by IL-27, IFN-γ, D-galactosamine, etc., via JAK/STAT1, NF-κB, Fra-1, and Eg-1 signaling pathways. Moreover, CXCL9, as one of the momentous chemoattractants for leukocytes, B cells, and T cells, can serve as a tumor suppressor (31). Zhang et al. reported that a combination of CXCL9 gene therapy with low-dose cisplatin improved therapeutic efficacy in colon carcinoma (CT26) and Lewis lung carcinoma (LL/2c) murine models via inhibiting angiogenesis, augmenting CTL infiltration, and showed thymus-dependent antitumor effects (32). Hoch et al. reported that the tumor microenvironment (TME) enriched by CXCL9 and CXCL10 contributes to the generation of a “hot” tumor microenvironment and predicts favorable OS in melanoma (33). Marcovecchio et al. showed that CXCL9-expressing tumor-associated macrophages enhance anti-PD(L)-1 response rates by regulating the recruitment of stem-like CD8 T cells, thus furnishing a novel clue to fight against cancer (34). Furthermore, Tokunaga et al. demonstrated that the CXCL9, -10, -11/CXCR3 axis regulates immune cell migration, differentiation, and activation through the paracrine axis (25). Thus, determining the type of this signaling axis is a potential target for cancer therapy in preclinical studies. Conversely, previous studies also identified that CXCL9 might act directly on multiple types of tumor cells expressing the CXCR3 receptor to improve epithelial-mesenchymal transition (EMT) and cell migration. Ding et al. suggested that CXCL9 boosted the migration and invasion of CD133+ liver cancer cells by activating the p-ERK1/2-MMP2/MMP9 pathway (35). Mir et al. demonstrated that elevated serum levels of CXCL9 indicated a shorter median event-free survival in follicular lymphoma patients (36). Amatschek et al. revealed that a low concentration of CXCL9 induced melanoma cell migration, while conversely at a high concentration (37).

Tumor-infiltrating immune cells are closely associated with tumorigenesis, tumor cell growth, and metastasis, which in turn regulate immune cell population and differentiation (38, 39). Evidence indicates that tumor progression may result from the escape of cancer cells from host immunosurveillance (40). Thus, clarifying the infiltrating immune cells in the TME may be able to enunciate the masking mechanism involving CXCL9 in UCEC. Based on the bioinformatics strategy, it showed that a higher ratio of anti-tumor immune cells characterized CXCL9 high expression. Further, the GSEA enrichment analysis showed multiple immune response-related pathways, including T/NK cell, lymphocyte activation, cytokine-cytokine receptor interaction network, and chemokine signaling pathway, mediated by CXCL9 high expression. Further, CXCL9 was positively related to CCL4, CCL5, CXCL10, and CXCL11 in UCEC, which are associated with DC, NK, and T cell recruitment and play an essential role in suppressing tumor growth and improving prognosis (41–43). Meanwhile, CXCL9 was also positively correlated with CXCL13, CCL18, and CCL19, which were closely related to the chemoattractant of B cell (44), T cell (45), and lymphocyte homing (46, 47). Then, positive correlations were found between CXCL9 and several cytotoxic molecules (SLAMF7, JCHAIN, NKG7, GBP5, LYZ, GZMA, GZMB, TNF3F9, and IFNG) that were shown by other immunocytes to promote cytotoxic function and contribute to immune-promoting (48). These results suggest that CXCL9 promotes anti-tumor immunity by mediating immune cell infiltration. Moreover, it suggested that CXCL9 expression positively correlated with PD-L1 in the TCGA and our validation cohort. CXCL9 expression was positively correlated with the TMB score in UCEC (Figure 4J). These discoveries were consistent to some extent with the finding that inhibition of CXCL9 expression or protein activity will weaken the therapeutic effect of anti-PD-1/PD-L1 therapy and lead to a dismal prognosis of melanoma patients (19). Since other immunosuppressants, including PD-1(PDCD1), CTLA4, HAVCR2, LAG3, PD-L2, and TIGIT, were positively correlated with CXCL9 mRNA expression, the related mechanism between CXCL9 and immune environment requires further study. Several pieces of literature have suggested that infiltration of large numbers of immune cells (e.g., CD8+T cells, NK cells, and DC cells) into tumor stroma can enhance the anti-tumor effect of immune checkpoint inhibitors (ICIs) (41, 49, 50). Nevertheless, anti-PD-1 therapy could not reduce the tumor growth in breast cancer and melanoma mouse models with CXCR3 knock-out treatment (51). Consequently, it is meaningful and promising to verify whether CXCL9 can infer the response of UCEC patients to ICIs. However, there are still some limitations of this paper. First, the specific cell population of CXCL9+ was not sorted out. Furthermore, the specific molecular mechanisms and exact functions of CXCL9 anti-tumor effects in UCEC need to be further explored and validated by in vivo and in vitro experiments.



5 Conclusion

In this study, we verified that overexpressed CXCL9 as an independent prognostic biomarker in UCEC patients augmented anti-tumor immunity and was related to significantly prolonging survival. Additionally, hyper-expression of PD-L1 associated with high-expression CXCL9 in UCEC may enhance the treatment response of patients to ICIs. Therefore, the above results can furnish new insights for clinicians to choose suitable treatment strategies for patients and improve the long-term outcomes of UCEC patients.
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Background

Guanine nucleotide binding (G) protein subunit γ 4 (GNG4) is closely related to the malignant progression and poor prognosis of various tumours. However, its role and mechanism in osteosarcoma remain unclear. This study aimed to elucidate the biological role and prognostic value of GNG4 in osteosarcoma.



Methods

Osteosarcoma samples in the GSE12865, GSE14359, GSE162454 and TARGET datasets were selected as the test cohorts. The expression level of GNG4 between normal and osteosarcoma was identified in GSE12865 and GSE14359. Based on the osteosarcoma single-cell RNA sequencing (scRNA-seq) dataset GSE162454, differential expression of GNG4 among cell subsets was identified at the single-cell level. As the external validation cohort, 58 osteosarcoma specimens from the First Affiliated Hospital of Guangxi Medical University were collected. Patients with osteosarcoma were divided into high- and low-GNG4 groups. The biological function of GNG4 was annotated using Gene Ontology, gene set enrichment analysis, gene expression correlation analysis and immune infiltration analysis. Kaplan–Meier survival analysis was conducted and receiver operating characteristic (ROC) curves were calculated to determine the reliability of GNG4 in predicting prognostic significance and diagnostic value. Functional in vitro experiments were performed to explore the function of GNG4 in osteosarcoma cells.



Results

GNG4 was generally highly expressed in osteosarcoma. As an independent risk factor, high GNG4 was negatively correlated with both overall survival and event-free survival. Furthermore, GNG4 was a good diagnostic marker for osteosarcoma, with an area under the receiver operating characteristic curve (AUC) of more than 0.9. Functional analysis suggested that GNG4 may promote the occurrence of osteosarcoma by regulating ossification, B-cell activation, the cell cycle and the proportion of memory B cells. In in vitro experiments, silencing of GNG4 inhibited the viability, proliferation and invasion of osteosarcoma cells.



Conclusion

Through bioinformatics analysis and experimental verification, high expression of GNG4 in osteosarcoma was identified as an oncogene and reliable biomarker for poor prognosis. This study helps to elucidate the significant potential of GNG4 in carcinogenesis and molecular targeted therapy for osteosarcoma.
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Introduction

Osteosarcoma (OS) is the most common primary malignant bone tumour among children and adolescents. It is characterized by the production of osteoid and immature bone from mesenchymal or osteoblast precursor cells (1, 2). OS is more common in the long epiphyses of the extremities, such as the distal femur, proximal tibia, and proximal humerus, and less common in the axial bones and elsewhere. OS is characterized by a high tendency for local invasion and early metastasis, with an overall 5-year survival rate of 50%–70% for patients with localized OS. However, if metastasis occurs at the time of diagnosis or as the disease progresses, the 5-year overall survival rate becomes less than 20% (3). Therefore, understanding the molecular mechanism of OS occurrence and development and finding new molecular therapeutic targets are urgent.

Guanine nucleotide-binding (G) proteins are regulators of transmembrane signalling pathways. G protein trimers are composed of α, β, and γ subunits and are responsible for conveying signals from G protein-coupled receptors (GPCRs) to a cell’s interior. The α subunit is typically the effector of GPCR activation, while the βγ heterodimer acts as the modulator of the signal (4, 5). G protein transmits information through a variety of signalling pathways, including the mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), and RhoGEF pathways (6). G proteins regulate cell metabolism, secretion, growth, proliferation, differentiation, and death (7). Many studies have shown the importance of G protein family members in cancer pathology. For example, G protein subunits β1 (GNB1) and γ2 (GNG2) are oncogenes (8, 9). Epigenetically silenced GNG7 promotes oesophageal, renal clear cell, and lung adenocarcinoma (10–12). GNG11 enhances gastric cancer cell adhesion, migration, and invasion (13). High GNG11 expression predicts poor ovarian cancer prognosis (14). GNG12 plays an important role in glioma, pancreatic cancer and OS. GNG12 overexpression inhibits tumour cell proliferation and migration (15–17). Thus, G protein family members may be biomarkers for tumour diagnosis and treatment.

GNG4, a key member of the γ subunits of G proteins, is located on chromosomes 1q43-q44 and plays an important role in the transmembrane system (18). In recent years, accumulated studies have investigated the role of GNG4 in tumours. Recent studies suggest that GNG4 expression is elevated in a variety of tumours, including colorectal, colon, gastric, lung adenocarcinoma, and gallbladder cancers, and is associated with poor prognosis in patients with these cancer types (19–24). GNG4 plays an important role in promoting tumour cell adhesion, migration, proliferation, and invasion by binding GPCRs (20, 22). Although these studies confirm the importance of high GNG4 expression in the development and progression of some tumours, the clinical significance and biological function of GNG4 in OS remain unclear. We are interested in whether GNG4 is also highly expressed in OS and whether it is associated with the development and prognosis of OS.

Therefore, this study intended to elucidate the biological role and molecular mechanism of GNG4 in OS. On the basis of the GEO and TARGET databases, we combined the gene expression matrix and clinical characteristics to evaluate the prognostic value of GNG4 and provide a reliable clinical reference for screening the adverse prognostic characteristics of patients with OS. Finally, we verified the expression of GNG4 in OS and its ability to predict survival and prognosis via reverse transcription quantitative real-time polymerase chain reaction (RT−qPCR) and immunohistochemistry. Moreover, the effect of GNG4 silencing on the viability, proliferation and invasion of OS cells was verified in vitro.



Materials and methods


Data collection

Two GEO cohorts, the GSE12865 and GSE14359 datasets, were screened from the GEO database (https://www.ncbi.nlm.nih.gov/). The gene expression data of GSE12865 (normal=2, tumour=12) is based on the platform of GPL6244, and that of GSE14359 (normal=2, tumour=18) is based on the platform of GPL96. The RNA sequencing data and clinical information of 84 osteosarcoma patients were acquired from the TARGET database (https://ocg.cancer.gov/programs/target). Gene expression data of musculoskeletal samples from 396 healthy humans were collected from the GTEx database (https://gtexportal.org/). The batch effects of the integrated GEO dataset (GSE12865 and GSE14359), as well as the GTEx +TARGET dataset (GTEx and TARGET databases), were eliminated by the combat algorithm from the “sva” R package (25). Pancancer RNA-seq data from the UCSC database (http://xena.ucsc.edu/) were used to verify the differential analysis of GNG4 expression in 33 human tumours. A family of G protein genes from the HUGO Gene Nomenclature Committee (HGNC) (https://www.genenames.org/), including 34 genes (Supplementary Table 1), was downloaded.



Filtering of DEGs from the GEO dataset

The R software LIMMA package was used to screen for differentially expressed genes (DEGs) between normal and tumour samples of GSE12865 and GSE14359. The filtering criteria were set as follows: |log2-fold-change (FC)| >1, adjusted P value < 0.05. The upregulated and downregulated DEGs from these two GEO datasets were intersected with G protein family genes through an online Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/). According to the integrated GEO dataset and GTEx +TARGET dataset, we further identified the expression pattern and diagnostic value of GNG4 mRNA in OS.



Analysis of the ScRNA-Seq transcript dataset

The scRNA-seq transcript dataset GSE162454, including 6 OS samples before chemotherapy, was obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo). The R package “Seurat” was used to perform the computational analysis. The Seurat “Merge” function was used to integrate the 6 OS samples. Quality control (200 <number of feature RNA <6000, percentage of mitochondrial genes <10%) was performed to filter low-quality cells. The R package “Harmony” was further used to eliminate the batch effect. Then, the Seurat “FindClusters” function was used to acquire the cell clusters, with the resolution set to 0.1. The Seurat “FindAllMarkers” function was used to find marker genes of the clusters, and the cell types were annotated based on the marker genes of each cluster. The expression and distribution of GNG4 were visualized using the Seurat “VlnPlot” and “FeaturePlot” functions.



Survival correlation analysis

In the TARGET dataset, 84 patients with OS were divided into high-expression and low-expression clusters in accordance with the median value of GNG4 expression. The differences in overall survival and event-free survival (EFS) between the GNG4 high- and low-expression clusters were tested using the Kaplan–Meier method. The prediction efficiency of GNG4 was evaluated using the receiver operating characteristic (ROC) curve. Univariate and multivariate Cox regression analyses were performed to determine whether GNG4 was an independent prognostic factor. In addition, a prognostic nomogram was constructed using the R package “rms”. In the external validation cohort, the Kaplan−Meier method was used to analyse the survival outcomes of patients with high and low GNG4 expression, and univariate and multivariate Cox regression analyses were performed on the clinical characteristics and GNG4 expression of patients with OS.



GNG4-related DEGs and functional enrichment analysis

Differentially expressed genes between high- and low-GNG4 expression clusters in the TARGET dataset were identified as GNG4-related DEGs. A difference analysis was performed using R software’s LIMMA package. The filtering criteria were as follows: |log2 FC|> 1 and adjusted P value < 0.05.

To better study the functional enrichment status of GNG4-related DEGs, gene ontology (GO) enrichment analysis was conducted using R software’s clusterProfiler package. Additionally, gene set enrichment analysis (GSEA) using R package clusterProfiler was conducted to elucidate the significant function and pathway between the high- and low-GNG4 groups. The thresholds were set to false discovery rate < 0.25, P value < 0.05, and |Nes|>1. In the GSEA, C2.cp.v7.2.symbols.gmt [curated] from MSigDB collections was used as the reference gene set.



Protein–protein network construction and hub gene acquisition

We used Metascape online tools (https://metascape.org) to construct the PPI network of GNG4-related DEGs. The parameters were as follows: minimum value = 3 and maximum value = 500. To extract the key proteins in this PPI network, Molecular Complex Detection (MCODE; http://apps.cytoscape.org/apps/mcode), a plug-in for Cytoscape version 3.7.2 (https://cytoscape.org/), was used.



Immune infiltration analysis

CIBERSORT (https://cibersort.stanford.edu/) and xCell algorithms were used to calculate immune cells in the sample of 84 OS cases and analyse the differences in immune cell infiltration between the GNG4 high- and low-expression clusters. We also determined whether any correlations existed between the two clusters of GNG4 expression in the infiltrated immune cells.



Immunohistochemical assay

To further verify the efficacy of GNG4 expression in predicting survival, 58 tissue specimens (2 per case) were retrospectively collected from patients with OS at the First Affiliated Hospital of Guangxi Medical University with the approval of the Ethics Committee of the First Affiliated Hospital of Guangxi Medical University (2021 KY-E-041). Immunohistochemical staining of paraffin sections was performed in accordance with the standard protocol (anti-GNG4 antibody, Ab238868, 1:100). At least 100 tumour cells were detected in the 5 tissue regions with the strongest immune response to GNG4 antibodies via light microscopy with 100× and 400× microscopes. Patients were divided into high- and low-expression clusters in accordance with the GNG4 expression level. GNG4 positivity was assessed independently by two pathologists. Immunohistochemical results were assessed using a scoring system as described earlier (26). The product of the GNG4-positive rate and staining intensity was used to classify low GNG4 (0–4 points) and high GNG4 expression (>4).



Cell culture

Human OS cells (143B, HOS, Saos, MG-63, U-2, and human osteoblast hFOB 1.19) were purchased from Fuheng Cell Center (Shanghai Fuheng Cell Center, China). HOS, Saos, MG-63 and hFOB 1.19 cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco, USA). U-2 cells were cultured in McCoy’s 5A medium (Gibco, USA). 143B cells were cultured in 1640 medium (Gibco, USA). Human OS cells were cultured in a humidified 5% CO2 incubator at 37 °C. HFOB 1.19 cells were cultured in a humidified incubator at 33.5 °C and 5% CO2. The medium was supplemented with 1% penicillin/streptomycin (Solarbio, Beijing, China) and 10% foetal bovine serum (FBS; Gibco).



Total RNA extraction and RT−qPCR

In accordance with the manufacturer’s instructions, total RNA was extracted using the Hipure Total RNA Mini Kit (Magen, China). RNA was reverse-transcribed into complementary DNA (cDNA) using a cDNA synthesis kit (Takara, Japan). RT−qPCR was performed using SYBR Green (FastStart Universal SYBR Green Master Mix (ROX, Germany). GAPDH (Abcam, USA) was used as a control. The normal GNG4 expression levels in five cell lines were expressed as relative expression and calculated using the 2-ΔΔCt method. The primer sequences of GNG4 mRNA were as follows: ‘5-GCATCTCCCAAGCCAGGAAAGC-3’ (F) and ‘5-GCAGGCactGGaATGATGAGAGG-3’ (R). Those of GAPDH were as follows: ‘5-CCCATCACCATCTTCCAGGAG-3’ (F) and ‘5-GTTGTCATGGATGACCTTGGC-3’ (R). All experiments were repeated three times.



Transfection of cells

Silencing GNG4 (SiGNG4) RNA was designed and constructed by Sangon Biotechnology (Shanghai) Co., Ltd., and transfected into the U2 OS cell line using the manufacturer’s protocol. The transfection efficiency was measured according to the relative expression of GNG4. The SiGNG4 RNA: SiRNA99, SiRNA136, SiRNA218 and negative control (NC), SiRNA99: Sense-5’ -CCACUAGCAUCUCCCAAGCCATT-3 ‘and Antisense-5’ -UGGCUUGGGAGAUGCUAGUGGTT-3’, SiRNA136: Sense-5’ -GCUAAAGAUGGAAGCCUGUAUTT-3 ‘and Antisense-5’-AUACAGGCUUCCAUCUUUAGCTT-3’, SiRNA218: Sense-5’ -CGGGAAGAUCCUCUCAUCAUUTT-3 ‘and Antisense-5’-AAUGAUGAGAGGAUCUUCCCGTT-3’, Si-NC: Sense-5’-UUCUCCGAACGUGUCACGUTT-3’ and Antisense-5’-ACGUGACACGUUCGGAGAATT-3’. Transfected cells were obtained after transfection of U2 OS cells for 48 h.



Cell viability assay

Cell viability was determined using a CCK-8 assay (Beyotime Institute of Biotech) following the manufacturer’s instructions. Herein, we seeded transfected U2 cells (2000 cells/well) into 96-well plates. Thereafter, 10% CCK-8 solution was added to each well and incubated in a dark environment at 37°C for 2 hours. Subsequently, cell proliferation was measured at 0, 24, 48, and 72 hours. The optical density (OD) of the cells at 450 nm was determined by a versatile fluorescent luminescence analyser (Varioskan LUX, Thermo Fisher).



EDU cell proliferation assay

A BeyoClick™ EdU-488 cell proliferation assay kit (C0071S, Beyotime, Shanghai) was used to detect cell proliferation. Briefly, transfected U2 cells (2000 cells/well) were seeded in 96-well plates and then allowed to adhere. Cells were labelled with 100 μl/well of EDU solution for 2 hours and then fixed with 4% paraformaldehyde for 15 min. Subsequently, the cells were soaked alternately with closed solution and permeable solution 2 times (5 min each), and the cells were incubated with click staining solution for 30 min away from light. Finally, the click staining solution was removed, Hoechst solution was added after washing and the samples were incubated for 10 min away from light. The Hoechst solution was removed, and the cells were washed three times. Images were immediately taken using an inverted fluorescence phase contrast microscopy imaging analysis system (CellSens Dimension, OLYMPUS).



Transwell invasion assay

The Matrigel matrix (356234, Corning, USA) was dissolved and diluted overnight at 4°C with serum-free media at a ratio of 1:3. Then, 50 μL of thinner was added to the base of the upper compartment. Transfected U2 cells (8×104/well) were inoculated into the upper chamber and treated with serum-free culture medium. Then, 500 µl of 10% foetal bovine serum medium was added to the lower chamber. The cells were incubated at 37°C for 48 h followed by fixation with 4% paraformaldehyde for 15 min. The cells on the upper membrane were wiped with cotton swabs and stained with 0.1% crystal indigo at room temperature for 10 min. Five microscope fields were randomly selected under a cellSens Dimension (OLYMPUS) for counting. The invasion ability of tumour cells was assessed by the number of cells entering the inferior lumen.



Statistical analysis

Statistical analysis was performed using R (version 3.6.1). The Kruskal–Wallis test, Wilcoxon rank sum test, and chi-squared test were used to analyse the relationship between GNG4 expression and clinicopathological features. The survival curve was plotted using the Kaplan–Meier method, and the differences between groups were tested via a logarithmic sequence. ROC curves were generated using R software to evaluate the diagnostic performance of GNG4 expression. Univariate and multivariate Cox regression analyses were used to screen for independent prognostic factors. Significance was set at P value < 0.05.




Results


DEGs identified from the GEO dataset

Through differential genetic analysis, 1,507 upregulated genes and 2,334 downregulated genes were found in GSE12865, while 812 upregulated genes and 855 downregulated genes were found in GSE14359. The data were visualized in volcanic form (Figures 1A, B).




Figure 1 | Filtered DEGs and GNG4 expression in OS. (A, B) The DEGs between normal and tumour samples of GSE12865 and GSE14359. The significant differences between the two groups are shown in the form of volcanic maps. (C, D) The G protein family genes were intersected with upregulated and downregulated genes in the two GEO datasets to obtain a Venn diagram of the intersected genes (upregulated GNG4 and downregulated GNG12). (E, G) GNG4 expression in OS in the integrated GEO dataset and GTEx + TARGET dataset, respectively. (F, H) The diagnostic ROC curve of GNG4 in the integrated GEO dataset and GTEx + TARGET dataset, respectively. (I) Differential expression of GNG4 in pancancer tissues. ***p<0.001, **p<0.01, *p≤0.05, and  ns, p>0.05.





Expression analysis of GNG4 in OS and pancancer

The upregulated gene GNG4 and downregulated gene GNG12 were obtained through the intersection of the upregulated and downregulated genes with G protein family genes in these two GEO datasets (GSE12865 and GSE14359) via an online Venn diagram (Figures 1C, D). In both the integrated GEO dataset and the GTEx + TARGET dataset, the expression of GNG4 in osteosarcoma was significantly higher than that in normal samples (Figures 1E–G). Moreover, the area under the diagnostic ROC curve (AUC) of GNG4 in the integrated GEO dataset and GTEx + TARGET dataset was 0.992 and 0.943, respectively (Figures 1F-H). Pancancer RNA-Seq data were further used to verify the differential analysis of GNG4 expression in 33 human tumours. GN–G4 was highly expressed in 17 human malignancies, including adenoid cystic carcinoma (ACC), invasive breast cancer (BRCA), bile duct cell carcinoma (CHOL), and colonic adenocarcinoma (COAD) (Figure 1I).



The scRNA-seq analysis

With the existing cell types and corresponding marker genes as references, eight cell types were identified. As shown in Figure 2A, uniform manifold approximation and projection (UMAP) was used to classify and visualize the distribution and heterogeneity of the annotated eight cell types. The cell types and marker genes are shown in Figure 2B. Notably, GNG4 was highly expressed in chondroblastic cells but was expressed at low levels in other cell types (Figures 2C, D).




Figure 2 | scRNA-seq analysis of the GSE162454 dataset. (A) UMAP plot of different cell types in the TME. (B) Heatmap of the marker genes of different cell types. (C, D) Feature plot and violin plot of GNG4.





Relationship between GNG4 expression and clinical parameters

In the evaluation of the relationship between GNG4 expression and various clinical indicators in the TARGET dataset, GNG4 expression was not associated with patient age, sex, metastasis, or tumour site, and high GNG4 expression was closely associated with relapse (Table 1).


Table 1 | Relationship between GNG4 expression and clinical parameters in TARGET database.





Prognostic value of GNG4 expression in OS

In the TARGET dataset, 84 samples were divided into low- and high-expression clusters based on the median expression of GNG4 mRNA in OS (TPM 14.173). The Kaplan–Meier analysis showed that the overall survival and EFS were worse in the high-expression cluster than in the low-expression cluster (Figures 3A, B). The univariate and multivariate Cox regression analyses determined that metastasis and GNG4 were independent prognostic factors (Table 2). Analysis of the time-dependent ROC curves of GNG4 revealed that 1-/2-/3-/4-/5-year AUCs were 0.603/0.702/0.643/0.643 and 0.637, respectively (Figure 3C). Through time-dependent ROC curves, we found that GNG4 was a reliable predictor of patient prognosis. The prediction accuracy at 2 years was the highest, and its AUC value reached 0.702.




Figure 3 | Prognostic value of GNG4 in OS. (A, B) In the TARGET dataset, patients with high GNG4 mRNA expression had worse overall survival time and EFS (n=84). (C) The AUC of GNG4 was determined in accordance with the time-dependent ROC curve. (D) Nomogram combining GNG4 and other prognostic factors. (E) Calibration curve of the nomogram.




Table 2 | Univariable and multivariable Cox regression analysis of clinical characteristics and GNG4 in TARGET database.





Construction of the clinical prediction model

To facilitate clinical prediction and evaluation, we constructed a clinical prediction model by fitting clinical parameters and GNG4 mRNA expression into the TARGET dataset. A nomogram was established to integrate the independent indicators, including GNG4 and metastasis. The sum of the corresponding score of each indicator is the total score. A higher total score in the nomogram indicates a worse prognosis. (Figure 3D). The calibration curve evaluated the performance of the GNG4 nomogram, with a concordance index of 0.800 (0.761-0.839) (Figure 3E). In conclusion, this nomogram may be a better model than a single prognostic factor for predicting survival in patients with OS.



Identification of GNG4-related DEGs

In the GNG4 low- and high-expression clusters of the TARGET dataset, 224 genes with significant differences were screened, including 127 upregulated and 97 downregulated genes. The data were visualized in the form of volcanoes and heatmaps (Figures 4A, B).




Figure 4 | DEGs analysis of high- and low-GNG4 expression clusters. GO and GSEA functional enrichment analyses of GNG4, the PPI network, and hub gene cluster construction. (A, B) Grouped in accordance with the median GNG4 value in the TARGET dataset, a total of 224 significantly different genes were screened, including 127 upregulated and 97 downregulated genes. (C) The GO enrichment method was used to analyse the differentially expressed genes in the high- and low-GNG4 expression clusters. The bubble size represents the amount of gene concentration, and the colour represents the significance of the difference. (D) GSEA showed enriched genes involved in “ECM degradation,” “collagen,” “ECM glycoprotein,” “focal adhesion,” and “cell cycle” signalling pathways. (E) PPI networks from the TARGET dataset. (F) Five hub gene clusters were obtained from the TARGET dataset by using the MCODE clustering algorithm.





Functional enrichment analysis

The results of the GO enrichment analysis in the TARGET dataset using R software indicate that the following terms were enriched. GNG4 upregulated DEGs were enriched in the BP terms: “ossification,” “biomineral tissue development,” “biomineralization” and “bone mineralization;” CC term: “endoplasmic reticulum lumen;” and MF terms: “endopeptidase activity” and “serine−type endopeptidase activity.” The downregulated DEGs were enriched in the BP terms: “activation of immune response,” “humoral immune response,” “immune response−regulating signalling pathway,” “complement activation,” “regulation of B-cell activation,” “positive regulation of lymphocyte activation,” “phagocytosis, recognition,” “epithelial cell proliferation” and “extracellular matrix organization;” CC term: “immunoglobulin complex;” and MF terms: “antigen binding” and “immunoglobulin receptor binding.” (Figure 4C). To further explore the key pathways related to GNG4, GSEA analysis was also performed. GSEA analysis results showed that “cell cycle,” “DNA replication,” “lysosome,” “oocyte meiosis,” and “oxidative phosphorylation” KEGG pathways were significantly enriched, indicating that these pathways may be involved in GNG4 carcinogenic mechanism (Figure 4D).



PPI network and hub gene

Using the Metascape online tool, we built a PPI network from GNG4-related DEGs in the TARGET dataset (Figure 4E). Then, we used the MCODE clustering algorithm to screen out hub gene clusters (Figure 4F). In the TARGET dataset, the filtered hub genes are connected in the following networks: MCODE_1 (intermediate filament organization, intermediate filament cytoskeleton organization, and intermediate filament-based process; GFPT2, ACTA2, OTC, SLC25A31, KRT39, KRT9, and KRT40), MCODE_2 (G alpha (i) signalling events, GPCR downstream signalling, and signalling by GPCR; TAS2R30, HTR1B, GNAT3, MCHR2, CORT, and P2RY4), MCODE_3 (collagen biosynthesis and modifying enzymes, collagen formation, and NABA COLLAGENS; P4HA3, COL22A1, COL4A4, COL13A1, and COL8A2), MCODE_4 (digestion, and arginine and proline metabolism; CKMT1B, TKTL1, CKMT1A, and SI), MCODE_5 (G alpha (q) signalling events, neuroactive ligand−receptor interaction, and class A/1 (rhodopsin-like receptors); NPSR1, TRH, and PTGFR).



Correlation analysis of immune infiltration

In the TARGET dataset, the distribution of the 22 immune cells was quite different in each sample (Figure 5A). The results of the CIBERSORT algorithm show that memory B cells and regulatory T cells (Tregs) in the cluster with high GNG4 expression were significantly lower than those in the cluster with low GNG4 expression, and resting dendritic cells were higher in the cluster with high GNG4 expression than in the cluster with low GNG4 expression (Figure 5B). The results of the xCell algorithm show that compared with the low GNG4 expression group, the high GNG4 expression group had significantly higher infiltration abundances of CD4+ central memory T cells and significantly lower infiltration abundances of gamma delta T cells and memory B cells (Figure 5C). The results of the CIBERSORT and xCell algorithms both show that high GNG4 expression was associated with low enrichment of memory B cells.




Figure 5 | Immune infiltration. (A) Distribution of 22 types of immune cells in 84 OS samples. (B) Violin plot of 22 tumour-infiltrating immune cells in the low- and high-risk clusters by the CIBERSORT algorithm. (C) Boxplots of infiltrating immune cells in the low- and high-risk clusters by the xCell algorithm. p<0.05 was considered as statistical difference (*), ns as no statistical difference.





Validating GNG4 expression and prognostic value

The expression of GNG4 protein in the tissues of 58 patients with OS was examined via immunohistochemistry to confirm the prognostic reliability of GNG4. Our results show that GNG4 was clearly localized in the cytoplasm of OS cells (Figure 6A). Among the 58 OS tissues, GNG4 expression was high in 22 cases and low in 36 cases (Table 3). Next, the relationship between clinicopathological characteristics and GNG4 expression in OS patients was analysed. In general, the high expression of GNG4 was closely related to tumour relapse, metastasis and TNM stage in patients (Table 3). Univariate Cox regression analysis (Table 4) showed that GNG4 (HR=9.37, P < 0.001), relapse (HR=5.65, P < 0.001), metastasis (HR=10.69, P < 0.001) and TNM stage (HR=0.15, P < 0.001) were important factors in evaluating the prognosis of OS. The multivariate COX regression analysis (Table 4) suggested that GNG4 (HR=10.97, P < 0.002) and metastasis (HR=15.94, P < 0.02) were independent risk factors for overall survival. The results of the Kaplan–Meier analysis show that patients with high GNG4 expression had a poor survival prognosis (HR=9.37, P < 0.001) (Figure 6B). The expression of the GNG4 gene in OS cell lines (HOS, MG-63, and U-2) was higher than that in the hFOB cell line, and the differences among 143B, HOS, and MG-63 were statistically significant (P < 0.05) (Figure 6C). Taken together, these data suggest that GNG4 has important clinical significance in the prognosis and metastasis of patients with OS.




Figure 6 | Verification of the expression and prognostic value of GNG4. (A) Immunocytochemical staining of GNG4 in OS tissues. (B) In the validation cohort, the effect of high GNG4 expression on overall survival prognosis was statistically significant. (C) GNG4 expression in hFOB cells and five OS cell lines. p<0.001 was considered as significant difference (***).




Table 3 | Associations between clinicopathological characteristics and GNG4 in the external validation cohort.




Table 4 | Univariable and multivariable Cox regression analysis of clinical characteristics and GNG4 in the external validation cohort.





GNG4 function in vitro

To analyse GNG4 function in vitro, we first constructed the SiGNG4 RNA: SiRNA99, SiRNA136, SiRNA218 and negative control (NC) and then transfected U2 cells. RT−PCR showed that the expression levels of GNG4 were significantly reduced after transfection of SiRNA99, SiRNA136 and SiRNA218 (Figure 7A). SiRNA136 was selected in the subsequent experiment to silence GNG4 expression because it had the best silencing efficiency.




Figure 7 | GNG4 function in vitro. (A) RT−PCR was used to verify the efficiency of GNG4 silencing. (B) OS cell viability assay after silencing GNG4. (C) EdU assay of OS cells after GNG4 silencing. (D) Invasion assay of OS cells after GNG4 silencing. p<0.001 was considered as significant difference (***) p≤0.05 was considered as statistical difference (*), ns as no statistical difference.



Then, to verify the functional changes in U2 cells after GNG4 silencing, three groups were established: the control group, NC group, and SiGNG4 group. The results of CCK-8 analysis show that SiGNG4 decreased the activity of U2 cells at 24, 48 and 72 h after transfection (Figure 7B). In addition, compared to the control group and NC group, we observed a significant decrease in EdU-positive U2 cells after SiGNG4 treatment (Figure 7C). The Transwell invasion results show that, compared to the control group and NC group, the invasion ability in the SiGNG4 group was significantly reduced (Figure 7D). In conclusion, SiGNG4 can inhibit the viability, proliferation and invasion of OS cells.




Discussion

Given its high heterogeneity, the overall survival rate of OS is not ideal (3). Therefore, effective and accurate evaluation of the prognosis of OS is highly significant. In the present study, DEGs between normal and osteosarcoma samples were screened through OS chip data from the GEO database, and then DEGs related to G protein were obtained via intersection with G protein family genes: G protein subunit γ 12 (GNG12) (low expression) and G protein subunit γ 4 (GNG4) (high expression), which are both γ subunits of the G protein. A previous study showed that GNG12 is a potential prognostic biomarker and a potential immunotherapy target in OS (17). However, the role of GNG4 in OS remains unknown.

Through bioinformatics and immunohistochemistry analysis, we determined that GNG4 mRNA and protein expression were associated with the overall survival time and EFS of OS. Moreover, the Cox regression analysis suggested that GNG4 could be an independent prognostic factor of OS. The functional enrichment analysis showed that the expression of GNG4 was related to multiple cancer signalling pathways and immune cell infiltration in OS. Therefore, our study illustrates the potential role of GNG4 in the pathogenesis of OS and establishes a foundation for further research.

Many previous studies have shown that GNG4 may be a diagnostic marker for various cancers, and GNG4 is highly expressed in different types of cancers, including rectal, colon, stomach, lung adenocarcinoma, and gallbladder cancers (19–24). In the TCGA data, our analysis also confirmed that GNG4 was significantly overexpressed in OS and most other tumours. Additionally, GNG4 was mainly expressed in chondroblastic cells according to the scRNA-seq analysis. This further implies that the GNG4 gene may be involved in the occurrence and development of OS. Our analysis also confirmed that GNG4 expression was a good diagnostic marker for OS, with an AUC greater than 0.9. The above data indicate that GNG4 not only serves as an oncogene in osteosarcoma but is also an excellent biomarker for distinguishing osteosarcoma from normal samples.

High GNG4 expression in OS is associated with poor prognosis. In accordance with the TARGET dataset, patients with high GNG4 expression had worse overall survival time and EFS. High GNG4 expression in OS is associated with tumour progression. The Cox regression analysis data indicate that metastasis and GNG4 were independent prognostic factors for the survival time. The above results were also verified in the external validation cohort. These results suggest that GNG4 expression is a prognostic biomarker of OS. Although many studies have suggested that GNG4 may be a biomarker for poor prognosis in a variety of tumours (19–24), this study is the first to investigate the correlation between GNG4 expression and prognosis in OS. Considering that metastasis and GNG4 are strong prognostic factors for OS, a nomogram was constructed that combined metastasis and GNG4 expression with clinical data. Nomograms can more accurately predict the overall survival of patients with OS for 1-/3-/5-year prognoses to help screen patients at high risk and provide an opportunity to identify more aggressive treatment options for patients at high risk. The calibration curve further verifies the validity of the nomogram.

We explored the potential biological function of GNG4 in OS through GO enrichment analyses of GNG4-related DEGs. GNG4-upregulated DEGs were determined to be enriched in ossification (27, 28), mineralization (29, 30), endopeptidase activity (31, 32), and endoplasmic reticulum lumen (33, 34). These findings indicate that GNG4 is involved in bone mineralization associated with the progression of OS. The regulation of endoplasmic reticulum function plays an important role in the treatment of OS (33, 34). The downregulated DEGs were enriched in the immune response (35), regulation of B-cell activation (36), and positive regulation of lymphocyte activation (37). These findings indicate that GNG4 is closely related to immunosuppression in OS. GNG4-related DEGs were enriched in cell cycle (38), DNA replication (39), lysosome (40) and oxidative phosphorylation (41, 42) in the GSEA enrichment analyses. The results of the GSEA enrichment analyses indicate that GNG4 was closely related to the cell cycle and proliferation pathways of osteosarcoma cells, which was confirmed by in vitro experiments. Through the PPI network, we identified five possible hub gene clusters associated with OS. These gene clusters affect the proliferation, adhesion, migration, and invasion of OS cells and participate in the progression of OS (43–45). In conclusion, our study provides insight into the role of GNG4 in the pathogenesis of OS and demonstrates that GNG4 is a potential biomarker and molecular therapeutic target for OS.

Immune cell infiltration in tumours is related to tumour progression and prognosis and contributes to the development of new therapeutic strategies (46). GNG4 has been reported to be associated with tumour immunity (20). Here, we investigated the relationship between GNG4 and the immune infiltration of OS through two immune infiltration algorithms. The immune infiltration analysis of the TARGET dataset showed that high GNG4 expression is associated with low enrichment of memory B cells. Memory B cells have been documented as a predictor of excellent patient survival in gastric cancer, head and neck squamous cell carcinoma, and colorectal cancer. For example, memory B cells have a significant effect on gastric cancer progression and prognosis, and higher levels of memory B cells reflect better overall survival (47). Other evidence suggested that a high density of memory B cells in HNSCC could predict an increased prognosis, and CD4+ T cells might affect B lymphocytes and their subsets through the CXCL13/CXCR5 axis (48). Furthermore, novel immunotherapy could potentially target memory B cells to shape the tumour microenvironment to repress tumourigenesis. Recent research has revealed that IgG1 memory B cells can reconstruct the tumour immune microenvironment and mobilize T cells and DCs to boost the immune machinery for tumour cell killing, thus providing insightful clues about the adoptive transfer of memory B cells in tumour immunotherapy (49). Based on previous studies, we speculated that GNG4 might inhibit memory B cells, thus promoting the occurrence and development of osteosarcoma. This is consistent with the functional enrichment analysis results that indicate high GNG4 expression suppressed the immune response.

This study further validated that OS patients with high GNG4 expression had a worse prognosis through analysis of their own clinical data cohort. In vitro, we found that GNG4 was highly expressed in osteosarcoma cells. After silencing GNG4, the viability, proliferation and invasion of OS cells were significantly inhibited. In conclusion, GNG4 can be used as a prognostic biomarker as well as a potential target for the treatment of OS.

Our study has some limitations. (1) The sample size of OS patients was considerably larger than that of the healthy controls. In future studies, we hope to increase the sample size of the control group. (2) Our results were validated in a cohort of 58 patients with OS; however, this study was a retrospective analysis. Therefore, prospective methods should be adopted in future studies to avoid analytical bias. (3) Although we demonstrated that GNG4 is a potential biomarker for OS, its underlying molecular mechanism should be further validated in vivo and in vitro.

In conclusion, this study confirmed that GNG4 is a potential biomarker for predicting the prognosis of OS. High expression of GNG4 in OS is associated with poor prognosis and can be used as an independent prognostic factor. Bioinformatics analysis indicated that GNG4 may be involved in the biological function of OS by regulating “ossification,” “mineralization,” the “immune response,” “endoplasmic reticulum lumen,” and “cell cycle”. Immune infiltration analysis suggested that GNG4 may influence the tumour microenvironment by regulating the proportion of memory B cells. Finally, we confirmed the feasibility of GNG4 as a prognostic biomarker and potential therapeutic target in vitro and in an external validation cohort. These findings provide a new perspective for the application of GNG4 as a potential biomarker and molecular therapeutic target for OS.
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Background

Appendiceal mucinous adenocarcinoma, one kind of specific colorectal cancer, is lowly prevalent and rarely diagnosed in clinical practice. In addition, there have been limited standard treatment strategies established for patients with appendiceal mucinous adenocarcinoma, especially with metastatic disease. The regimens for colorectal cancer, which were adopted in appendiceal mucinous adenocarcinoma, usually resulted in limited effectiveness.



Case presentation

Herein, we presented a case of chemo-refractory patient with metastatic appendiceal mucinous adenocarcinoma harboring ATM pathological mutation of exon 60, c.8734del, p.R2912Efs*26, and who has achieved a persistent response to salvage treatment of niraparib, with disease control time that reached 17 months and still in extension.



Conclusions

We supposed that appendiceal mucinous adenocarcinoma patients harboring ATM pathological mutations may respond to the treatment of niraparib, even without a homologous recombination deficiency (HRD) status; however, it needs further confirmation in a larger cohort.
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Introduction

Appendiceal neoplasm is presented as one kind of rare tumor, which accounted for less than 1% of gastrointestinal tumors (1). Among those, appendiceal mucinous adenocarcinoma is even rare, which takes up approximately 0.2% to 0.3% of appendectomy specimens (2). Based on the rarity of the disease, the standard treatment strategy for appendiceal mucinous adenocarcinoma has not been well established (3). The mainstream treatment drugs for appendiceal mucinous adenocarcinoma have been based on the regimens established for colorectal cancer so far. However, the efficacy of anticancer agents including oxaliplatin, irinotecan, and 5-fluorouracil used in appendiceal mucinous adenocarcinoma cannot satisfy clinical demands because of the low response rate (3). It is an urgent need to investigate novel antitumor agents to promote the efficacy and hence prolong the survival time in such patients.

Ataxia-telangiectasia mutated (ATM) protein kinase, one of the master regulatory factors in the progress of DNA double-strand break response, is an important cell-cycle checkpoint kinase to maintain the stability of the genome (4, 5). The mutations or dysfunctions of the ATM gene have been detected during the carcinogenesis and development of various cancer types including breast cancer, ovarian cancer, and prostate cancer (6–8). In recent years, the efficacy-predicting role of ATM mutations for poly-ADP-ribose polymerase inhibitors (PARPi) in patients with ovarian cancer and metastatic castration-resistant prostate cancer has been preliminarily investigated (9, 10). Results of a prospective phase II trial implied that metastatic prostate cancer patients with ATM mutations, especially along with homologous recombination deficiency (HRD) ones, might be beneficial from the salvage treatment of PARPi (10). In addition, increasing clinical evidence has suggested that multiple kinds of cancer types including colorectal cancer, gastric cancer, and gallbladder cancer harboring ATM mutations may profit from PARPi treatment (11–13). Herein, we presented a case of chemo-refractory metastatic appendiceal mucinous adenocarcinoma, whose results of the gene test suggested ATM pathological mutations, has achieved a persistent response to the palliative treatment of niraparib, and hence resulted in progression-free survival (PFS) time that reached 17 months and still in extension.



Case presentation

A 60-year-old Chinese woman was admitted to our hospital on 26/08/2019 with colporrhagia for 2 days. In addition, the patient denied smoking, alcohol, or any other medical or family history. Pelvic CT showed an emerging mass in the vermiform appendix, surrounded by multiple abscesses (Figure 1A). In addition, there was no occupation detected in the liver, lungs, or abdomen. Subsequently, the patient received radical appendectomy for tumors, histological findings of which suggested appendiceal mucinous adenocarcinoma, without invasion to the surrounding nerves or vessels (Figure 1B). Immunohistochemistry findings were presented as the following: CDX2 (positive), CK7 (negative), CK (positive), CK20 (positive), CEA (positive), ER (negative), PR (negative), CA125 (negative), WT-1 (negative), and Ki-67 (60%). Based on those, a diagnosis of appendiceal mucinous adenocarcinoma was made and staged as pT3N0M0 according to the American Joint Committee on Cancer (AJCC) version 8th. Subsequent therapy with the regimen of CapeOX (oxaliplatin 130 mg/m2 on day 1 and oral capecitabine 1,000 mg/m2 twice a day, from days 1 to 14, every 21 days) has been scheduled as adjuvant treatment. However, the patient was admitted to our hospital again for colporrhagia and abdominal pain in July 2020, 4 months after the completion of adjuvant therapy. Repeated abdomen CT revealed an emerging occupation behind the uterus, along with multiple nodes on the omentum, suggesting recurrence (Figure 1C). Palliative cytoreductive surgery was performed to remove the major lesion behind the uterus on 20/07/2020. Histological findings implied recurrence of appendiceal mucinous adenocarcinoma (Figure 1D). In terms of the existence of multiple lesions on the omentum, a systematic regimen of FOLFIRI (irinotecan 180 mg/m2, on day 1, leucovorin 400 mg/m2, 5-fluorouracil 400 mg/m2 intravenous injection followed by 5-fluorouracil 2,400 mg/m2 pump injection for 46 h, every 14 days) was prescribed as palliative treatment. After three cycles’ exposure, emerging occupation behind the uterus (Figure 2A) as well as the emergence of thickened peritoneum (Figure 2B) was presented by repeated abdomen CT scans, which suggested progressive disease (PD). As salvage therapy, a subsequent regimen of BOL (bevacizumab 5 mg/kg on day 1, oxaliplatin 85 mg/m2 on day 1, and Letitrexed 3 mg/m2 on day 1, every 14 days) was arranged from October to December 2020. However, efficacy evaluation by regular CT scans still resulted in PD again (Figures 2C, D). Beyond that, subsequent monotherapy with anlotinib, a multiple-target agent, failed to control the disease either (Figures 2E, F). The characteristic of the recurrent appendiceal mucinous adenocarcinoma seems chemo-refractory. In order to screen potentially available targets, a whole-exome sequencing (WES) with next-generation sequencing (NGS) using tissue and plasma sample was performed. Results of the NGS revealed ATM exon 4 p.N81Tfs*20 by frequency as 11.59%, as well as ATM exon 60 p.R2912Efs*26 by frequency as 10.46%, and KRAS exon 2 p.G13D by frequency as 17.94%. However, homologous recombination deficiency (HRD) was not detected with the results of the NGS analysis. Based on the established efficacy of poly ADP-ribose polymerase inhibitor (PARPi) in castration-resistant prostate cancer harboring ATM mutations (10), a combination treatment of niraparib and anlotinib was administrated as salvage regimen. After 3 months’ exposure, the target lesion as well as the multiple nodes was suggested as stable disease (reduction by 15.8%, Figures 2G, H) according to the CT scans in May 2021. In addition, tumor markers of CEA (normal range, 0 to 5 ng/ml) decreased significantly during the combination treatment (Figure 3). The combinational regimen, hence, has been continued as salvage treatment from then on. Regular abdomen CT scans suggested persistent stable disease for efficacy evaluation (Figures 2I–L). The patient still receives the combinational regimen (niraparib at a dose of 200 mg Qd and anlotinib at a dose of 10 mg Qd, day 1 to day 14, every 21 days) as maintenance treatment now. There was no treatment-related adverse event observed during the combinational treatment. The variation of CEA during the whole treatment is presented in the Figure 3. The variation of tumor size for target lesion is shown in Supplementary Table 1.




Figure 1 | Abdomen CT scans and histological findings. (A) Abdomen CT scans suggested emerging mass in the vermiform appendix (red arrow), surrounded by multiple abscesses on 26/08/2019. (B) Histological finding with hematoxylin and eosin staining from the first surgery in September 2019. (C). Abdomen CT scans suggested an emerging occupation behind the uterus (red arrow), along with multiple nodes on the omentum suggesting recurrence on 10/07/2020. (D) Histological finding with the hematoxylin and eosin-stained biopsy specimen from the second cytoreductive surgery on 20/07/2020.






Figure 2 | Abdomen CT scan presentations suggested the emerging occupation behind the uterus (A, C, E, G, I, K, red arrow) and thickened peritoneum (B, D, F, H, J, L, red arrow) from October 2020 to March 2022. (A, B). October 2020. (C, D). December 2020. (E, F). January 2021. (G, H). May 2021. (I, J). September 2021. (K, L). March 2022.






Figure 3 | The variations of tumor marker CEA (normal range 0 to 5 ng/mL) from June 2020 to March 2022.





Discussion

We herein presented a case of chemo-refractory metastatic appendiceal mucinous adenocarcinoma, whose results of the gene test suggested ATM pathological mutations, has achieved persistent response to the palliative treatment of niraparib, and hence resulted in PFS time that reached 17 months and still in extension.

The ATM gene emerged as a significant regulator included in DNA damage repair (DDR) mechanisms, which is responsible for the repair of double-strand breaks. The potential mechanisms for the repair function of ATM are induction of cell-cycle arrest via TP53 and initiation of the repair process of DNA damage by the activation of BRCA1/2 (11). Dysfunction of related proteins caused by the mutation of the ATM gene may lead to the occurrence of various cancer types including ovarian cancer, prostate cancer, pancreatic cancer, colorectal cancer, and breast cancer (14). In cancer patients harboring ATM mutations or dysfunction, the clinical application of PARPi may be possible to cause the effect of lethal synthesis and result in favorable antitumor efficacy. TOPARP-B was a phase II prospective clinical trial conducted to validate the association between DDR gene aberrations (BRCA1/2 mutations as 33%, ATM mutations 21%, CDK12 mutations as 21%) and response to olaparib, one of PARP inhibitors, in metastatic castration-resistant prostate cancer. Patients with DDR gene aberrations were randomly assigned (1:1) to receive oral olaparib 300 mg twice daily or placebo. The results presented that the median PFS was 13.8 months (95% CI, 10.8 to 20.4) with olaparib and 8.2 months (95% CI, 5.5–9.7) with placebo (hazard ratio, 0.65, 95% CI, 0.44 to 0.97, P = 0.034). The objective response for the subgroup of ATM aberrations was observed in 7/19 patients, ranking only second to BRCA1/2 (25/30) and PALB2 (4/7) (10). Results of the study suggested that there existed a subset of patients with ATM-altered metastatic castration­resistant prostate cancer that appeared to derive benefit from olaparib (13). In addition, there were preclinical studies reporting that PARPi might also be effective in ATM-deficient cancers including colorectal cancer (15, 16). Regarding the patient in the present case, appendiceal mucinous adenocarcinoma cells appeared to be refractory to cytotoxic drugs including oxaliplatin, irinotecan, and 5-fluorouracil, which are a recommended option as treatment in colorectal cancer. We considered that ATM aberrations may contribute to the drug resistance, which was consistent to former literature (17). In such circumstance in the present case, it was extremely difficult to select potential effective strategies as further line treatment. Based on the NGS outcomes, salvage treatment of niraparib was finally attempted because of the ATM mutations and unexpectedly resulted in satisfactory effectiveness.

Although no prospective studies have been conducted to investigate the efficacy of PARPi in colorectal cancer patients harboring ATM mutations, there are limited case studies to report that. Most recently, there has been a case report on a pretreated patient diagnosed with stage IV ATM-deficient colorectal cancer, who was effectively treated with an olaparib–irinotecan combination after exhaustion of all available treatment choices (11). The duration of response for the PARPi patient in that case lasted for 4 months, but finally resulted in progression (11). The alteration sites of ATM in that patient were NM_000051.3:c.8925_8928dup: p.(Glu2977Argfs*2) and NM_000051:c.3880dup: p.(Ile1294Asnfs*8), which were different from the mutations in the present case (exon 4 c.238_241dup, p.N81Tfs*20 by frequency as 11.59%, as well as exon 60, c.8734del, p.R2912Efs*26 by frequency as 10.46%). After the searching in GeneCards, the mutation of exon 60, c.8734del, p.R2912Efs*26 may have emerged as a pathological mutation, which might contribute to the effectiveness of PARPi in the present case. However, a direct testing on organoids or patient-derived xenografts might be more useful to identify the determinate responsible mutation.

The leading limitation of the present case report comes from the nature of a case report. Although we supposed that the effect of disease control resulted from the introduction of niraparib, the effectiveness of niraparib in appendiceal mucinous adenocarcinoma harboring ATM mutations still needs further identification in basic or vivo experiments, and even in clinical research.

Briefly, we presented a case of chemo-refractory patient with metastatic appendiceal mucinous adenocarcinoma harboring ATM mutations and who has achieved a persistent response to salvage treatment of niraparib, with disease control time that reached 17 months and still in extension. We also suggested that NGS analysis might be helpful occasionally, for patients of treatment-refractory cancer such as metastatic appendiceal mucinous adenocarcinoma in the present case.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by Ethical Committee of People′s Hospital of Quzhou. The patients/participants provided their written informed consent to participate in this study.



Author contributions

JW: Conceptualization, Methodology, Software, Writing- Original draft preparation, Software, Validation. HH: Data curation, Supervision. WX: Visualization, Investigation. JC: Data curation, Supervision, Writing-Reviewing and Editing. All authors contributed to the article and approved the submitted version.



Funding

The study was supported by the Instructional Project of Quzhou (2020057), Instructional Project of Quzhou (2021005), “New 115” Talent Project of Quzhou, and “258” Talent Project of Quzhou.



Acknowledgments

The authors thank the patient for her participation and agreement to publication of the report.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1010871/full#supplementary-material



References

1. McCusker, ME, Cote, TR, Clegg, LX, and Sobin, LH. Primary malignant neoplasms of the appendix: A population-based study from the surveillance, epidemiology and end-results program, 1973-1998. Cancer (2002) 94(12):3307–12. doi: 10.1002/cncr.10589

2. Smeenk, RM, van Velthuysen, ML, Verwaal, VJ, and Zoetmulder, FA. Appendiceal neoplasms and pseudomyxoma peritonei: A population based study. Eur J Surg Oncol (2008) 34(2):196–201. doi: 10.1016/j.ejso.2007.04.002

3. Shaib, WL, Assi, R, Shamseddine, A, Alese, OB, Staley, C 3rd, Memis, B, et al. Appendiceal mucinous neoplasms: Diagnosis and management. Oncologist (2018) 23(1):137. doi: 10.1634/theoncologist.2017-0081erratum

4. Tsaridou, S, Velimezi, G, Willenbrock, F, Chatzifrangkeskou, M, Elsayed, W, Panagopoulos, A, et al. 53bp1-mediated recruitment of Rassf1a to ribosomal DNA breaks promotes local atm signaling. EMBO Rep (2022) 23:e54483. doi: 10.15252/embr.202154483

5. Stagni, V, Manni, I, Oropallo, V, Mottolese, M, Di Benedetto, A, Piaggio, G, et al. Atm kinase sustains Her2 tumorigenicity in breast cancer. Nat Commun (2015) 6:6886. doi: 10.1038/ncomms7886

6. Cheng, H, Zhang, ES, Shi, X, Cao, PP, Pan, BJ, Si, XX, et al. A novel atm antisense transcript atm-as positively regulates atm expression in normal and breast cancer cells. Curr Med Sci (2022) 42:681–91. doi: 10.1007/s11596-022-2585-5

7. Kaur, HB, Vidotto, T, Mendes, AA, Salles, DC, Isaacs, WB, Antonarakis, ES, et al. Association between pathogenic germline mutations in Brca2 and atm and tumor-infiltrating lymphocytes in primary prostate cancer. Cancer Immunol Immunother (2022) 71(4):943–51. doi: 10.1007/s00262-021-03050-y

8. Macquere, P, Orazio, S, Bonnet, F, Jones, N, Bubien, V, Chiron, J, et al. Increased incidence of pathogenic variants in atm in the context of testing for breast and ovarian cancer predisposition. J Hum Genet (2022) 67(6):339–45. doi: 10.1038/s10038-022-01014-3

9. Tao, M, Cheng, J, and Wu, X. Niraparib as maintenance therapy in germline atm-mutated and somatic Brca2-mutated ovarian cancer with brain metastases: A case report and literature review. Onco Targets Ther (2020) 13:12979–86. doi: 10.2147/OTT.S281302

10. Clarke, N, Wiechno, P, Alekseev, B, Sala, N, Jones, R, Kocak, I, et al. Olaparib combined with abiraterone in patients with metastatic castration-resistant prostate cancer: A randomised, double-blind, placebo-controlled, phase 2 trial. Lancet Oncol (2018) 19(7):975–86. doi: 10.1016/S1470-2045(18)30365-6

11. Papageorgiou, GI, Fergadis, E, Skouteris, N, Christakos, E, Tsakatikas, SA, Lianos, E, et al. Case report: Combination of olaparib with chemotherapy in a patient with atm-deficient colorectal cancer. Front Oncol (2021) 11:788809. doi: 10.3389/fonc.2021.788809

12. Sokolova, AO, Marshall, CH, Lozano, R, Gulati, R, Ledet, EM, De Sarkar, N, et al. Efficacy of systemic therapies in men with metastatic castration resistant prostate cancer harboring germline atm versus Brca2 mutations. Prostate (2021) 81(16):1382–9. doi: 10.1002/pros.24236

13. Zhang, W, Shi, J, Li, R, Han, Z, Li, L, Li, G, et al. Effectiveness of olaparib treatment in a patient with gallbladder cancer with an atm-inactivating mutation. Oncologist (2020) 25(5):375–9. doi: 10.1634/theoncologist.2019-0498

14. Swift, M, Morrell, D, Massey, RB, and Chase, CL. Incidence of cancer in 161 families affected by ataxia-telangiectasia. N Engl J Med (1991) 325(26):1831–6. doi: 10.1056/NEJM199112263252602

15. Wang, C, Jette, N, Moussienko, D, Bebb, DG, and Lees-Miller, SP. Atm-deficient colorectal cancer cells are sensitive to the parp inhibitor olaparib. Transl Oncol (2017) 10(2):190–6. doi: 10.1016/j.tranon.2017.01.007

16. Jette, NR, Kumar, M, Radhamani, S, Arthur, G, Goutam, S, Yip, S, et al. Atm-deficient cancers provide new opportunities for precision oncology. Cancers (Basel) (2020) 12(3). doi: 10.3390/cancers12030687

17. Choi, M, Kipps, T, and Kurzrock, R. Atm mutations in cancer: Therapeutic implications. Mol Cancer Ther (2016) 15(8):1781–91. doi: 10.1158/1535-7163.MCT-15-0945


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Wang, He, Xu and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 07 March 2023

doi: 10.3389/fonc.2023.1071030

[image: image2]


Targeting c-Met in the treatment of urologic neoplasms: Current status and challenges


Pengxiao Su †, Ming Zhang † and Xin Kang *


Honghui Hospital, Xi’an Jiaotong University, Xi’an, China




Edited by: 

Massimo Broggini, Mario Negri Institute for Pharmacological Research, Scientific Institute for Research, Hospitalization and Healthcare (IRCCS), Italy

Reviewed by: 

Xin Xu, Zhejiang University, China

Rodolfo Hurle, Humanitas Research Hospital, Italy

*Correspondence: 

Xin Kang
 honghuikangxin@163.com


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Cancer Molecular Targets and Therapeutics, a section of the journal Frontiers in Oncology


Received: 15 October 2022

Accepted: 23 February 2023

Published: 07 March 2023

Citation:
Su P, Zhang M and Kang X (2023) Targeting c-Met in the treatment of urologic neoplasms: Current status and challenges. Front. Oncol. 13:1071030. doi: 10.3389/fonc.2023.1071030



At present, studies have found that c-Met is mainly involved in epithelial-mesenchymal transition (EMT) of tumor tissues in urologic neoplasms. Hepatocyte growth factor (HGF) combined with c-Met promotes the mitosis of tumor cells, and then induces motility, angiogenesis, migration, invasion and drug resistance. Therefore, c-Met targeting therapy may have great potential in urologic neoplasms. Many strategies targeting c-Met have been widely used in the study of urologic neoplasms. Although the use of targeting c-Met therapy has a strong biological basis for the treatment of urologic neoplasms, the results of current clinical trials have not yielded significant results. To promote the application of c-Met targeting drugs in the clinical treatment of urologic neoplasms, it is very important to study the detailed mechanism of c-Met in urologic neoplasms and innovate c-Met targeted drugs. This paper firstly discussed the value of c-Met targeted therapy in urologic neoplasms, then summarized the related research progress, and finally explored the potential targets related to the HGF/c-Met signaling pathway. It may provide a new concept for the treatment of middle and late urologic neoplasms.
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Introduction

Renal cell carcinoma (RCC), prostate cancer (PCa) and bladder cancer (BCa) are the most common urologic neoplasms, which are a major tumor system threatening human health. RCC is the 12th most common cancer worldwide (1). The most common histological subtype is renal clear cell carcinoma(RCCC) (2). PCa is the second most common cancer and the fifth leading cause of cancer death in men. In recent years, the incidence of PCa is increasing year by year (3). BCa is the tenth most common cancer worldwide. It is more common in men than in women, with morbidity and mortality rates of 9.5 and 3.3 per 100,000 population, respectively. As a result, the disease is more prevalent in men, for whom it is the sixth most common cancer and the ninth leading cause of cancer death (3). Therefore, due to the high incidence of urinary tract tumors, which seriously affects human health, a large part of the world’s medical and health resources should be used for the prevention and treatment of urologic neoplasms.

In recent years, with the promotion of early screening, early detection of tumors and the development, application of tumor diagnostic markers, the diagnosis and treatment of urologic neoplasms have made rapid progress (4–6). Because the progression of urologic neoplasms is slower than that of other systems, it is easy to achieve radical curative effect when tumors are detected at an early stage. However, due to the unbalanced development of economic level, early cancer screening and early detection cannot be quickly and comprehensively popularized, which leads to a large number of patients with middle and advanced urologic neoplasms are still found in clinical practice. For these patients, recurrence and metastasis after surgery are the focus of treatment. Therefore, it is pressing to exploit new targeted therapies for the treatment of middle and advanced urologic neoplasms.

C-Met, as a tyrosine kinase receptor, is overexpressed in multiple tumors and exerts an active function in tumor progression as an oncogenic factor (7). Because c-Met activation occurs in combination with HGF or through ligand-independent mechanisms (8), c-Met is often dysregulated in solid tumors, including urologic neoplasms (9–11). It is significantly overexpressed in tumor metastasis sites due to its properties of promoting tumor proliferation, angiogenesis and metastasis (12). Besides, c-Met was found to mediate the resistance signaling axis of single-dose immunotherapies targeting PD-1 (13). This observation provides a theoretical basis for the combined anti-tumor effect of immune checkpoint inhibitors (ICIs) and c-Met inhibition. Furthermore, c-Met itself can act as a tumor specific antigen and can be used as a precise guidance for T cells to eliminate tumor cells in immunotherapy. Therefore, targeting c-Met has great potential in the treatment of urologic neoplasms. In this review, we reviewed the expression of c-Met in urologic neoplasms tissues and its clinical prognostic value. Then, the mechanism of c-Met in urologic neoplasms and the studies of c-Met targeted therapy in urologic neoplasms were summarized. Finally, the potential therapeutic targets related to HGF/c-Met signaling pathway were discussed.



Expression of c-Met in urologic neoplasms and its correlation with prognosis

Previous studies have demonstrated that c-Met overexpression exists in hepatobiliary tumors, so the treatment targeting c-Met has been carried out more frequently in the treatment of hepatobiliary tumors (14–16). However, recent studies have revealed that c-Met is also highly expressed in urologic neoplasms and is related with poor prognosis, indicating that c-Met is a potential target for urologic neoplasms.



Renal cell carcinoma

In adult kidney, c-Met is expressed in renal tubular epithelial cells, and its main physiological function is to stimulate the growth of renal tubular cells (17, 18). Proper c-Met function is also crucial for inducing branching tubulogenesis during tubule repair after ischemia injury (19). Meanwhile, it has been shown that c-Met is involved in the progression of RCC as a proto-oncogene (20, 21).

Numerous studies have demonstrated that c-Met is overexpressed in RCC tissues and is closely related to pathological grade, stage and prognostic survival. It may have potential for prognostic assessment and targeted therapy (22–24). J. H. Kim et al. (25) conducted a study to evaluate the correlation between high c-Met expression and clinicopathologic factors and its impact on prognosis in RCC patients. Twelve studies involving 1724 patients were included. The results showed that compared with RCC with low c-Met expression, the tumor nuclear grade and pT stage were significantly higher with high c-Met expression. Besides, RCC patients with high c-Met levels had significantly lower overall survival (OS) than patients with low c-Met levels tumors. S. Macher-Goeppinger et al. (26) detected the expression of MET and the frequency of increased MET gene copies from the long-term follow-up data of patients with RCC based on a large hospital. The results showed that in 572 cases of RCC, 32% had high protein expression. High MET expression and increased MET copy number were also found to be related with an adverse patient outcome. These studies suggest that c-Met overexpression is present in RCC and overexpression is associated with significant malignant pathological features and poor survival. It also demonstrates that c-Met is a potential target for RCC treatment.

In addition, the expression of c-Met in chromophobe renal cell carcinoma (CRCC) and its prognostic significance have also been studied. F. Erlmeier et al. (27) evaluated the prevalence, distribution and prognostic impact of c-Met expression in CRCC. High expression of c-Met was found in 29.6% of patients, and there was a correlation between high expression of c-Met and lymph node metastasis. This suggests that the role and expression of c-Met in RCC progression may be universal and not limited by pathological types. This viewpoint also lays a theoretical foundation for the application of c-Met targeting in RCC.



Prostate cancer

C-Met expression can be detected in normal prostate basal epithelial cells, but it is generally not expressed in peripheral and transitional zone epithelial cells (28). C-Met protein overexpression was found in 84% of primary PCa and 100% of metastatic PCa (29). These studies indicate that c-Met overexpression is significantly related to high-grade adenocarcinoma and may exert a crucial function in tumor progression. Besides, K. Nakashiro et al. (30)demonstrated that HGF produced by prostate-derived stromal cells stimulated the growth of androgen-dependent PCa cells in vitro and in vivo. It was found that epithelial cells began to express c-Met protein with the development of tumor malignancy. Therefore, the study have shown that the stromal cells of PCa may form an autocrine c-Met loop, which may act together with HGF expressed by cancer cells to promote tumor progression.

To further explore the role of c-Met in the prognosis of PCa, D. Strohmeyer et al. (31) demonstrated that the expression of vascular endothelial growth factor(VEGF) and c-Met increased with the increase of tumor stage and grade. In addition to VEGF, c-Met exerts a significant function in the induction of angiogenesis in PCa and is related to clinical prognosis. Furthermore, S. Nishida et al. (32) also found that the expression of HGF in prostate tissues was correlated with the biochemical recurrence of PCa after surgery. The results showed that patients with HGF overexpression in PCa had significantly longer biochemical relapse-free survival. Survival risk analysis showed that HGF overexpression was an independent risk factor for postoperative biochemical recurrence.

In addition, other researchers have investigated the correlation between c-Met protein expression and Gleason grade. F. Jacobsen et al. (33) successfully examined the expression of c-Met in 3378 PCa tissues by immunohistochemistry and analyzed the follow-up data of patients. The results demonstrated that c-Met protein was often overexpressed in PCa, and the high expression of c-Met protein was significantly correlated with high Gleason grade. These results indicate that c-Met is not only expressed in PCa tissues, but also involved in tumor progression. It is enough to confirm that c-Met is a meaningful target for PCa treatment. The above points also indicate that targeting c-Met in the treatment of PCa is theoretically feasible.



Bladder cancer

As early as the 1990s, a study confirmed that the HGF/c-Met pathway was involved in the progression of BCa in animal models (34). Since then, the researchers have also compared HGF levels in the urine of BCa patients and healthy people, and found that HGF levels were significantly higher in BCa patients. Studies have shown that there seems to be a positive correlation between BCa progression and HGF levels (35). From then on, researchers have gradually begun to investigate the mechanism of HGF/c-Met signaling pathway in the progression of BCa.

K. Yamasaki et al. (36) retrospectively analyzed the expression of c-Met in tumor specimens of patients with invasive BCa and its relationship with prognosis. The results demonstrated that c-Met was highly expressed in 46% of cancer tissues. The overexpression of c-Met is significantly correlated with poor clinical prognosis, and the overexpression of c-Met indicates poor prognosis. Besides, X. Xu et al. (37) conducted a study to assess the pathological and prognostic role of c-Met status in BCa patients. Eight studies were eventually included, including 1,336 cases of BCa. The results showed that overexpression of c-Met in primary BCa was related to poor OS and was an independent risk factor for prognosis and survival. These studies suggest that c-Met is also involved in the progression of BCa and may be involved in the metastasis.

In addition, the correlation between c-Met and programmed death ligand 1 (PD-L1) in tumor tissues was investigated. Y. Mukae et al. (38) demonstrated that the high expression of c-Met was correlated with muscle invasion and metastasis of BCa, and c-Met exerted a vital function in invasion of tumor cell by regulating PD-L1. This study shows that c-Met is indeed involved in the invasion and metastasis of BCa, which again theoretically confirms that c-Met may affect the prognosis and survival of BCa patients. The above studies related to pathology and clinical prognosis also indicate that targeting c-Met may have great potential in the treatment of BCa.



The mechanism of HGF/c-Met signaling pathway in urologic neoplasms

C-Met is a transmembrane tyrosine kinase receptor that is activated by HGF to regulate the expression of related downstream genes. This process is essential for cell migration under normal and pathological conditions. Current studies have demonstrated that c-Met is mainly involved in EMT in many types of cancer. HGF combined with c-Met promotes the mitosis of various tumor cells, and then induces motility, angiogenesis, migration and invasion. In recent years, many studies have been conducted on the oncogenic mechanism of c-Met in urologic neoplasms (Table 1). Studies have shown that c-Met is also involved in the formation of various phenotypes of urologic neoplasms through relevant signaling pathways (Figure 1). It is also confirmed that c-Met is a prospective therapeutic target for urologic neoplasms from the perspective of basic biology.


Table 1 | Activation of HGF/c-Met signal in urologic neoplasms and related phenotypes.






Figure 1 | The role of c-Met signaling pathway in urinary tumor progression.



At present, numerous studies have demonstrated that HGF can regulate the expression of VEGF and promote tumor angiogenesis through its receptor c-Met (39, 48, 49). Researchers found that Von Hippel-Lindau (VHL) mutation and hypoxia resulted in increased expression of HGF and c-Met in RCC (50, 51). Besides, hypoxia-inducible factor 1 (HIF-1) during hypoxia can regulate the expression of c-Met and VEGF (52). Therefore, c-Met is a crucial target for anti-tumor angiogenic therapy of RCC.

In recent years, researchers have conducted some studies on the specific mechanism of EMT in PCa. B. Yin et al. (40) confirmed that HGF/c-Met signaling pathway may be the main mechanism of EMT in PCa. This study also found that RON and c-Met promote tumor metastasis through ERK signaling pathway. Besides, Y. Han et al. (41) demonstrated that HGF could induce tumor EMT by activating ERK/MAPK and Zeb-1 signaling pathways, thereby increasing the invasion potential of PCa cells. They also investigated the role of c-Met in EMT of PCa (42). The results showed that c-Met enhanced the proliferation, migration and tumorigenicity of tumor cells by regulating E-cadherin/vimentin. These EMT translation is mediated through PI3K and MAPK signaling pathways. G. Davies et al. (46) also found that the correlation between E-cadherin/catenin and c-Met may regulate the adhesion between PCa cells. Further studies demonstrated that HGF enhanced the invasive potential of PCa cells by increasing the production of MMP-1, MMP-9, MT1-MMP, u-PA and uPAR (45). These studies indicated that HGF/c-Met signaling pathway enhanced tumor invasion and metastasis in the process of promoting tumor EMT.

PCa consists of secretory cells and immature cells. C-Met was found to be specifically expressed in immature prostate cells. G. J. van Leenders et al. (43) determined the role of immature cells in PCa by analyzing the HGF/c-Met pathway. The results of this study show that HGF induces a molecular signature associated with stem cells by upregulating the activation of the Notch pathway. The results indicate that c-Met activation in PCa cells can induce tumor stem cell-like phenotype, and c-Met may regulate tumor invasion in surrounding tissues through Notch pathway. Besides, changes in c-Met overexpression in PCa tissues were found to be associated with tumor-independent androgen progression. Activation of c-Met signaling may induce spontaneous mutations or genomic instability leading to tumor progression in an androgen-independent state (44). The above studies indicate that c-Met can compensate for the deficiency of androgen in the progression of PCa, so targeting c-Met has special significance in the treatment of PCa.

In addition, aberrant HGF/c-Met upregulation and activation were found to be frequently observed in BCa and correlated with cancer progression and invasion. W. J. Sim et al. (47) found that HGF stimulated TGF-β signaling through SMURF2 signal pathway, leading to enhanced stability of TGF-β receptor. Finally, upregulation of TGF-β pathway by HGF leads to tumor EMT and invasion. Therefore, the investigators found that the combination of TGF-β receptor inhibitors may be promising in the treatment of BCa.



Preclinical studies of c-Met targeting therapy in urologic neoplasms

Due to the role of c-Met in promoting the progression of urological neoplasms, c-Met targeting therapy have great potential in the treatment of urological neoplasms. Researchers have conducted a large number of preclinical studies in recent years, and preliminary results have been achieved (Table 2). Studies have shown that c-Met mediated signaling pathway exerts an important function in the progression of RCC. As an alternative pathway of VEGF, HGF/c-Met is emerging as a vital role in tumor angiogenesis and resistance to anti-VEGF therapy. The efficacy of simultaneous targeting of VEGF and c-Met in the treatment of RCC has been evaluated (56). The results demonstrated that the combination of axitinib and crizotinib could significantly improve the antitumor effect and prolong the survival time of the tumorigenic model. Honokiol (HNK) is a small molecule with antitumor effects. The researchers found that HNK exerts antitumor activity by inhibiting the c-Met-Ras axis (68). Besides, the antitumor effect of the combination of rapamycin and HNK in the treatment of RCC was also evaluated (54). The results show that the combination therapy can significantly inhibit the growth of RCC, which has significant therapeutic potential for the prevention of cancer after renal transplantation. In addition, other researchers have developed naturally occurring c-Met inhibitors for anti-tumor trials. K. Golovine et al. (55) studied the tumor killing activity of piperlongumine (PL) and found that PL rapidly reduced c-Met protein and RNA levels in RCC cells through a ROS-dependent mechanism. Therefore, PL has great potential in the adjuvant therapy of advanced RCC.


Table 2 | Preclinical studies of c-Met targeting therapy in urologic neoplasms.



For the past few years, chimeric antigen receptor T cells (CAR-T) therapy has revealed remarkable efficacy in cancer immunotherapy, especially in the treatment of B-cell malignancies. To apply this technique to RCC, J. I. Mori et al. (53) developed c-Met targeting CAR-T cells for the treatment of papillary renal cell carcinoma (PRCC) and studied the anti-tumor efficacy of CAR-T cells. The results showed that a large number of c-Met targeting CAR-T cells infiltrated into tumor tissues and significantly inhibited tumor growth. Besides, the antitumor efficacy of CAR-T cells was synergistically enhanced when combined with axitinib. Due to the specific expression of c-Met in renal cancer tissues, CAR-T cells therapy targeting c-Met in renal cancer is expected.

Studies have shown that hormone-independent PCa is highly resistant to most conventional therapies, including radiation therapy, which is a major obstacle in the treatment of such patients. H. Yu et al. (62) shown that the inhibition of c-Met by SU11274 could significantly inhibit the survival and proliferation of DU145 cells and enhance their radiosensitivity. The potential mechanism may include inhibition of c-Met signaling, damage of DNA repair function and enhancement of cell death. This study is the first to demonstrate the efficacy of combining c-Met inhibition with ionizing radiation in the treatment of hormone-independent PCa. In addition, c-Met was found to be abnormally activated in the absence of HGF in many solid tumors (69). Y. Dai et al. (63) studied the reaction of PC-3 cells against HGF neutralizing antibody or small molecule c-Met kinase inhibitor (BMS-777607). The findings suggest that targeting c-Met in the absence of functional HGF remains a viable therapeutic option to halt cancer progression. These studies suggest that the antitumor activity of tyrosine kinase inhibitors (TKIs) targeting c-Met against PCa can be independent of the presence of HGF.

In addition, cabozantinib has been found in preclinical studies to reduce PCa growth in bone and has been shown to inhibit osteoblast activity. C. Lee et al. (59) found that the use of cabozantinib in vivo could inhibit c-Met and Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) in osteoblasts, thereby reducing the expression of RANKL and M-CSF, and was associated with tumor-induced reduction of osteolysis. Other researchers have found similar results, J. Eswaraka et al. (61) tested the efficacy of axitinib combined with crizotinib in the treatment of castration resistant prostate cancer (CRPC) with bone metastases in a mouse model. The results showed that combined inhibitions of c-Met and VEGFR were helpful in the treatment of CRPC with bone metastases. Furthermore, molecular signal complementarity between RON and c-Met has been found (70), and some scholars have studied the anti-tumor efficacy of simultaneously targeting RON and c-Met. B. Yin et al. (40)demonstrated that foretinib (GSK1363089) inhibited the metastasis of PCa cells and promoted the reversal of EMT of PCa cells through the inhibition of RON and c-Met. Therefore, Foretinib with its broad tyrosine kinase inhibitory activity may hold promise in the treatment of metastatic PCa.

At present, the study of c-Met monoclonal antibody in urologic neoplasms is less. Only Y. Yu et al. (67) have developed anti-HGF rabmab, which can both block HGF/c-Met interaction and inhibit c-Met phosphorylation. The study confirmed the efficacy and potency of anti-HGF RabMAb in a mouse model of tumor transplantation. These results suggest that monoclonal antibodies targeting HGF may be a new therapeutic approach for advanced PCa. In addition, researchers have also found that curcumin (66), Heteronemin (60), heterocyclic compound (57) and Evodiamine(EVO) (64) can inhibit the progression of PCa by inhibiting HGF/c-Met pathway signaling. Quercetin can reverse doxorubicin resistance in PCa cells by down-regulating c-Met expression (65). These drugs are potential strategies in the treatment of PCa, and the specific efficacy needs to be confirmed in future clinical studies.



Clinical studies of c-Met targeting therapy in urologic neoplasms

It is well known that patients with advanced urologic neoplasms have few treatment options. While these treatments may slow the progression of the disease, none is a complete cure. Therefore, it is necessary to continue to investigate other treatments for advanced urologic neoplasms. TKIs have been widely studied as a therapeutic approach for a variety of malignant tumors. As shown in Table 3, numerous clinical studies have been carried out in the treatment of urologic neoplasms with TKIs, some of which have been completed and some of which are being recruited. Most of the research was conducted in the United States, indicating that American institutions contributed significantly to the research. Published studies have shown that most TKIs targeting c-Met have good tolerability and safety in the treatment of urologic neoplasms. However, studies have found that most of the multi-target c-Met TKIs and combined with multi-target therapy have a good clinical response rate and clinical prognosis.


Table 3 | Clinical studies of c-Met targeting therapy in urologic neoplasms.



Cabozantinib is a TKI that inhibits both VEGFR and c-Met. Therefore, the antiangiogenic properties of cabozantinib have led to its use as a second-line therapy for metastatic Renal Cell Carcinoma (mRCC) and as a first-line treatment option when ICIs are contraindicated (71). Cabozantinib has been evaluated for safety and activity. G. Procopio et al. (72) conducted a multicenter study of Cabozantinib in the treatment of mRCC patients in Italy. Only 5 patients (5.0%) stopped treatment due to adverse events. Partial responses were observed in 35 patients (36%), stable disease in 33 patients (34%), and progression in 28 patients (30%). The median progression-free survival (PFS) was 8.0 months. This study have shown that Cabozantinib exhibits acceptable tolerability and antitumor activity. Furthermore, K. J. Peltola et al. (73) evaluated the expression of c-Met in mRCC patients treated with sunitinib. The results showed that patients with low c-Met expression had longer PFS and OS. Survival risk analysis showed that high c-Met expression was an independent risk factor for adverse PFS. Studies have demonstrated that targeting c-Met can provide a survival benefit for patients with mRCC.

The progression of PCa requires androgen support, and this characteristic determines that the treatment of PCa should not be without anti-androgen therapy. Therefore, most of the clinical trials of TKIs targeting c-Met are combination therapy. A. Tripathi et al. (74) conducted a phase I trial of crizotinib and enzalutamide (androgen receptor antagonist) in the treatment of CRPC, with the main purpose of investigating its safety and pharmacokinetics. The study found that concurrent administration of enzalutamide and crizotinib resulted in a clinically significant reduction of systemic crizotinib exposure of 74%. Meanwhile, P. G. Corn et al. (75) evaluated cabozantinib combined with androgen deprivation therapy (ADT) for metastatic PCa. The results showed that cabotinib combined with ADT had better clinical activity in the treatment of metastatic PCa. In addition, Tivantinib has been found to be mildly toxic and improve PFS in patients with asymptomatic or minimally symptomatic mCRPC (76). The above studies indicate that TKIs combined with special treatment determined by the characteristics of the tumor itself may produce better efficacy, which also proves that TKIs is only suitable for adjuvant treatment of advanced tumors.

At present, olaparib has been clinically approved for the treatment of PCa, but cytotoxicity and DNA damage limit its clinical application. Z. Wang et al. (58) found that the combined inhibition of c-Met and poly ADP-ribose polymerase(PARP) had a synergistic effect on blocking the growth of PCa cell lines. When the two drugs were combined, tumor invasion and migration were prominently inhibited. This study suggests that targeting both c-Met and PARP may be a valuable strategy for PCa treatment.



Potential therapeutic targets related to the HGF/c-Met signaling pathway in urologic neoplasms

Previous studies have shown that HGF/c-Met signaling pathway exerts a crucial function in the progression of urologic neoplasms. Therefore, targeting HGF/c-Met signaling pathway is a hopeful approach for the treatment of urologic neoplasms. Besides, more and more studies have confirmed that HGF/c-Met signaling is also regulated by other targets. Some studies have also confirmed that tumor progression can be inhibited by inhibiting these targets. Therefore, targets that regulate the HGF/c-Met signaling pathway may also have potential value for targeted therapy (Figure 2).




Figure 2 | Potential therapeutic targets related to the HGF/c-Met signaling pathway in urologic neoplasms.



Cullin 4B (CUL4B) is a structural protein encoding ubiquitin ligase complex, which is normally involved in physiological and developmental processes of the body. In recent years, it has been found that it is overexpressed as an oncogene in various solid tumors (77–79). S. Chen et al. (80) found that the expression of CUL4B in RCC cells and tissues was positively associated with the expression of c-Met. Further studies have demonstrated that CUL4B exerts a function in promoting tumor progression by activating c-Met signaling in RCC. Therefore, CUL4B may have potential value in the treatment of RCC. Besides, the transcription factor SOX18 has now been implicated in malignant tumor phenotype, angiogenesis, and lymphangiogenesis. Y. Huaqi et al. (81) found that activated SOX18 could induce HGF/c-Met signaling pathway both in vitro and in vivo in RCC. These results suggest that SOX18 may be a valuable target for the treatment of RCC. Previous studies have shown that circRNAs are involved in the occurrence and development of many cancers. J. Yang et al. (82) found that the HGF/c-Met pathway was activated during the enrichment of cancer stem cells and was responsible for the upregulation of circ-CCDC66. Inhibition of HGF/c-Met blocked circ-CCDC66-induced enrichment of cancer stem cells. It was confirmed that circ-CCDC66 may be also a therapeutic target for RCC. In addition, ORP5 is a lipid transporter that increases metastasis in a variety of cancers (83). L. Song et al. (84) also found that ORP5 promoted tumorigenesis by upregulating c-Met in RCC. These studies suggest that molecules that regulate HGF/c-Met signaling may be developed as therapeutic targets for RCC in the future.

TMPRSS2 is an androgen-regulated serine protease that has been found to be highly expressed in most metastatic PCa. J. M. Lucas et al. (85) found that TMPRSS2 initiated invasive EMT through activated HGF/c-Met signaling. The researchers also screened a potent TMPRSS2 inhibitor for in vivo studies and found that TMPRSS2 inhibitors inhibited PCa metastasis in vivo. Meanwhile, T. Yoshioka et al. (86) found that a large number of advanced PCa and CRPC expressed high levels of β4 integrin. Further studies revealed that β4 integrin is often co-expressed with c-Met and ErbB2 in PCa, and TKIs that simultaneously target these targets have shown significant ability to inhibit tumor progression in an in vivo model of PCa. These results suggest that β4 integrin, ErbB2 and c-Met may be involved in the occurrence and development of PCa through interaction. Besides, the specific protein (Sp) family has been shown to be involved in tumorigenesis. Studies have shown that Sp1 can regulate TGF-β, c-Met, PSA and α-integrin in PCa. These results indicate that Sp1 has potential value in targeted therapy for PCa because of its important role in PCa progression (87). Other researchers have investigated the mechanism of microRNA-1 (miR-1) in PCa cells (88). The results revealed that miR-1 promoted the proliferation of PCa cells by activating the c-Met/Akt/mTOR signaling pathway. Therefore, targeting MiR-1 may be used to treat PCa. In addition, H. Qin et al. (89) found that PCa cells regulate SOX9 molecules through the HGF/c-Met-ERK axis. SOX9 may serve as a surrogate marker for activated HGF/c-Met signaling to recruit optimal PCa patients for HGF/c-Met inhibitory therapy because it is more stable and easier to detect.

SOX18 is also a transcription factor that exerts a crucial function in regulating cell differentiation, lymphatic and vascular development. Y. Huaqi et al. (90) found that SOX18 promotes the migration and invasion of tumor cells by regulating c-Met and Akt, indicating that SOX18 plays a crucial role in BCa metastasis. There is growing evidence that dysregulation of certain microRNAs (miR) may contribute to tumor progression and metastasis. Xu X et al. (91) found that miR-409-3p was down-regulated in human bladder cancer tissues and cell lines. Overexpression of miR-409-3p in bladder cancer cells significantly reduced its migration and invasion. Further studies showed that miR-409-3p inhibited the expression of c-Met by binding to the 3 ‘ untranslated region of c-Met. These findings suggest that miR-409-3p may inhibit the progression of bladder cancer via the c-Met pathway. Meanwhile, J. Qiu et al. (92) studied and evaluated the expression and role of miR-323a in BCa progression. Studies have revealed that the reduced expression of miR-323a in BCa promotes the proliferation and migration of BCa cells mainly by targeting c-Met. Besides, X. Xu et al. (93) found that miR-433 promoted BCa EMT by regulating the c-Met/Akt/GSK-3β/Snail signaling pathway. Targeting miR-433 may be a new method to inhibit the progression and metastasis of BCa. In addition, CRK is an adaptor protein that plays a crucial role in the malignant potential of various invasive human cancers. R. Matsumoto et al. (94) demonstrated that CRK induced EMT through HGF/c-Met/CRK feedback loop in invasive BCa. Therefore, CRK may also be a significant target for BCa, especially in preventing metastasis.



Discussion

This review have revealed that c-Met is highly expressed in urologic neoplasms and plays an significant role in tumor progression. Numerous studies have been conducted on c-Met targeted therapy in urologic neoplasms, and preclinical studies have shown obvious tumor suppressive activity. At present, published clinical studies have shown that most TKIs targeting c-Met have good tolerability and safety, and the combined multi-target treatment strategy has shown acceptable clinical response rate and prognostic survival in cancer treatment. Meanwhile, studies have also shown that TKIs targeting c-Met combined with VEGF, RON inhibitors or specific tumor treatment strategies (such as anti-androgen therapy for PCa) can achieve better clinical efficacy. Therefore, it also indicates that the current TKIs targeting c-Met are more suitable for adjuvant therapy of advanced urologic neoplasms.

C-Met interacts with other oncogenic molecules (such as EGFR and RON) to activate downstream pathways, thereby mediating tumor progression and drug resistance (69). Similarly, there is also signal interaction between c-Met and VEGF and RON molecules in urologic neoplasms (40, 56). This may also be a reason why c-Met targeting therapy has not achieved significant breakthroughs in the treatment of urologic neoplasms. Studies have also shown that targeting both c-Met and VEGF can achieve better tumor killing efficacy (59, 61). However, RON and VEGF are certainly not the only tumorigenic factors that interact with c-Met to promote tumor progression or generate drug resistance. Therefore, it is particularly crucial to study the mechanism of c-Met signaling pathway interaction in urologic neoplasms. Only by comprehensively mastering the signaling pathways and interaction mechanisms related to c-Met and tumor, we can better select the c-Met targeting therapy.

For the past few years, monoclonal antibodies against PD-1/PD-L1 and VEGF have been approved for clinical application in anti-tumor therapy. Besides, monoclonal antibodies against c-Met, such as Onartuzumab and Emibetuzumab, have been applied to digestive system tumors, and have shown good tolerance and clinical response rate (95, 96). However, there are few studies on these antibodies in urinary tract tumors. In the future, the monoclonal antibody against c-Met should be developed for the study of urologic neoplasms, or the targeted therapy of c-Met combined with the monoclonal antibody of PD-1/PD-L1 and VEGF should be used for the killing test of urologic neoplasms.

In addition, tumor killing by CAR-T cells technology depends only on the targeting of the target, not on the mechanism of the target. As a membrane protein specifically expressed in tumor cells, c-Met is suitable for tumor therapy using CAR T cell technology. CAR-T cells targeting c-Met have been studied in gastric cancer (97, 98), liver cancer (99, 100) and breast cancer (101), and good tumor killing activity has been achieved. Previous studies have demonstrated that c-Met plays a vital role in the progression of urologic neoplasms, and c-Met is highly expressed in tumor tissues. Therefore, CAR-T cells technology targeting c-Met has the potential for application in urologic neoplasms. However, only one c-Met-CAR-T cells study has been conducted in PRCC (53). In the future, c-Met-CAR-T cells technology should be widely studied in the treatment of urologic neoplasms to achieve good results.



Conclusion

In conclusion, c-Met is involved in the progression of urologic neoplasms. It is highly expressed in tumor tissues and is associated with poor clinical prognosis. Due to the interaction mechanism between c-Met and other molecular signals, the use of targeting c-Met alone has limitations, while the combination of other antitumor methods showed better tumor killing efficacy. In the future, with the in-depth research on the mechanism of c-Met in urologic neoplasms and the optimization of CAR-T cells technology, it is believed that the targeted therapy of c-Met in the treatment of urologic neoplasms will surely make breakthrough progress.
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Background

CCNF catalyzes the transfer of ubiquitin molecules from E2 ubiquitin-conjugating enzymes to target proteins, thereby regulating the G1/S or G2/M transition of tumor cells. Thus far, CCNF expression and its potential as a pancancer biomarker and immunotherapy target have not been reported.





Methods

TCGA datasets and the R language were used to analyze the pancancer gene expression, protein expression, and methylation levels of CCNF; the relationship of CCNF expression with overall survival (OS), recurrence-free survival (RFS), immune matrix scores, sex and race; and the mechanisms for posttranscriptional regulation of CCNF.





Results

CCNF expression analysis showed that CCNF mRNA expression was higher in cancer tissues than in normal tissues in the BRCA, CHOL, COAD, ESCA, HNSC, LUAD, LUSC, READ, STAD, and UCEC; CCNF protein expression was also high in many cancer tissues, indicating that it could be an important predictive factor for OS and RFS. CCNF overexpression may be caused by CCNF hypomethylation. CCNF expression was also found to be significantly different between patients grouped based on sex and race. Overexpression of CCNF reduces immune and stromal cell infiltration in many cancers. Posttranscriptional regulation analysis showed that miR-98-5p negatively regulates the expression of the CCNF gene.





Conclusion

CCNF is overexpressed across cancers and is an adverse prognostic factor in terms of OS and RFS in many cancers; this phenomenon may be related to hypomethylation of the CCNF gene, which could lead to cancer progression and worsen prognosis. In addition, CCNF expression patterns were significantly different among patients grouped by sex and race. Its overexpression reduces immune and stromal cell infiltration. miR-98-5p negatively regulates CCNF gene expression. Hence, CCNF is a potential pancancer biomarker and immunotherapy target.
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Introduction

Globally, there were approximately 19.3 million new cancer cases and 10 million related deaths worldwide in 2020, and morbidity and mortality rates are rising rapidly year by year (1). Cancer presents the greatest social and economic burden among all human diseases, and lung cancer, breast cancer and prostate cancer are the top three (2). In recent years, the discovery of new tumor markers and immunotherapeutic targets has become increasingly important in the early diagnosis and treatment of cancer (3, 4). Precision medicine based on tumor markers and immune targets provides a new strategy for cancer research (5).

Cyclin F (CCNF, also known as FBXO1), a founding member of the F-box protein family, was first reported in 1994. It is located in the nucleus and participates in the transfer of ubiquitin molecules from the E2 ubiquitin binding enzyme to the target protein catalyzed by the E3 ubiquitin ligase Skp1-Cul1-F-box (SCF) through the F-box motif (6). CCNF expression oscillates during the cell cycle and reaches its peak only in the G2 phase (7). Studies have shown that CCNF not only regulates the transformation of tumor cells from G1 to S phase by affecting the expression of E2F family genes (8) but also promotes the degradation of E2F7/8 protein via ubiquitination to induce the transition of tumor cells from the G2 phase to the M phase, and both of these processes occur independent of the interaction between cyclin-dependent kinase (CDK) and anaphase-promoting complex/cyclosome (APC/C) (9). Moreover, CCNF regulates the cell cycle and maintains the stability of the genome and dNTP pool by promoting the degradation of ribonucleotide reductase subunit M2 (RRM2) (10, 11). According to DESHMUKH R S, CCNF reduced the carcinogenicity of the R132H isocitrate dehydrogenase 1 (IDH1) mutation by directly downregulating the recombination signal binding protein for immunoglobulin kappa J region (RBPJ) (12). The report from FU J indicated that the low expression of CCNF led to poor differentiation and a poor prognosis in hepatocellular carcinoma (13). These two reports suggest that CCNF is likely to be a tumor suppressor gene. However, studies have also shown that the overexpression of CCNF predicts a poor prognosis in ovarian cancer (14), liver cancer (15) and skin melanoma (16), suggesting that CCNF is an oncogene. Although contradictory, the above reports revealed that the functions of CCNF are likely to be related to the state of cells (11). In addition, the expression level of CCNF is closely related to the activity of cells in human tissues, mainly in the lung, skin and immune system (17). Therefore, CCNF is a potential biomarker and immunotherapy target for multiple cancers.

With the development of genetics and cancer genomics technologies, it has been recognized that key gene mutations, mutations in signaling cascades and immunological changes have certain genetic commonness and specificity in different types of cancer. Pancancer analysis not only has very important guiding significance for the diagnosis and treatment of different types of cancer (18) but also greatly facilitates the study of posttranscriptional regulation in cancer (19). The Cancer Genome Atlas (TCGA) pancancer dataset provides publicly available human gene expression profiles for 33 cancer types (20), which lays a foundation for cross-cancer studies of the molecular and pathological features of tumors and the corresponding clinical characteristics of patients (21). Recently, through pancancer analysis based on the TCGA database, molecular changes between cancer and normal tissues have been discovered at the genome, transcriptome and proteome levels in many cancers.

At present, there are only a few single-cancer analyses on the correlation between CCNF and cancer features using the TCGA database. Although the pancancer expression of CCNF and its effect on clinical prognosis have not been reported, existing studies suggest that there may be a close relationship between CCNF and the occurrence and development of cancer.

In this study, bioinformatics analysis based on the TCGA database was performed to analyze the correlation between CCNF expression level and survival, sex, race, clinicopathological stage, tumor mutation burden (TMB), microsatellite instability (MSI) status, DNA methylation level, single nucleotide variation (SNV), copy number variation (CNV), immune cell infiltration, immune matrix score and immune checkpoint gene expression across cancers. The CCNF protein-protein interaction (PPI) network was generated, and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed. The mechanism of CCNF posttranscriptional regulation and the basic physical and chemical properties and spatial structure of CCNF were also analyzed. The results of this study could provide helpful information for further exploring the complex relationship between CCNF and multiple cancer types.





Materials and methods




Comparison of CCNF gene expression and protein expression levels in pancancer tissues, normal tissues or adjacent tissues

The expression level of CCNF in 33 kinds of cancer tissues and adjacent normal tissues from TCGA database was statistically analysed by Wilcoxon test via TIMER 2.0 (22) (http://timer.cistrome.org/). Using GEPIA2 (23) (http://gepia2.cancer-pku.cn/#index) based on the standardized calculation method of the UCSC Xena database (24) (http://xena.ucsc.edu/), the RNA-seq expression of CCNF in 33 kinds of cancer tissues in the TCGA database and normal tissues in the GTEx database was analysed by one-way ANOVA. The RNA expression of CCNF in 33 kinds of cancer tissues and normal tissues or paracancerous tissues was analysed by Mann-Whitney U test by Xiantao academic (https://www.xiantao.love/) based on R language 3.6.3 ggplot2 package and RNA-seq data. In addition, The Human Protein Atlas (HPA) database (25) (https://www.proteinatlas.org/) was used to assess CCNF protein expression in the pancancer tissues and normal tissues; the HPA071600 antibody-stained cancer tissue and normal tissue specimens were selected for immunohistochemistry analysis.





Effect of CCNF expression on patient survival in multiple cancer types

Through Kaplan-Meier Plotter (26) (https://kmplot.com/analysis/) based on the GEO, EGA and TCGA databases, the correlation of CCNF mRNA expression with OS and RFS in 21 cancer types was evaluated. The gene chip data of 33 pancancer types were downloaded through UCSC Xena, and the R language 4.2.1 ggforest package was used to perform Cox regression analysis of factors affecting survival. PrognoScan (27) (http://dna00.bio.kyutech.ac.jp/PrognoScan/index), which contains cancer microarray data, was first applied to group patients into high and low CCNF expression groups via the minimum p value method and was then used to evaluate the correlation between CCNF expression and the survival of the two groups by log-rank test.





Effect of sex and race on the expression of CCNF across cancers

The expression of CCNF in different sex and race subgroups in the pancancer cohort was compared using UALCAN (28) (http://ualcan.path.uab.edu/); the expression of CCNF estimated by the RSEM algorithm based on the 31 cancer types transcripts RNA-seq data downloaded from R 3.2.2 TCGA-Assembler, and the clinical data regarding sex and race were obtained from Genomic Data Commons (GDC) (https://gdc.cancer.gov/) to analyse the effect of sex and race on pancancer CCNF expression.





Correlation between expression of CCNF and clinicopathological stage

The correlation between mRNA expression of CCNF and clinicopathological stage across cancers was analysed via GSCA (29) (http://bioinfo.life.hust.edu.cn/GSCA/#/); pathological, clinical, Masaoka and IGCCCG stage data for 27 cancer types were assessed via Wilcoxon test (number of subgroups=2) or ANOVA test (number of subgroups>2) and Mann-Kendall Trend Test. The expression of CCNF in pancancer and clinical stages were analysed by one-way ANOVA by GEPIA2.





Correlation between CCNF expression and TMB and MSI in pancancer

The correlation of CCNF expression with TMB and MSI across cancers was analyzed by the R language 4.2.1 ggpubr package based on the gene chip data of 33 cancer types downloaded from the UCSC Xena database.





Assessment of the methylation level of CCNF in pancancer tissues and its effect on survival/prognosis and prediction of the microRNA that post transcriptionally regulates CCNF

The methylation level of CCNF in pancancer tissues was compared with that in normal tissues by UALCAN. MethSurv (30) (https://biit.cs.ut.ee/methsurv/) was used for multivariate analysis of factors affecting survival based on DNA methylation data for 7358 patients from the TCGA GDAC Firehose dataset (with 25 types of cancer) and to analyze the effect of CCNF methylation level on survival/prognosis of pancancer patients. TargetScanHuman 8.0 (31) (http://www.targetscan.org/vert80/) was used to predict the microRNAs that target CCNF based on the presence of conserved loci in the 3’-untranslated region (3’-UTR) in Homo sapiens.





SNV and CNV of the CCNF gene across cancers

The SNV and CNV of the CCNF gene in pancancer were analyzed by GSCA.





Correlation between the expression of CCNF and immune cell infiltration, immune score, matrix score, and immune checkpoint gene expression across cancers

With R version 4.2.1 and the CIBERSORT algorithm, gene chip data for 33 cancer types downloaded from the UCSC Xena database were analyzed to determine the correlation between the expression of CCNF and the infiltration of 22 kinds of immune cells across cancers. The relationship between the expression of CCNF and the immune score and matrix score was analyzed via the ESTIMATE algorithm in R version 4.2.1. The expression of the CCNF gene and immune checkpoint genes was extracted by the R language 4.2.1 limma package. The correlation between the CCNF gene and immune checkpoint genes was calculated by the cor.test function. Then, the correlations between the CCNF gene and immune checkpoint genes were mapped via the ggpubr, ggExtra and ggplot2 packages and visualized via the ComplexHeatmap package.





PPI network and GO and KEGG enrichment analyses of CCNF

STRING 11.5 (32) (https://cn.string-db.org/) was used to predict the PPI network of CCNF, setting the species as “Homo sapiens” and the minimum combined score as 0.4. The top 5 hub coding genes in the PPI network were screened by the cytoHubba app of Cytoscape software (33). The top 5 hub genes were further enriched and analyzed by GO and KEGG through the R version 4.2.1 packages limma, org.Hs.eg.db, cluster Profiler, and enrichplot.





Prediction of basic physical and chemical properties and secondary structure of the CCNF protein

The amino acid sequence of the CCNF protein in Homo sapiens was obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/). The physical and chemical properties of the CCNF protein were predicted by ProtParam (https://web.expasy.org/protparam/). The hydrophilicity of the CCNF protein was predicted by ProtScale (https://web.expasy.org/protscale/). The transmembrane topology of the CCNF protein was predicted by TMHMM 1.0.12 (https://dtu.biolib.com/DeepTMHMM). The phosphorylation sites of serine, threonine and tyrosine residues in the CCNF protein were predicted by NetPhos 3.1 (34) (https://services.healthtech.dtu.dk/service.php?NetPhos-3.1). The signal peptide of the CCNF protein was predicted by SignalP 6.0 (35) (https://services.healthtech.dtu.dk/service.php?SignalP). The secondary structure of the CCNF protein was predicted by SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html).





Prediction of the tertiary structure, enzyme binding activity, and ligand binding sites of the CCNF protein

The tertiary structure data of the CCNF protein in Homo sapiens were extracted by the AlphaFold database (36) (https://alphafold.ebi.ac.uk/). The tertiary structure of the CCNF protein was further modelled, and the enzyme binding activity and ligand binding site were predicted by PyMOL 2.6 software.






Results




Comparison of CCNF gene expression and protein expression levels in pancancer tissues, normal tissues, or adjacent tissues

The expression level of CCNF in 33 kinds of pancancer tissues and adjacent normal tissues was compared by TIMER2.0. The results showed that CCNF was significantly upregulated in cancer tissues vs. adjacent normal tissues in 14 types of cancer (P<0.001), including bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), rectum adenocarcinoma (READ), stomach adenocarcinoma (STAD) and uterine corpus endometrial carcinoma (UCEC) (Figure 1A).




Figure 1 | (A) Comparison of CCNF expression between pancancer tissues and adjacent normal tissues in the TCGA database (*P<0.05, **P<0.01, ***P<0.001). (B) The expression of CCNF was significantly different in cancer tissues from TCGA database and normal tissues from the GTEx database (|Log2FC|>1, P<0.0001, log scale: log2 (TPM+1), Jitter Size: 0.4). (C) The expression of CCNF in cancer tissues in the TCGA database was compared with that in normal tissues (ns: P≥0.05, *P<0.05, **P<0.01, ***P<0.001). (D) The expression of CCNF in pancancer tissues and adjacent tissues of TCGA database was compared (ns: P≥0.05, *P<0.05, **P<0.01, ***P<0.001).



The differences in CCNF expression between cancer tissues and normal tissues for 33 kinds of cancer were analyzed by GEPIA2. CCNF was significantly upregulated in BRCA, cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), CHOL, COAD, lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), ESCA, HNSC, LUAD, LUSC, ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), READ, STAD, testicular germ cell tumors (TGCT), thymoma (THYM), UCEC and uterine carcinosarcoma (UCS) tissues than in normal tissues (P<0.0001) (Figure 1B).

The differences in CCNF expression between cancer tissues and normal tissues and between cancer tissues and paracancerous tissues for 33 kinds of cancer were analyzed by Xiantao Academy. CCNF was significantly upregulated in adrenocortical carcinoma (ACC), BLCA, BRCA, CESC, CHOL, COAD, DLBC, ESCA, glioblastoma multiforme (GBM), HNSC, KIRC, KIRP, brain lower grade glioma (LGG), LIHC, LUAD, LUSC, OV, PAAD, READ, skin cutaneous melanoma (SKCM), STAD, TGCT, THYM, UCEC and UCS tissues vs. normal tissues (P<0.001) (Figure 1C). CCNF was significantly upregulated in BLCA, BRCA, CHOL, COAD, ESCA, HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, READ, STAD and UCEC tissues vs. paracancerous tissues (P<0.001) (Figure 1D).

In summary, CCNF is significantly upregulated in BRCA, CHOL, COAD, ESCA, HNSC, LUAD, LUSC, READ, STAD and UCEC tissues.

In addition, the expression level of CCNF protein in cancer tissues and normal tissues for multiple cancer types was compared analysis of immunohistochemical staining data in the HPA database. CCNF protein staining intensity was moderate in cervical cancer, endometrial cancer, liver cancer, ovarian cancer, pancreatic cancer, and urothelial cancer and high in breast cancer, colorectal cancer and stomach cancer. However, CCNF protein staining was not detected in normal tissues (Figure 2).




Figure 2 | The protein expression levels of CCNF in pancancer tissues and normal tissues were compared via the HPA database. Cancer tissues and normal tissues stained with HPA071600 antibody were selected for immunohistochemistry analysis. Cancer tissues presenting medium or high expression and normal tissues with undetected expression were included.







Correlation of CCNF expression with survival in patients in a pancancer cohort

The correlation of CCNF expression with OS and RFS for 21 cancer types was evaluated by Kaplan-Meier Plotter. The overexpression of CCNF was an adverse prognostic factor in terms of OS in patients with KIRC, KIRP, LIHC, LUAD, pancreatic ductal adenocarcinoma (PDAC), Sarcoma (SARC), STAD, TGCT, THYM and UCEC (Figure 3A), and an adverse prognostic factor in terms of RFS in patients with bladder carcinoma (BC), HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, PDAC, SARC, thyroid carcinoma (THCA) and UCEC (P<0.05) (Figure 3B). According to Cox risk regression analysis of data for 33 kinds of cancer, the overexpression of CCNF was an adverse prognostic factor in terms of OS in patients with ACC, kidney chromophobe (KICH), KIRC, KIRP, LGG, LIHC, LUAD, mesothelioma (MESO), PAAD, READ, SARC, SKCM and UCEC (P<0.05) (Figure 3C), and an adverse prognostic factor in terms of RFS in patients with




Figure 3 | (A) Kaplan-Meier-Meier plotter was used to assess the impact of CCNF expression on the OS of patients with 21 types of cancer (P<0.05). (B) Kaplan-Meier-Meier plotter was used to evaluate the effect of CCNF expression on the RFS of 21 cancer patients (P<0.05). (C) Cox risk regression analysis of the value of CCNF expression in predicting the OS of cancer patients with 33 cancer types (P<0.05, hazard ratio (HR)>1). (D) Cox risk regression analysis of the value CCNF expression in predicting the RFS of patients with 33 cancer types (P<0.05, HR>1). (E) PrognoScan evaluated the effect of CCNF expression on OS, RFS, DMFS and DRFS in pancancer patients (P<0.01).



ACC, KICH, KIRC, KIRP, LGG, LIHC, LUAD, MESO, PAAD, prostate adenocarcinoma (PRAD), SARC, THCA and UCEC (P<0.05) (Figure 3D). Therefore, CCNF is often correlated with a poor prognosis in cancer patients.

Furthermore, the effect of CCNF expression on the survival of patients with pancancer was evaluated by PrognoScan. CCNF was an adverse prognostic factor in terms of OS for patients with brain astrocytoma, brain glioma and breast cancer and in terms of RFS for patients with breast cancer and lung adenocarcinoma. In addition, CCNF was an adverse prognostic factor in terms of distant metastasis-free survival (DMFS) in patients with breast cancer and for distant relapse-free survival (DRFS) in patients with soft tissue liposarcoma (P<0.01) (Figure 3E).





Effect of sex and racial differences on the expression of CCNF in pancancer

The UALCAN database was applied to compare the expression of CCNF in different sex and race subgroups with in the same cancer cohort. As shown in Table 1, the expression level of CCNF in male patients with HNSC (P=0.0010) and LUAD (P=0.0329) was significantly higher than that in female patients, but CCNF expression in male patients with KIRP (P=0.0161) and SARC (P=0.0064) was significantly lower than that in female patients with these cancers.


Table 1 | Effects of sex and race differences on CCNF expression in the same cancer type.



Regarding the expression level of CCNF in BLCA patients, African Americans presented significantly higher expression levels than Caucasians (P=0.0236) and Asians (P=4.450E-05), and Caucasians presented significantly higher expression levels than Asians (P=0.0012). The expression level of CCNF in EC patients was significantly lower in Caucasians than in Asians (P=0.0487). The expression level of CCNF in HNSC patients was significantly higher in Caucasians than in Asians (P=0.0402). The expression level of CCNF in KICH patients was significantly higher in Caucasian patients than in African American patients (P<0.05). The expression level of CCNF in LIHC patients was significantly lower in Caucasians than in Asians (P=0.0166). The expression level of CCNF in LUAD patients was significantly lower in African Americans than in Asians (P=0.0122). The expression level of CCNF in OV patients was significantly higher in African Americans than in Asians (P=0.0476). Regarding the expression level of CCNF in THYM patients, African Americans presented significantly higher expression levels than Caucasians (P=0.0167), and Caucasians presented significantly higher expression levels than Asians (P=0.0327).





Correlation between the expression of CCNF and clinicopathological stage

The correlation between the mRNA expression of CCNF and the clinicopathological stages of 27 cancer types was analyzed by GSCA. The results indicated that the mRNA expression levels of CCNF in ACC, BRCA, CESC, ESCA, KICH, KIRC, KIRP, LIHC and LUSC were significantly correlated with their clinicopathological stages (P<0.05). Specifically, the mRNA expression levels of CCNF in ACC, BRCA, KICH, KIRC and KIRP increased gradually with disease progression, and stage IV tumors presented the highest CCNF expression (Figure 4A). The expression of CCNF and the clinical stage of pancancer were analyzed by GEPIA2. The expression of CCNF in ACC, BRCA, CESC, ESCA, KICH, KIRC, KIRP, LIHC, OV and SKCM was significantly different in different clinical stage subgroups (P<0.05); the expression of CCNF in ACC, KICH, KIRC and KIRP was the highest in clinical stage IV (Figure 4B). In summary, the expression of CCNF in ACC, BRCA, CESC, ESCA, KICH, KIRC, KIRP and LIHC is closely related to the clinicopathological stage. The expression of CCNF in ACC, KICH, KIRC and KIRP was the highest in clinical stage IV tumors, which may contribute to a poor prognosis and cancer progression.




Figure 4 | (A) Analysis of the correlation between CCNF mRNA expression and the clinical pathological stage for 27 cancer types by GSCA (P<0.05). (B) The expression of CCNF and the clinical stage of multiple cancers were analyzed by GEPIA2 (P<0.05).







Effect of CCNF expression on TMB and MSI across cancers

The correlation between CCNF expression and TMB and MSI in 33 cancer types was analyzed with R based on the UCSC Xena database. As indicated in Figure 5A, there were positive correlations between the expression of CCNF and TMB in ACC (P=0.0015), BLCA (P=5.987E-07), BRCA (P=1.786E-17), CESC (P=0.0003), COAD (P=0.0002), KICH (P=0.0009), KIRC (P=0.0308), LAML (P=0.0228), LGG (P=5.771E-18), LIHC (P=0.0224), LUAD (P=2.857E-22), LUSC (P=0.0067), MESO (P=0.0068), PAAD (P=0.0005), PRAD (P=0.0004), SARC (P=1.393E-08), SKCM (P=0.0181), STAD (P=3.602E-19) and UCEC (P=2.163E-10), while there was a negative correlation between the expression of CCNF and TMB in THYM (P=2.170E-18). As shown in Figure 5B, there were positive correlations between the expression of CCNF and MSI in ACC (P=0.0025), BLCA (P=0.0010), CESC (P=0.0022), COAD (P=0.0017), GBM (P=0.0064), LIHC (P=0.0118), LUAD (P=0.0097), LUSC (P=0.0033), SARC (P=3.218E-06), STAD (P=1.249E-06) and UCEC (P=3.367E-11), while there were negative correlations between the expression of CCNF and TMB in LAML (P=0.0271) and READ (P=0.0464).




Figure 5 | (A) Correlation between CCNF expression and TMB in 33 cancer types. (B) Correlation between the expression of CCNF and MSI in 33 cancer types. The abscissa represents the correlation value between CCNF expression and TMB and MSI of 33 cancer types, the ordinate represents different cancer types, different colors represent significance levels, and the size of the point represents the size of the correlation coefficient.







Methylation levels of CCNF in pancancer tissues and its effect on patient survival/prognosis and prediction of the microRNA that post transcriptionally regulates CCNF

The methylation level of CCNF in pancancer tissues was compared with that in normal tissues via UALCAN. The methylation level of CCNF in pancancer tissues was significantly lower in BLCA (P=4.042E-10), BRCA (P=6.974E-10), CHOL (P=0.0108), CESC (P=0.0019), HNSL (P=0.0003), LUAD (P=0.0001), LUSC (P=0.0379), PAAD (P=0.0022), SARC (P=0.0160), and UCEC (P=0.0340) tissues than in normal tissues but was significantly higher in PRAD (P=1.648E-12) and KIRP (P=2.469E-07) tissues than in normal tissues (Figure 6A).




Figure 6 | (A) Comparison of the methylation level of CCNF between pancancer tissues and normal tissues (P<0.05). (B) MethSurv was used to analyze the effects of hypermethylation in the CpG site of the CCNF gene on the survival/prognosis of patients in the pancancer cohort (cut-off: HR>1, LR test P value<0.01).



MethSurv was used to analyze the effects of the methylation levels of CCNF on patient survival/prognosis across cancers. High methylation levels of CCNF resulted in poor survival/prognosis in cancer patients with ACC, BLCA, CESC, COAD, KIRC, KIRP, LAML, LGG, LIHC, MESO, PAAD, STAD, UCEC, and UVM (Figure 6B).

The microRNAs that post transcriptionally regulate CCNF based on conservation of the 3’-UTR in Homo sapiens were predicted by TargetScanHuman. The aggregate PCT of CCNF and miR-98-5p was 0.94, indicating that miR-98-5p may be involved in the posttranscriptional regulation of CCNF. In addition, the conserved site in the 3’-UTR of miR-98-5p was in the 1786-1793 nt region, and the conserved sequence was GAUGGAG.





SNV and CNV of the CCNF gene across cancers

SNV and CNV of CCNF across cancer were analyzed by GSCA. SKCM, UCEC and COAD had the highest numbers of SNVs at 24, 18 and 10, respectively. Missense mutations and single nucleotide polymorphisms (SNPs) were the main variation types, and C>T was the main variation type (Figures 7A, B). For CNVs, heterozygous amplification variations of CCNF were most common in KIRP, ACC and BRCA, with amplification percentages of 52.4%, 51.1% and 48.2%, respectively. Loss-of-heterozygosity variations in CCNF were most common in OV, UCS and BLCA, with loss percentages of 53.7%, 53.6% and 40.0%, respectively. Homozygous amplifications of CCNF were most common in BRCA, DLBC and ACC, with amplification percentages of 5.0%, 4.2% and 3.3%, respectively. Homozygous loss of CCNF was most common in BLCA, STAD and ESCA, with loss percentages of 1.5%, 1.4% and 1.1%, respectively (Figures 7C, D).




Figure 7 | (A) The SNV profile of genes of interest in the selected cancers. (B) Figure summarizes the SNV classes of the genes of interest in the selected cancers. (C) The profiles of heterozygous CNV of the genes of interest in the selected cancers. (D) Profile of homozygous CNV of the genes of interest in the selected cancers.







Correlation between the expression of CCNF and immune cell infiltration, immune score, matrix score, and immune checkpoint gene expression in pancancer

The R language was used to analyze the correlation between CCNF expression and immune cell infiltration. The expression of CCNF in TGCT was positively correlated with the infiltration of naive B cells, and the expression of CCNF in THYM and THCA was positively correlated with the infiltration of plasma cells. The expression of CCNF in BRCA, UCEC, THCA and KIRC was negatively correlated with the infiltration of T cells and resting memory CD4 T cells. The expression of CCNF in STAD, BRCA, LUAD, UCEC and LIHC was positively correlated with the infiltration of T cells and CD4 memory activation. The expression of CCNF in STAD, UCEC, LIHC, THCA, TGCT and SARC was positively correlated with the infiltration of follicular helper T cells. The expression of CCNF in KIRC and BRCA was positively correlated with the infiltration of T-cell regulators (Tregs), while the expression of CCNF in UCEC was negatively correlated with the infiltration of Treg cells. The expression of CCNF in THYM was positively correlated with the infiltration of resting NK cells, while the expression of CCNF in LUSC and COAD was positively correlated with the infiltration of activated NK cells. The expression of CCNF in THYM was negatively correlated with the infiltration of activated NK cells, while the expression of CCNF in BRCA, PAAD, and THCA was negatively correlated with the infiltration of monocytes. The expression of CCNF in BRCA, LUAD, SARC and STAD was positively correlated with the infiltration of M0 macrophages, while the expression of CCNF in THYM was negatively correlated with the infiltration of M0 macrophages. The expression level of CCNF in UCEC, LUAD, THCA, BRCA and STAD was positively correlated with the infiltration of M1 macrophages, while the expression level of CCNF in THYM was negatively correlated with the infiltration of M1 macrophages. The expression level of CCNF in THYM, LIHC and KIRP was negatively correlated with the infiltration of M2 macrophages, while the expression level of CCNF in THYM was positively correlated with the infiltration of resting dendritic cells. The expression of CCNF in HNSC and LUAD was negatively correlated with the infiltration of resting dendritic cells, while the expression of CCNF in KIRC was negatively correlated with the infiltration of activated dendritic cells. The expression of CCNF in LUAD, THYM, KIRC, STAD and BRCA was negatively correlated with the infiltration of resting mast cells, and the expression of CCNF in LUSC was negatively correlated with the infiltration of neutrophils (P<0.0001) (Figure 8A).




Figure 8 | (A) Correlation analysis between the expression of CCNF and the infiltration of 22 types of immune cells in 33 cancer types (P<0.0001). (B) Correlation analysis between the expression of CCNF and immune scores of 33 cancer types (P<0.0001). (C) Correlation analysis between CCNF expression and the matrix score of 33 cancer types (P<0.0001). (D) Correlation analysis of CCNF gene and immune checkpoint gene expression in 33 cancer types (P<0.0001, |R|>0.5, R: correlation coefficient).



The R language was used to analyze the expression of CCNF and the immune score and matrix score across cancers. The expression of CCNF was negatively correlated with the infiltration of immune cells in GBM, LGG, LUAD and UCEC (P<0.0001), while the expression of CCNF was positively correlated with the infiltration of immune cells in KIRC (P<0.0001) (Figure 8B). The expression level of CCNF was negatively correlated with the infiltration of stromal cells in BLCA, BRCA, GBM, HNSC, LGG, LIHC, LUAD, LUSC, SKCM, STAD, TGCT, THYM, and UCEC (P<0.0001) (Figure 8C).

The R language was used to analyse the correlation of the CCNF gene and immune checkpoint gene across cancers. There was a significant negative correlation between the CCNF gene and the EDNRB gene (R=-0.5751, P=7.861E-12), VEGFA gene (R=-0.6083, P=2.161E-13), TLR4 gene (R=-0.5862, P=2.484E-12), and CD40 gene (R=-0.5405, P=2.221E-10) in THYM. There was a significant positive correlation between the CCNF gene and the ADORA2A gene (R=0.7431, P=3.788E-22), PDCD1 gene (R=0.7560, P=2.855E-23), HMGB1 gene (R=0.7394, P=7.757E-22), CD28 gene (R=0.6638, P=1.915E-16), ICOS gene (R=0.7617, P=8.523E-24), and ITGB2 gene (R=0.5928, P=1.224E-12) in THYM. The CCNF gene was positively correlated with the ADORA2A gene (R=0.5337, P=6.792E-39) in THCA. The CCNF gene was positively correlated with the CD70 gene (R=0.7168, P=1.874E-11) and TNFSF9 gene (R=0.7168, P=5.970E-09) in KICH. The CCNF gene was significantly negatively correlated with the CX3CL1 gene (R=-0.5162, P=1.078E-05) in KICH (Figure 8D).





PPI network and GO and KEGG enrichment analyses of CCNF and related genes

The PPI interaction network of CCNF was analyzed by STRING and Cytoscape. The PPI interaction network was composed of 11 coding genes (CCNF, CDC6, CDC20, CDK1, NUSAP1, CCP110, CUL1, SKP1, CCNE1, RRM2, and ESPL1) and 46 edges (Figure 9A). The top 5 hub genes were predicted by the cytoHubba plugin, and CCNF, CDK1 and CDC6 were most closely related (Figure 9B). GO enrichment analysis consists of three categories: biological process (BP), cellular component (CC) and molecular function (MF). Negative regulation of the cell cycle process was the main enriched BP of the top 5 hub genes, and spindle was the main enriched CC term. The main enriched MF term was RNA polymerase II CTD heptapeptide repeat kinase activity (P<0.05) (Figure 9C). KEGG signaling pathway analysis results reflect the network of interactions, reactions and relationships between molecules. There were 7 KEGG signaling pathways enriched in the top 5 hub genes, and the cell cycle signaling pathway was the main enriched pathway (P<0.05) (Figure 9D).




Figure 9 | (A) Analysis of the PPI interaction network of CCNF through STRING and Cytoscape. (B) The top 5 hub genes predicted through the cytoHubba app for the PPI interaction network of CCNF. (C) GO enrichment analysis of the top 5 hub genes was conducted via the R language. (D) The KEGG signaling pathways enriched in the top 5 hub genes were analyzed with the R language.







Prediction of basic physical and chemical properties and secondary structure of CCNF protein

According to the prediction of the basic physical and chemical properties of the CCNF protein, the total number of amino acids in the CCNF protein was 786, the proportion of isoleucine was the highest, the content was 12.3%, the total molecular weight was 87639.81, the theoretical PI value was 5.92, the total number of positively charged residues (Arg+Lys) was 84, the total number of negatively charged residues (Asp+Glu) was 98, the molecular formula was C3854H6112N1082O1174S39, and the total number of atoms was 12261. At a wavelength of 280 nm, all paired cysteine residues are assumed to form cystine with an extinction coefficient of 1.099, and all cysteine residues are assumed to decrease with an extinction coefficient of 1.076. Instability index: 51.10, which is unstable protein. Aliphatic index: 88.33, Grand average of hydropathy (GRAVY): -0.245, maximum hydrophilic position: 358, score: 2.956, maximum hydrophobic position: 572, score: -3.722, was hydrophilic protein (Figure 10A). The transmembrane topology of the CCNF protein has no transmembrane region (Figure 10B). There were 62 phosphorylation sites for serine residues, 20 phosphorylation sites for threonine residues, and 6 phosphorylation sites for tyrosine residues (Figure 10C). The signal peptide of the CCNF protein is not a signal peptide (Figure 10D). The CCNF protein included 361 α-helices (45.93%), 54 β-folds (6.87%), 31 β-turns (3.94%) and 340 random coils (43.26%) according to the predicted secondary structure of CCNF protein coils.




Figure 10 | (A) The hydrophobicity of the CCNF protein. The abscissa is the sequence position, and the ordinate is the scale value of the amino acid. (Hphob./kyte & Doolittle: positive value indicates hydrophobicity, negative value indicates hydrophilicity). (B) The transmembrane topology of the CCNF protein. (C) The phosphorylation sites of serine, threonine and tyrosine residues of the CCNF protein. (D) Signal peptide of CCNF protein.







Prediction of the tertiary structure, enzyme binding activity, and ligand binding sites of the CCNF protein

The tertiary structure data for the CCNF protein were extracted by the AlphaFold database and visualized by PyMOL software (Figure 11A). The enzyme binding activity and ligand binding site of the CCNF protein were predicted by PyMOL software. The best model was selected according to the C-score. The higher the value of the C-score is, the higher the reliability of the model. The following parameters were extracted: C-score of enzyme binding activity of CCNF protein: 0.077, active site: 285, 287, C-score of ligand binding: 0.03, and binding site: 430, 437 (Figures 11B, C).




Figure 11 | (A) AlphaFold database and PyMOL software predictions of the tertiary structure of the CCNF protein. (B) PyMOL software was used to predict the enzyme binding sites of the CCNF protein. (C) PyMOL software was used to predict the ligand binding sites of the CCNF protein.








Discussion

In recent years, pancancer analysis has become very important in revealing commonalities among cancer types and facilitating individualized treatment. It has been applied not only in the discovery of new tumor markers and the development of new anticancer drugs (37) but also in the online analysis of the underlying molecular mechanism and clinical prognostic value of a gene (38). For the first time, we analyzed the differential expression of CCNF across cancers and its correlation with clinical prognosis. In our study, CCNF was generally highly expressed in 33 cancer types, and the results were cross-validated with the TIMER 2.0, GEPIA2 and Xiantao Academic online databases. The expression levels of CCNF in BRCA, CHOL, COAD, ESCA, HNSC, LUAD, LUSC, READ, STAD and UCEC were significantly higher than those in adjacent tissues or normal tissues, suggesting that overexpression of CCNF is an adverse prognostic factor for cancer. At the same time, our study also found that the expression level of CCNF protein was high in many cancer tissues, especially in breast cancer, colorectal cancer, and stomach cancer tissues. CCNF, as a key component of the ubiquitin proteasome, may maintain genome integrity by mediating the degradation of intracellular proteins, while overexpression of CCNF causes dysregulation of DNA replication, repair and cell cycle checkpoints, thereby inducing the progression of cancer cells (6, 39). However, CHANG S C et al. (40) reported that CCNF reduced the activity of cancer cells and inhibited the migration and invasion of BRCA cancer cells by downregulating the expression of the RRM2 gene. Although their conclusions are contrary to ours, CCNF and its encoded proteins may be potential biomarkers for the diagnosis of cancer.

In the era of precision medicine for cancer, pancancer biomarkers and clinicopathological features can be used to assess the condition and prognosis of cancer patients more comprehensively than traditional markers alone (41). Our results show that CCNF is an adverse prognostic factor in terms of OS and RFS in patients with KIRC, KIRP, LIHC, LUAD, SARC and UCEC, which was also confirmed in the Cox hazard regression analysis. The correlation between the expression level of CCNF and the clinicopathological stage of multiple cancer types was analyzed via GSCA and GEPIA2 online, and the results also showed that the overexpression of CCNF was associated with advanced disease and a poor prognosis, suggesting that CCNF could be used as a potential pancancer biomarker. Increasing evidence has shown that the instability of cancer genomes differs between males and females, which leads to differences in mutation rates during tumor evolution in these groups (42). DONG M et al. (43) and WANG Y et al. (44) showed that when patients are younger than 65 years old, the morbidity and survival rates of male patients are lower than those of female patients in a variety of cancers, and male sex is an independent risk factor for cancer development and distant metastasis. This conclusion is consistent with our findings. The expression level of CCNF in male patients is generally higher than that in female patients, which also suggests that CCNF is a potential pancancer therapeutic target influenced by sex. There are similar differences in patients grouped by race (45, 46). In our study, the expression level of CCNF in Caucasians with BLCA and THYM cancer was significantly lower than that in African Americans but significantly higher than that in Asians. Therefore, we will consider the influence of sex and race more carefully in future cancer treatment.

Immune checkpoint inhibitors (ICIs) have facilitated great achievements in the field of cancer immunotherapy, and TMB and MSI are the only two factors that have been approved by the Food and Drug Administration (FDA) as indicators of the response to ICI treatment (47). TMB reflects the number of gene mutation sites in tumor cells, while MSI is caused by a defect in mismatch repair (MMR) function. Tumors with high TMB and MSI are more readily infiltrated with immune cells, which facilitates a stronger antitumor immune response (48, 49). In our study, the CCNF expression level was significantly positively correlated with TMB and MSI status in ACC, BLCA, CESC, COAD, LIHC, LUAD, LUSC, SARC, STAD, and UCEC and was closely related to the expression levels of many immune checkpoint genes in THYM and KICH. These results suggest that CCNF and its encoded proteins may be biomarkers for predicting the effect of ICI treatment in cancer patients. DNA methylation can control the expression of certain genes without changing gene sequences, which is an important form of genome epigenetic modification (50). This is mainly reflected by the observation that the hypermethylation of CpG islands in the promoter region leads to the silencing of tumor suppressor genes, while the hypomethylation of CpG sites in the gene body promotes the activation of oncogenes. However, this methylation level can be changed (51). Studies have shown that abnormal DNA methylation is an important cause of genomic instability in cancer cells, and methylation levels constantly affect the occurrence and progression of tumors (52, 53), consistent with our results. The hypomethylation of CCNF in BLCA, BRCA, CHOL, CESC, HNSC, LUAD, LUSC, PAAD, SARC and UCEC leads to the overexpression of the CCNF gene. In addition, we have shown that high methylation levels of CCNF in ACC, COAD, KIRC, KIRP, LAML, LGG, LIHC, MESO, STAD, and UVM patients lead to poor survival/prognosis. Therefore, the methylation level of CCNF is also a very important factor affecting the survival/prognosis of patients with different cancer types, suggesting that combined assessment of methylation level and expression level of CCNF may become a new method for the diagnosis and treatment of cancers in the future.

The tumor microenvironment (TME) is a complex entity composed of cancer cells, stromal cells and immune cells, and the invasion of cancer cells is the main factor affecting the occurrence and development of tumors and immune escape (54, 55). In recent years, the antitumor effect of infiltrating immune cells on the TME and the response to treatment have been widely studied (56), and comprehensive antitumor therapy, including treatment with immunotherapies that enhance the infiltration of innate and adaptive immune cells in the TME, is very important (57). Our results showed that THYM cancer was mainly infiltrated by resting NK cells, plasma cells and resting dendritic cells. Activated memory CD4 T cells, follicular helper T cells, M0 macrophages and M1 macrophages infiltrate widely in many cancer types, which is consistent with the conclusion of ZUO S et al. (55). Although the high heterogeneity of the TME affects the ability of immune cells to infiltrate, the extent of T-cell and macrophage infiltration is an important prognostic factor for many cancer types. In addition, CCNF overexpression also reduced the infiltration of immune cells and stromal cells in GBM, LGG, LUAD and UCEC cancers, thereby promoting the growth of tumor tissues. We predicted the microRNA that targets the CCNF gene, and the results showed that miR-98-5p may be involved in the posttranscriptional modification of the CCNF gene. According to previous studies, miR-98-5p not only inhibits the growth and invasion ability of gastric cancer cells (58) and thyroid papillary cancer cells (59) but also enhances the sensitivity to cisplatin and paclitaxel. Moreover, the downregulation of miR-98-5p often predicts the later clinical stage and distant metastasis of non-small cell lung cancer (NSCLC) (60), indicating that miR-98-5p may be a microRNA that negatively regulates the CCNF gene. PPI interaction network analysis showed that the CCNF gene, CDK1 gene and CDC6 gene are closely related, indicating that these genes, as key regulators of the G2/M or G1/S checkpoint of the cell cycle, promote the occurrence and progression of many cancers. CCNF is a potential pancancer biomarker and immunotherapeutic target (61, 62).





Conclusion

The CCNF gene is overexpressed in BRCA, CHOL, COAD, ESCA, HNSC, LUAD, LUSC, READ, STAD and UCEC cancers and is also an adverse prognostic factor in terms of OS and RFS in many cancers, suggesting that it promotes the progression of many cancers and indicates a poor prognosis. In addition, the hypomethylation of the CCNF gene promotes its own expression, leading to decreased infiltration of immune cells and stromal cells, and the expression level of CCNF clearly differs between patients grouped by sex and race. miR-98-5p negatively regulates the expression of the CCNF gene at the posttranscriptional level. Therefore, CCNF and its encoded proteins are potential biomarkers and immunotherapeutic targets for pancancer.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Ethics statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements. Ethical review and approval was not required for the animal study because no ethical approval or informed consent was required in this study due to the public availability of data in the TCGA database.





Author contributions

Conceptualization: RW; methodology: LW, HL, MX, and CZ; software: LW and MX; validation: LW, HL, and JL; formal analysis: LW, CZ, and SW; investigation: LW and HL; data curation: RW and SW; writing-original draft preparation: LW, HL, and MX; writing-review and editing: RW; visualization: RW and SW; supervision: RW; project administration: RW. All authors contributed to the article and approved the submitted version.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Mattiuzzi, C, and Lippi, G. Current cancer epidemiology. J Epidemiol Glob Health (2019) 9(4):217–22. doi: 10.2991/jegh.k.191008.001

3. Liu, J, Zhang, S, Dai, W, Xie, C, and Li, JC. A comprehensive prognostic and immune analysis of SLC41A3 in pan-cancer. Front Oncol (2020) 10:586414. doi: 10.3389/fonc.2020.586414

4. Schiffman, JD, Fisher, PG, and Gibbs, P. Early detection of cancer: past, present, and future. Am Soc Clin Oncol Educ Book (2015), 57–65. doi: 10.14694/EdBook_AM.2015.35.57

5. Elmore, LW, Greer, SF, Daniels, EC, Saxe, CC, Melner, MH, Krawiec, GM, et al. Blueprint for cancer research: critical gaps and opportunities. CA Cancer J Clin (2021) 71(2):107–39. doi: 10.3322/caac.21652

6. Galper, J, Rayner, SL, Hogan, AL, Fifita, JA, Lee, A, Chung, RS, et al. Cyclin f: a component of an E3 ubiquitin ligase complex with roles in neurodegeneration and cancer. Int J Biochem Cell Biol (2017) 89:216–20. doi: 10.1016/j.biocel.2017.06.011

7. D’Angiolella, V, Donato, V, Vijayakumar, S, Saraf, A, Florens, L, Washburn, MP, et al. SCF(Cyclin f) controls centrosome homeostasis and mitotic fidelity through CP110 degradation. Nat (2010) 466(7302):138–42. doi: 10.1038/nature09140

8. Emanuele, MJ, Enrico, TP, Mouery, RD, Wasserman, D, Nachum, S, and Tzur, A. Complex cartography: regulation of E2F transcription factors by cyclin f and ubiquitin. Trends Cell Biol (2020) 30(8):640–52. doi: 10.1016/j.tcb.2020.05.002

9. Yuan, R, Liu, Q, Segeren, HA, Yuniati, L, Guardavaccaro, D, Lebbink, RJ, et al. Cyclin f-dependent degradation of E2F7 is critical for DNA repair and G2-phase progression. EMBO J (2019) 38(20):e101430. doi: 10.15252/embj.2018101430

10. D’Angiolella, V, Esencay, M, and Pagano, M. A cyclin without cyclin-dependent kinases: cyclin f controls genome stability through ubiquitin-mediated proteolysis. Trends Cell Biol (2013) 23(3):135–40. doi: 10.1016/j.tcb.2012.10.011

11. Krajewski, A, Gagat, M, Zuryn, A, Halas-Wisniewska, M, Grzanka, D, and Grzanka, A. Cyclin f is involved in response to cisplatin treatment in melanoma cell lines. Oncol Rep (2020) 43(3):765–72. doi: 10.3892/or.2020.7465

12. Deshmukh, RS, Sharma, S, and Das, S. Cyclin f-dependent degradation of RBPJ inhibits IDH1(R132H)-mediated tumorigenesis. Cancer Res (2018) 78(22):6386–98. doi: 10.1158/0008-5472.CAN-18-1772

13. Fu, J, Qiu, H, Cai, M, Pan, Y, Cao, Y, Liu, L, et al. Low cyclin f expression in hepatocellular carcinoma associates with poor differentiation and unfavorable prognosis. Cancer Sci (2013) 104(4):508–15. doi: 10.1111/cas.12100

14. Li, Y, Guo, H, Wang, Z, Bu, H, Wang, S, Wang, H, et al. Cyclin f and KIF20A, FOXM1 target genes, increase proliferation and invasion of ovarian cancer cells. Exp Cell Res (2020) 395(2):112212. doi: 10.1016/j.yexcr.2020.112212

15. Zelong, Y, Han, Y, Ting, G, Yifei, W, Kun, H, Haoran, H, et al. Increased expression of cyclin f in liver cancer predicts poor prognosis: a study based on TCGA database. Med (Baltimore) (2021) 100(31):e26623. doi: 10.1097/MD.0000000000026623

16. Gagat, M, Krajewski, A, Grzanka, D, and Grzanka, A. Potential role of cyclin f mRNA expression in the survival of skin melanoma patients: comprehensive analysis of the pathways altered due to cyclin f upregulation. Oncol Rep (2018) 40(1):123–44. doi: 10.3892/or.2018.6435

17. Uhlen, M, Fagerberg, L, Hallstrom, BM, Lindskog, C, Oksvold, P, Mardinoglu, A, et al. Proteomics. tissue-based map of the human proteome. Sci (2015) 347(6220):1260419. doi: 10.1126/science.1260419

18. Chen, F, Wendl, MC, Wyczalkowski, MA, Bailey, MH, Li, Y, and Ding, L. Moving pan-cancer studies from basic research toward the clinic. Nat Cancer (2021) 2(9):879–90. doi: 10.1038/s43018-021-00250-4

19. Huntsman, DG, and Ladanyi, M. The molecular pathology of cancer: from pan-genomics to post-genomics. J Pathol (2018) 244(5):509–11. doi: 10.1002/path.5057

20. Parris, TZ. Pan-cancer analyses of human nuclear receptors reveal transcriptome diversity and prognostic value across cancer types. Sci Rep (2020) 10(1):1873. doi: 10.1038/s41598-020-58842-6

21. Cancer Genome Atlas Research N, Weinstein, JN, Collisson, EA, Mills, GB, Shaw, KR, Ozenberger, BA, et al. The cancer genome atlas pan-cancer analysis project. Nat Genet (2013) 45(10):1113–20. doi: 10.1038/ng.2764

22. Li, T, Fu, J, Zeng, Z, Cohen, D, Li, J, Chen, Q, et al. TIMER2.0 for analysis of tumor-infiltrating immune cells. Nucleic Acids Res (2020) 48(W1):W509–14. doi: 10.1093/nar/gkaa407

23. Tang, Z, Kang, B, Li, C, Chen, T, and Zhang, Z. GEPIA2: an enhanced web server for large-scale expression profiling and interactive analysis. Nucleic Acids Res (2019) 47(W1):W556–60. doi: 10.1093/nar/gkz430

24. Goldman, MJ, Craft, B, Hastie, M, Repecka, K, McDade, F, Kamath, A, et al. Visualizing and interpreting cancer genomics data via the xena platform. Nat Biotechnol (2020) 38(6):675–8. doi: 10.1038/s41587-020-0546-8

25. Karlsson, M, Zhang, C, Mear, L, Zhong, W, Digre, A, Katona, B, et al. A single-cell type transcriptomics map of human tissues. Sci Adv (2021) 7(31):eabh2169. doi: 10.1126/sciadv.abh2169

26. Gyorffy, B. Discovery and ranking of the most robust prognostic biomarkers in serous ovarian cancer. Geroscience. doi: 10.1007/s11357-023-00742-4

27. Mizuno, H, Kitada, K, Nakai, K, and Sarai, A. PrognoScan: a new database for meta-analysis of the prognostic value of genes. BMC Med Genomics (2009) 2:18. doi: 10.1186/1755-8794-2-18

28. Chandrashekar, DS, Karthikeyan, SK, Korla, PK, Patel, H, Shovon, AR, Athar, M, et al. UALCAN: an update to the integrated cancer data analysis platform. Neoplasia (2022) 25:18–27. doi: 10.1016/j.neo.2022.01.001

29. Liu, CJ, Hu, FF, Xie, GY, Miao, YR, Li, XW, Zeng, Y, et al. GSCA: an integrated platform for gene set cancer analysis at genomic, pharmacogenomic and immunogenomic levels. Brief Bioinform (2023) 24(1):bbac558. doi: 10.1093/bib/bbac558

30. Modhukur, V, Iljasenko, T, Metsalu, T, Lokk, K, Laisk-Podar, T, and Vilo, J. MethSurv: a web tool to perform multivariable survival analysis using DNA methylation data. Epigenomics (2018) 10(3):277–88. doi: 10.2217/epi-2017-0118

31. McGeary, SE, Lin, KS, Shi, CY, Pham, TM, Bisaria, N, Kelley, GM, et al. The biochemical basis of microRNA targeting efficacy. Science (2019) 366(6472):eaav1741. doi: 10.1126/science.aav1741

32. Szklarczyk, D, Kirsch, R, Koutrouli, M, Nastou, K, Mehryary, F, Hachilif, R, et al. The STRING database in 2023: protein-protein association networks and functional enrichment analyses for any sequenced genome of interest. Nucleic Acids Res (2023) 51(D1):D638–46. doi: 10.1093/nar/gkac1000

33. Shannon, P, Markiel, A, Ozier, O, Baliga, NS, Wang, JT, Ramage, D, et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res (2003) 13(11):2498–504. doi: 10.1101/gr.1239303

34. Blom, N, Sicheritz-Ponten, T, Gupta, R, Gammeltoft, S, and Brunak, S. Prediction of post-translational glycosylation and phosphorylation of proteins from the amino acid sequence. Proteomics (2004) 4(6):1633–49. doi: 10.1002/pmic.200300771

35. Teufel, F, Almagro Armenteros, JJ, Johansen, AR, Gislason, MH, Pihl, SI, Tsirigos, KD, et al. SignalP 6.0 predicts all five types of signal peptides using protein language models. Nat Biotechnol (2022) 40(7):1023–5. doi: 10.1038/s41587-021-01156-3

36. Jumper, J, Evans, R, Pritzel, A, Green, T, Figurnov, M, Ronneberger, O, et al. Highly accurate protein structure prediction with AlphaFold. Nature (2021) 596(7873):583–9. doi: 10.1038/s41586-021-03819-2

37. Zhong, A, Chen, T, Xing, Y, Pan, X, and Shi, M. FUCA2 is a prognostic biomarker and correlated with an immunosuppressive microenvironment in pan-cancer. Front Immunol (2021) 12:758648. doi: 10.3389/fimmu.2021.758648

38. Zhang, Z, Zhao, S, Yang, H, Chen, Y, Feng, H, An, M, et al. Prognostic and immunological role of gasdermin e in pan-cancer analysis. Front Oncol (2021) 11:706266. doi: 10.3389/fonc.2021.706266

39. Klimaszewska-Wisniewska, A, Buchholz, K, Neska-Dlugosz, I, Durslewicz, J, Grzanka, D, Zabrzynski, J, et al. Expression of genomic instability-related molecules: cyclin f, RRM2 and SPDL1 and their prognostic significance in pancreatic adenocarcinoma. Cancers (Basel) (2021) 13(4):859. doi: 10.3390/cancers13040859

40. Chang, SC, Hung, CS, Zhang, BX, Hsieh, TH, Hsu, W, and Ding, JL. A novel signature of CCNF-associated E3 ligases collaborate and counter each other in breast cancer. Cancers (Basel) (2021) 13(12):2873. doi: 10.3390/cancers13122873

41. Kaubryte, J, and Lai, AG. Pan-cancer prognostic genetic mutations and clinicopathological factors associated with survival outcomes: a systematic review. NPJ Precis Oncol (2022) 6(1):27. doi: 10.1038/s41698-022-00269-5

42. Li, CH, Prokopec, SD, Sun, RX, Yousif, F, Schmitz, N, Subtypes, PT, et al. Sex differences in oncogenic mutational processes. Nat Commun (2020) 11(1):4330. doi: 10.1038/s41467-020-17359-2

43. Dong, M, Cioffi, G, Wang, J, Waite, KA, Ostrom, QT, Kruchko, C, et al. Sex differences in cancer incidence and survival: a pan-cancer analysis. Cancer Epidemiol Biomarkers Prev (2020) 29(7):1389–97. doi: 10.1158/1055-9965.EPI-20-0036

44. Wang, Y, Zeng, Z, Tang, M, Zhang, M, Bai, Y, Cui, H, et al. Sex disparities in the clinical characteristics, synchronous distant metastasis occurrence and prognosis: a pan-cancer analysis. J Cancer (2021) 12(2):498–507. doi: 10.7150/jca.50536

45. Lara, OD, Wang, Y, Asare, A, Xu, T, Chiu, HS, Liu, Y, et al. Pan-cancer clinical and molecular analysis of racial disparities. Cancer (2020) 126(4):800–7. doi: 10.1002/cncr.32598

46. Lee, KK, Rishishwar, L, Ban, D, Nagar, SD, Marino-Ramirez, L, McDonald, JF, et al. Association of genetic ancestry and molecular signatures with cancer survival disparities: a pan-cancer analysis. Cancer Res (2022) 82(7):1222–33. doi: 10.1158/0008-5472.CAN-21-2105

47. Salem, ME, Bodor, JN, Puccini, A, Xiu, J, Goldberg, RM, Grothey, A, et al. Relationship between MLH1, PMS2, MSH2 and MSH6 gene-specific alterations and tumor mutational burden in 1057 microsatellite instability-high solid tumors. Int J Cancer (2020) 147(10):2948–56. doi: 10.1002/ijc.33115

48. Cheng, X, Wang, X, Nie, K, Cheng, L, Zhang, Z, Hu, Y, et al. Systematic pan-cancer analysis identifies TREM2 as an immunological and prognostic biomarker. Front Immunol (2021) 12:646523. doi: 10.3389/fimmu.2021.646523

49. Picard, E, Verschoor, CP, Ma, GW, and Pawelec, G. Relationships between immune landscapes, genetic subtypes and responses to immunotherapy in colorectal cancer. Front Immunol (2020) 11:369. doi: 10.3389/fimmu.2020.00369

50. von Kanel, T, and Huber, AR. DNA Methylation analysis. Swiss Med Wkly (2013) 143:w13799. doi: 10.4414/smw.2013.13799

51. Morgan, AE, Davies, TJ, and Mc Auley, MT. The role of DNA methylation in ageing and cancer. Proc Nutr Soc (2018) 77(4):412–22. doi: 10.1017/S0029665118000150

52. Delpu, Y, Cordelier, P, Cho, WC, and Torrisani, J. DNA Methylation and cancer diagnosis. Int J Mol Sci (2013) 14(7):15029–58. doi: 10.3390/ijms140715029

53. Kulis, M, and Esteller, M. DNA Methylation and cancer. Adv Genet (2010) 70:27–56. doi: 10.1016/B978-0-12-380866-0.60002-2

54. Zhang, Z, Zheng, M, Ding, Q, and Liu, M. CD93 correlates with immune infiltration and impacts patient immunotherapy efficacy: a pan-cancer analysis. Front Cell Dev Biol (2022) 10:817965. doi: 10.3389/fcell.2022.817965

55. Zuo, S, Wei, M, Wang, S, Dong, J, and Wei, J. Pan-cancer analysis of immune cell infiltration identifies a prognostic immune-cell characteristic score (ICCS) in lung adenocarcinoma. Front Immunol (2020) 11:1218. doi: 10.3389/fimmu.2020.01218

56. Ge, Q, Li, G, Chen, J, Song, J, Cai, G, He, Y, et al. Immunological role and prognostic value of APBB1IP in pan-cancer analysis. J Cancer (2021) 12(2):595–610. doi: 10.7150/jca.50785

57. Zhang, Y, and Zhang, Z. The history and advances in cancer immunotherapy: understanding the characteristics of tumor-infiltrating immune cells and their therapeutic implications. Cell Mol Immunol (2020) 17(8):807–21. doi: 10.1038/s41423-020-0488-6

58. Qiu, K, Xie, Q, Jiang, S, and Lin, T. miR-98-5p promotes apoptosis and inhibits migration and cell growth in papillary thyroid carcinoma through Bax/Caspase-3 by HMGA2. J Clin Lab Anal (2020) 34(2):e23044. doi: 10.1002/jcla.23044

59. Zhan, P, Shu, X, Chen, M, Sun, L, Yu, L, Liu, J, et al. miR-98-5p inhibits gastric cancer cell stemness and chemoresistance by targeting branched-chain aminotransferases 1. Life Sci (2021) 276:119405. doi: 10.1016/j.lfs.2021.119405

60. Jiang, F, Yu, Q, Chu, Y, Zhu, X, Lu, W, Liu, Q, et al. MicroRNA-98-5p inhibits proliferation and metastasis in non-small cell lung cancer by targeting TGFBR1. Int J Oncol (2019) 54(1):128–38. doi: 10.3892/ijo.2018.4610

61. Liu, X, Wu, H, and Liu, Z. An integrative human pan-cancer analysis of cyclin-dependent kinase 1 (CDK1). Cancers (Basel) (2022) 14(11):2658. doi: 10.3390/cancers14112658

62. Wang, F, Zhao, F, Zhang, L, Xiong, L, Mao, Q, Liu, Y, et al. CDC6 is a prognostic biomarker and correlated with immune infiltrates in glioma. Mol Cancer (2022) 21(1):153. doi: 10.1186/s12943-022-01623-8




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Wei, Li, Xiao, Zhou, Liu, Weng and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 29 May 2023

doi: 10.3389/fonc.2023.1050069

[image: image2]


The intervention effect of Aitongxiao prescription on primary liver cancer rats was evaluated based on high-throughput miRNA sequencing and bioinformatics analysis


Lijing Xu 1†, Jinlai Cheng 2†, Zhuoxian Li 1, Xiaoyu Wen 3, Yuhao Sun 4, Meng Xia 1* and Jing Leng 1,5*


1 Basic Medical College, Guangxi University of Chinese Medicine, Nanning, China, 2 Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing, China, 3 Rehabilitation College, Guilin Life and Health Career Technical College, Guilin, China, 4 Institute of Microbiology and Genetics, Department of Molecular Genetics, University of Göttingen, Göttingen, Germany, 5 Guangxi Key Laboratory of Translational Medicine for Treating High-Incidence Infectious Diseases with Integrative Medicine, Guangxi University of Chinese Medicine, Nanning, China




Edited by: 

Massimo Broggini, Mario Negri Institute for Pharmacological Research (IRCCS), Italy

Reviewed by: 

Madan Kumar Perumal, Central Food Technological Research Institute (CSIR), India

Astha Malik, Cincinnati Children’s Hospital Medical Center, United States

Antonella Argentiero, National Cancer Institute Foundation (IRCCS), Italy

*Correspondence: 

Meng Xia
 xiam@gxtcmu.edu.cn 

Jing Leng
 lj986771558@163.com 
lj986771558@126.com





†These authors have contributed equally to this work and share first authorship



Received: 21 September 2022

Accepted: 19 April 2023

Published: 29 May 2023

Citation:
Xu L, Cheng J, Li Z, Wen X, Sun Y, Xia M and Leng J (2023) The intervention effect of Aitongxiao prescription on primary liver cancer rats was evaluated based on high-throughput miRNA sequencing and bioinformatics analysis. Front. Oncol. 13:1050069. doi: 10.3389/fonc.2023.1050069



Liver cancer is a common malignant tumor known for its difficult treatment and poor prognosis. As a traditional Chinese medicine prescription, Aitongxiao prescription (ATXP) has been used in clinical treatment of primary liver cancer (PLC) for more than ten years, and its therapeutic effect is obvious and has been verified over time. However, the mechanism of ATXP in treating PLC has not been fully elucidated. This study aimed to detect the liver-protective effect of ATXP on a PLC rat model and explore its potential mechanism from the perspective of plasma extracellular vesicle miRNAs. Fifty SPF male SD rats were randomly selected, with six rats as the control group, and the remaining rats were injected with DEN to establish a primary liver cancer model. The model rats were randomly divided into the model group and the ATXP group. After 4 weeks of intervention, the liver-protective effect of ATXP was evaluated using plasma biochemical indicators and histopathological methods. Plasma extracellular vesicles were isolated and extracted, and identified by transmission electron microscopy, nanoparticle tracking analysis, and western blot. Significant differentially expressed miRNAs in extracellular vesicles were screened by Illumina sequencing to explore the therapeutic targets of ATXP and conduct functional analysis. The results showed that ATXP significantly reduced plasma liver function in PLC rats and alleviated liver pathological damage. In addition, plasma extracellular vesicles were isolated and identified. According to the results of GO and KEGG analysis, they were related to multiple biological processes and covered multiple signaling pathways (PI3K-Akt and MAPK signaling pathways, etc.). The interaction between miR-199a-3p and MAP3K4 was determined by bioinformatics methods and dual-luciferase reporter gene detection, confirming that MAP3K4 is the target gene of miR-199a-3p. In conclusion, ATXP protects the liver from DEN-induced PLC, which may be related to the regulation of plasma extracellular vesicle miR-199a-3p. This study further reveals the mechanism of ATXP in treating liver cancer and provides a theoretical basis for subsequent research.
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1 Introduction

Primary liver cancer is the most common fatal malignant tumor worldwide and is characterized by easy recurrence after surgery, short survival, and poor prognosis (1). According to the report on cancer incidence and mortality in the Global Cancer Case Study in 2018, liver cancer deaths accounted for 8.2% of global cancer deaths, ranking third (2). At present, the incidence and mortality of liver cancer in China are higher than those in other countries, and patients with liver cancer account for more than half of the total cases (3). Due to the insidious onset and rapid progression of liver cancer, the majority of patients are not diagnosed until the middle or late stages, missing the optimal time for surgical treatment. As patients have poor immune function and cannot tolerate radiation or chemotherapy, there is a lack of effective treatment options, resulting in poor treatment outcomes and prognosis. This often leads to serious health and economic burdens for patients (4).

Traditional Chinese medicine (TCM) is a unique original medical system in our country, has the characteristics of holistic treatment, and is widely used in the clinical diagnosis and treatment of liver cancer, which can effectively alleviate the clinical symptoms at different stages in patients with liver cancer, reduce the side effects of radiation and chemotherapy, and regulate the body’s immunity, thus helping to improve the quality of life and prolong the life span of cancer patients (5). Therefore, lessening the side effects and improving tolerance to traditional Chinese medicine that will benefit more patients are particularly important. Aitongxiao prescription was developed by Professor Ai-ling Wei of the First Affiliated Hospital of Guangxi University of Chinese Medicine. Compared with the original prescription, this prescription contains a greater variety of herbs aimed at fortifying the vital energy, clearing heat and toxins, and facilitating the circulation of qi and blood. Its primary function is to disperse blood stasis and toxins, while also boosting the vital energy and fortifying the body.

Traditional biomarkers for the prognosis, diagnosis, and monitoring of liver cancer, such as alpha-fetoprotein, have limitations not only in terms of the underlying mechanisms at the surveillance stage, but also in predicting late clinical outcomes. To address this issue, researchers have discovered extracellular vesicles with lipid bilayer membranes, which contain short non-coding RNAs called miRNAs that are widely involved in individual growth and development, particularly in the development (6), invasion and metastasis (7), drug resistance (8), immune regulation (9) and other aspects of tumors.

Building upon the aforementioned, this project aims to utilize the diethylnitrosamine (DEN)-induced primary liver cancer rat model to ascertain the efficacy of the model and evaluate the therapeutic potential of ATX prescription for primary liver cancer rats (10). This will be achieved by analyzing the four liver function indexes in plasma, the expression levels of AFP and GST-Pi, and the pathological status of liver tissue. To gain a comprehensive understanding of the mechanism of traditional Chinese medicine at the network level and omics perspective, we meticulously extracted plasma exosomes from each group of rats and conducted a thorough analysis of the miRNA in the exosomes. By doing so, we aimed to identify potential targets and shed light on the intricate mechanism of action of traditional Chinese medicine. Our ultimate goal is to develop novel methods and strategies for treating PLC.




2 Materials and methods


2.1 Preparation of ATXP

ATXP is composed of 17 herbs including Mollugo stricta Linn., Spreading Hedyotis Herba, Rhizoma Curcumae, Lobeliae chinensis Herba, Trionycis Carapax, Chinemys reevesii, Ostrea gigas Thunberg, Aurantii Fructus, Radix Astragali, Codonopsis pilosula, Eucommiae Cortex, Sparganii Rhizoma, Persicae Semen, Radix Paeoniae Rubra, and Radix Glycyrrhizae Preparata (Table 1). The herbs were purchased from the Pharmacy Department of the First Affiliated Hospital of Guangxi University of Traditional Chinese Medicine. They were authenticated by the Department of Teaching and Research of Chinese Medicine. The raw herbs were analyzed using high-performance liquid chromatography-mass spectrometry to determine the quality of ATXP as previously described (11). Before preparing ATXP, we soak it in a suitable amount of water for 30 minutes. First, add pure water 10 times the amount of herbs and heat it up for two times (boiling for 1 h each time). Then, use a vacuum pump filter, combine two volumes of the filtrate and divide it into separate containers. Finally, concentrate the filtrate and sterilize it, and store it at -20°C for later use. The concentration of the ATX prescription is approximately 2.57 g/ml.


Table 1 | Composition of the Aitongxiao prescription (ATXP).






2.2 Model preparation and grouping intervention of rats

A total of 50 healthy SPF-grade male Sprague–Dawley (SD) rats, 6–8 weeks of age, weighing 180–200 g, were purchased from Tian Qin Biological Technology Co., Ltd. (Changsha, China). The production license number of these rats is SCXK (Hunan) 2014-0011.

The animals were placed in an SPF standard room of Guangxi University of Traditional Chinese Medicine with good ventilation. The light/dark cycle lasted for 12 h and the appropriate temperature was 22°C. All experimental procedures were carried out in accordance with the Guidelines for Experimental Animal Health of the National Institutes of Health and approved by the Animal Ethics Committee of Guangxi University of Chinese Medicine (Ethical approval code: DW20201226-91, Guangxi, China).

Table 2 shows the whole process of animal experiments from model preparation to TCM intervention. After 1 week of adaptive feeding, six rats were randomly taken as the control group, and the remaining rats received intraperitoneal injections of diethylnitrosamine (70 mg kg−1 week−1). The modeling process lasted for 10 weeks and stopped at weeks 11 to 16. The rats were weighed and their weights were recorded once a week. The general conditions such as the activity and spirit of the rats were observed, and the death of each group was recorded. Three rats in the experimental group were killed at 0, 6, l3, and l6 weeks after cancer induction, and the liver tissue was taken, sectioned, and stained to observe the carcinogenesis. At the beginning of 17 weeks, 25 rats modeled successfully were randomly classified as the model group (n = 12) and the treatment group (n = 13). The treatment group was administrated with ATX decoction (18 g/kg), which was the optimal concentration of the ATXP. The control group and the model group were given an identical amount of distilled water. The rats in each group had different interventions for 4 weeks.


Table 2 | The animal experimental design from model preparation to TCM intervention.






2.3 Liver function assays and tumor marker evaluation

Rats were injected intraperitoneally with 3% sodium pentobarbital (45 mg/kg). After anesthesia, 10 ml of blood was taken from the abdominal aorta and then centrifuged for 10 min at 1,200 r/min. The plasma samples were isolated from the blood, and the supernatant was harvested and finally stored in a −80°C refrigerator for subsequent use. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in rat plasma were detected by an automatic biochemical analyzer, gamma-glutamyl transpeptidase (GGT) and α-L-fucosidase (AFU) were tested by using a spectrophotometer, and alpha-fetoprotein (AFP) was detected by an ELISA kit (Bioswamp, Shanghai, China), respectively, following the manufacturer’s instructions.




2.4 Histomorphological observation of rat liver

Liver (tumor) tissues from the blank, model, and ATXP groups were excised and fixed with 4% paraformaldehyde (Sinopharm Chemical Reagent Co. Ltd., China) for 24 h. Fixed tissues were cut into 1.5 × 1.5 × 0.3 cm sections, dehydrated in a gradient alcohol series, and embedded in paraffin wax blocks. The tissue was cut into 4–5-μm-thick sections and mounted on glass slides. After dewaxing in xylene, the slides were dipped in hematoxylin and agitated for 3–6 min, rinsed in water for 1–2 min, and stained with 0.5% eosin Y solution for 2–3 min at room temperature. The slides were examined under a Leica DM1000 microscope (Leica, Germany). At least 3 visual fields were observed during the experiment, and each field was photographed at 100 μm scales. Finally, the most representative visual field was selected for display.




2.5 Protein expression of GST-Pi in rat liver tissue

The liver (tumor) tissue was fixed with 4% formaldehyde and embedded with conventional paraffin to make 4–5-μm paraffin continuous sections. The GST-Pi kit was purchased from Fuzhou Maixin Company (Fuzhou, China). The operation steps were taken according to the instructions of the kit, and the relevant parts of the liver tissue sections were collected. The image was analyzed and its IOD value was calculated. At least 3 visual fields were observed during the experiment, and each field was photographed at 100μm scales. Finally, the most representative visual field was selected for display.




2.6 Isolation and identification of plasma exosomes

After anesthesia, 10 ml of blood was taken from the abdominal aorta and centrifuged at 1,200 r/min for 10 min, plasma samples were separated from the blood, and the supernatant was collected. The exosomes from plasma were separated and extracted by ultracentrifugation. The specific method is as follows: 1) centrifuge the liquid sample at 300×g for 10 min and then remove the cells from the sample; 2) transfer the supernatant to a new EP tube and centrifuge at 2,000×g for 10 min; 3) collect the supernatant and centrifuge at 10,000×g for 30 min to eliminate the shed microvesicles (sMV, 200–1000 nm); 4) collect the supernatant and centrifuge at 100,000×g for 70 min; and 5) wash in PBS and use a 0.22-μm membrane filter (Merck Millipore Darmstadt, Germany) filtration; and 6) the obtained plasma exosomes were stored at −80°C for later use. Transmission electron microscopy (TEM) was used to observe the morphology of the plasma exosomes, and a Tecnai G2 Spirit 120KV (FEI Czech Co. Ltd., Hillsboro, USA) was adopted to capture the images of the plasma exosomes. Nanoparticle tracking analysis (NTA) was utilized to determine the particle size and concentration using ZetaView PMX-120 (Particle Metrix, Germany). The surface markers of the plasma exosomes were detected by Western blot analysis. The following antibodies were used: Alix (sc-53540, Santa Cruz, Northern California, USA) and CD63 (ab134045, Abcam, Cambridge, UK). According to the instruction of the Qubit™ Protein Assay Kit, the concentrations of the exosome protein in the model, control, and ATXP groups were 1,805, 1,715, and 2,240 μg/ml, respectively.




2.7 Extraction of exosomal RNA

The exosome samples were removed from the refrigerator at −80°C, transferred to a 1.5-ml centrifuge tube, and mixed with TRIzol reagent. Chloroform was added, the tube cap was tightly closed, and the RNA in the sample was extracted after 15 s of vigorous oscillation of the tube body and centrifuged at 4°C 12,000 ×g for 15 min. After centrifugation, the solution was divided into phases, the water phase was transferred to a new tube, isopropyl alcohol was added, and the RNA in it was mixed to precipitate. After mixing, the solution was centrifuged at 4°C 12,000×g for 10 min. The supernatant was removed, 75% ethanol was added to the sample, and the RNA precipitation was cleaned. After oscillation, the supernatant was removed by centrifugation at 4°C 7,500×g for 5 min. The RNA solution can be obtained by adding RNA-free water to dissolve precipitation.




2.8 Microarray analysis of plasma exosome miRNAs

RNA in the exosome was extracted and quantified by quality inspection to construct the library, which was transformed into single-stranded DNA. Illumina NextSeq 500 sequencer was used to conduct 51-cycle sequencing. After sequencing, the "Solexa CHASTITY" technique was used to filter the raw "reads" for obtaining "clean reads". Then, the "cutadapt" software was used to remove the "adapters" and retain the tags equal to or greater than 15nt to obtain "trimmed reads". All "trimmed reads" were quantified for known miRNAs and predicted for new miRNAs using the "miRDeep2" software.




2.9 Bioinformatics prediction and analysis of plasma exosome miRNA target genes

To improve the accuracy of miRNA gene target prediction, the results were obtained from TargetScan (12), miRDB (13), and miRWalk (14). For the target gene prediction of miRNA, the GO and KEGG databases were used to conduct functional and pathway enrichment analyses of the target genes. Abundant biological processes, molecular functions, cell components, and signaling pathways were classified, and a miRNA target gene–gene functional regulatory mechanism network was established.




2.10 Dual-luciferase reporter gene assay

To identify the binding sites between miR-199a-3p and MAP3K4, luciferase structures containing MAP3K4 were transfected with wild-type and mutant binding sites, respectively, and co-transfected with miR-199a-3p mimics or empty vectors. To assess the luciferase activities of MAP3K4, cells were transfected with MAP3K4 luciferase constructs containing wild-type or mutated binding sites, cells were collected 48 h later, and luciferase activity was tested using a dual-luciferase reporting kit according to the manufacturer’s instructions.




2.11 Data analysis

SPSS 20.0, GraphPad Prism 8.0.2 and Adobe Illustrator 2022 were used for statistical analysis and mapping. All data were presented as mean ± standard deviation, using (  ± s) as denotations. One-way ANOVA was used for the comparison between groups. The level of test significance at α = 0.05 was p <0.05. Differentially expressed miRNAs between two groups were performed according to the screening criteria of >1.5- or <0.67-fold change in expression and p0.05.





3 Results


3.1 Establishment of a rat model of experimental primary hepatic carcinoma

Death cases began to occur from the 7th week of modeling, and a total of 7 rats died by the end of the 16th week. An autopsy found that a large amount of fluid remained in the abdominal cavity as well as some intestinal lesions, including one rat with lung metastasis. In the 6th week of modeling, the liver cells around the central vein swelled, showing vacuolar degeneration, and inflammation in the portal area was obvious; the liver lobule structure was still intact, and local necrosis and inflammatory cells were seen in the lobule infiltration. In the 13th week of modeling, the central vein hepatocyte edema and necrosis continued to increase, showing the presence of different degrees of steatosis; eosinophilic or clear cell hyperplasia foci appeared, the fibrous septum was more obvious, and typical pseudo-lobular formation was obvious. In the 16th week of modeling, the liver cancer cells were in masses, and the liver lobules were structurally disordered, accompanied by a large number of inflammatory cell infiltrations, some bleeding and necrosis, and hepatocyte hyperplasia and nodules. During the formation of rat liver cancer induced by diethylnitrosamine, the morphology and pathological sections of rat liver were changed correspondingly, which was consistent with the progression of DEN modeling from hepatitis to cirrhosis and then to liver cancer (Figure 1A). Compared with week 0, the plasma levels of ALT, AST, GGT, and AFU showed significant differences at 13 and 16 weeks of modeling (Figure 1B). There was no significant change in plasma AFP content at 6 and 13 weeks compared with week 0, but the difference in plasma AFP content at week 16 suggested that the liver tissue was damaged during DEN modeling (Figure 1C). Figure 1D showed the activity of GST-Pi in the liver (tumor) tissue. It could be seen that the GST-Pi protein expression in the liver of the model group gradually increased with the process of modeling. Compared with week 0, the expression of GST-Pi in the model group was significantly different at 6, 13, and 16 weeks (p < 0.05); there was no significant difference between the 13th week and the 16th week, but both showed an upward trend (Figure 1E).




Figure 1 | Establishment of the experimental primary liver cancer rat model. (A) HE staining of rat liver tissue (the pathological changes of the liver during 0–16 weeks). All images are shown at identical magnification; scale bar = 100 μm. (B) Changes in the contents of various biochemical indexes in rat plasma at different stages of modeling. (C) The changes in plasma AFP content in rats during 0–16 weeks. (D) Different stages of the immunohistochemical test. All images are shown at identical magnification; scale bar = 100 μm. (E) Differences in GST-Pi expression in rat liver tissues at different stages of modeling. n = 3 rats per group (*p < 0.05, #p < 0.01 compared with the 0 week; 0 week was the model preparation group before DEN administration).






3.2 The therapeutic effect of ATX prescription on the PLC rat model

The liver cells in the blank group were intact and radially arranged around the central hepatic lobule vein. Compared with the model group, liver biopsy showed that hepatocellular carcinoma cells in the model group were lumpy, and the liver lobule structure was disorganized, accompanied by a large number of inflammatory cell infiltration, hemorrhage, necrosis, and hyperplasia of the liver cells and nodules. The pathological sections of the liver of rats in the ATXP group showed reduced tumor cells and inflammatory cells, and a relatively orderly arrangement of liver cells was observed at high magnification compared with the model group. The liver morphology and pathological sections of rats in the ATXP group showed improved tumor and inflammatory cells, and a relatively orderly arrangement of liver cells was observed at high magnification (Figure 2A). The contents of ALT, AST, GGT, AFU, and AFP in the plasma of the ATXP group were significantly lower than those of the model group but higher than those of the control group (Figures 2B, C). As can be seen from Figures 2D, E, compared with the control group, GST-Pi protein in the liver tissue of the model group and the ATXP group was significantly higher, and that of the model group was significantly higher than that of the ATXP group. The results showed that GST-Pi decreased significantly after the ATXP intervention. In conclusion, ATXP has a regulatory effect on the DEN-induced rat liver cancer model.




Figure 2 | Examination of the experimental groups. (A) Liver histopathological examination of rats in each group after intervention. (B) Changes of plasma biochemical index content of rats in each experimental group. (C) AFP level of the experimental groups. (D) Immunohistochemical test. (E) GST-Pi expression in rat liver tissues of each experimental group. * compared with the control group, *p < 0.05; # compared with the model group, #p < 0.05 (control group: n = 6, model group: n = 12, ATXP group: n = 13).






3.3 Isolation and identification of rat plasma exosomes

The results of TEM showed that the extracted substance had a bilayer membrane structure and cup-shaped morphology, which was consistent with the morphology of exosomes (Figure 3A). WB results showed that exosomes in both groups expressed the exosomal marker proteins Alix and CD63. The results of NTA showed that the particle sizes of exosomes in the two groups were concentrated between 30 and 150 nm, which was consistent with the recognized exosome particle sizes (Figure 3B). The mean particle sizes of the model group, control group, and ATXP group were 109.2, 102.5, and 108.1 nm, respectively. The concentrations were 1.7 × 1011, 1.3 × 1011, and 8.6×1010 particles/ml (Figure 3C). According to previous studies, it could be identified as an exosome.




Figure 3 | Characteristics of exosomes in the peripheral blood from the three groups. (A) Representative transmission electron micrograph images of exosomes derived from the three groups; scale bar = 200 nm. (B) Western blot analysis showed the presence of two common positive exosomal markers (Alix and CD63 in the exosomes isolated from the three groups). (C) Representative nanoparticle tracking analysis report of exosomes from the three groups.






3.4 Quality of sequencing data

The sequencing data generated by Illumina NextSeq 500 are raw sequencing data. Quality control was carried out on the original sequencing data to evaluate whether the sequencing results were affected by quality differences in the process of library preparation. First, we analyzed the quality of sequencing data according to the distribution length of miRNAs. We could see that the label length of each group of samples was mainly distributed in 21–23 nt, which was consistent with the length distribution of miRNAs in conventional animal samples (Figure 4).




Figure 4 | Length distribution of miRNAs. Histogram of length distribution: the abscissa is the length of miRNA, and the ordinate is the frequency of occurrence.






3.5 Differentially expressed profile of miRNAs

Differential analysis of miRNAs was performed according to the expression of miRNAs. The screening criteria for the difference was that the log2 FC ≥1 or ≤−1, and p <0.05. Based on the statistical results, we analyzed the differences in miRNA expression among the three groups. As shown in Figure 5A, for the model group compared with the control group, 34 miRNAs were upregulated, while 31 were downregulated (p < 0.05). We also analyzed the effect of Chinese medicine treatment on miRNA expression (comparisons between the ATXP group and the model group). It was found that 33 miRNAs showed expression changes in the ATXP group compared with the model group, while 25 were downregulated as shown in Figure 5B (p < 0.05). To investigate the effect of TCM treatment on the abnormal expression of exosomal miRNAs in the rat model of experimental liver cancer, we further analyzed the differences between the ATXP group and the model group, as well as the intersection of the differential molecules between the model group and the control group. A total of 3 miRNAs were found in the intersection of the differential molecules between the ATXP group and the model group and between the model group and the control group. As shown in Table 3, among the miRNAs differentially expressed between the model group and the control group, there were three reversals after the ATXP treatment, namely, miR-206-3p, miR-98-3p, and miR-431. miR-206-3p was significantly upregulated in the model group and was markedly downregulated after the ATXP treatment. miR-98-3p and miR-431were significantly downregulated in the model group and were markedly upregulated after the ATXP treatment. Subsequently, by analyzing the miRNA of the exosomes in two groups and exploring the effect of ATXP in the treatment of primary liver cancer, we conducted a comparative screening of tumor suppressor genes. The analysis results showed that there were 14 miRNAs with significant differences between the ATXP group and the model group (Table 4). Among them, the upregulated miRNAs in the ATXP group included miR-339-5p, miR-223-5p, miR-147, miR-223-3p, miR-431, miR-199a-3p, miR-98-3p, and miR-99a-5p. The downregulated miRNAs included miR-125b-1-3p, miR-134-5p, miR-206-3p, miR-9a-5p, miR-674-3p, and miR-133a-5p. These miRNAs were the target of treatment for PLC.




Figure 5 | Three groups of significantly differently expressed miRNAs. (A) Volcano plot analysis of DEMs between the model group and the control group. (B) Volcano plot analysis of DEMs between the ATXP group and the model group. Note: The x-axis represents the log2 fold change value, and the y-axis represents the −log10 p-value. The two vertical green lines represent upregulation (right) and downregulation (left), and the green parallel lines correspond to the p-value threshold. Green represents significantly different downregulated miRNAs, red represents significantly different upregulated miRNAs, and gray dots represent non-significantly different miRNAs.




Table 3 | Differential miRNAs in the model vs. control and the ATXP vs. the model group (log2 FC ≥1 or ≤−1, and p < 0.05).




Table 4 | Differential expression analysis of miRNAs in the ATXP and model groups (fold change >1.5 or <0.67, p < 0.05).






3.6 Target miRNA regulation gene and function analysis

Figure 6 showed the enrichment analysis of differential miRNAs in order to identify the targets of these miRNAs differentially expressed between the ATXP group and the model group. GO analysis showed that the cell components of the eight miRNA targets were significantly upregulated in the intracellular, cytoplasm, intracellular membrane-bound, membrane-bound organelle, intracellular organelle, cytosol, etc. Their molecular functions were specifically expressed as protein binding, peptide binding, amide binding, enzyme binding, and transcription regulatory and participated in biological processes (e.g., cellular localization, regulation of the metabolic process, positive regulation of meta, protein localization, and cellular protein localization) (Figure 6A). Figure 6B showed that the cell components of the six miRNA targets were significantly downregulated in the cytoplasm, nucleus, nucleoplasm, cytosol, intracellular organelle, membrane-bound organelle, etc. Their molecular functions were specifically expressed as protein binding, peptide binding, amide binding, enzyme binding, and DNA binding transcription factor activity and participated in biological processes (e.g., anatomical structure morphogenesis, regulation of nitrogen compound metabolic, regulation of cellular metabolic, positive regulation of metabolic, regulation of transcription by RNA polymerase II, and organic cyclic compound binding).




Figure 6 | GO enrichment analysis of liver cancer targets treated by ATX prescription (BP, CC, MF). The 10 most enriched GO terms in biological process, cellular component, and molecular function for DEGs–miRNAs from the ATXP group vs. the model group are listed: (A) upregulation and (B) downregulation. Arranged according to p-values from low to high, and the ordinate represents the p-value (−log10 conversion).






3.7 KEGG analysis of target genes of differentially expressed miRNAs

The differential molecular target gene function/signaling pathway between the ATXP group and the model group involved multiple pathways, e.g., the PI3K-Akt signaling pathway, MAPK signaling pathway, Ras signaling pathway, and FOXO signaling pathway, as illustrated in Figure 7. These signaling pathways were involved in cell proliferation, differentiation, apoptosis, autophagy, immune regulation, and other important biological functions (15–18).




Figure 7 | Bubble chart of the first 10 entries in the KEGG pathway by ATX prescription. The first 10 entries of KEGG pathways enriched for DEGs–miRNAs from the ATXP group vs. the model group: (A) upregulation and (B) downregulation. Arranged according to p-values from low to high, and the ordinate represents p-value (−log10 conversion). Different colors and diameters of the pathway dots represent significance level and gene number, respectively.






3.8 Exosomal miR-199a-3p directly targets MAP3K4

To determine  the downstream regulatory mechanism of miR-199a-3p, we employed three bioinformatics tools (miRDB, miRWalk, and TargetScan) to predict the downstream genes of miR-199a-3p. Subsequently, we obtained liver cancer targets from the GeneCards database (https://www.genecards.org/), and finally selected the common targets among the four as candidate biomarkers (Figure 8A). According to the TargetScan database, miR-199a-3p and MAP3K4 exhibited potential binding sites (Figure 8B). A dual-luciferase reporter gene assay revealed that the luciferase activity of the MAP3K4-WT co-transfected with miR-199a-3p mimic was inhibited dramatically, while the luciferase activity of MAP3K4-MUT co-transfected with miR-199a-3p mimic did not change notably (Figure 8C). Subsequently, RNA-sequencing expression (level 3) profiles and the corresponding clinical information for liver cancer were downloaded from the TCGA dataset (https://portal.gdc.com). The gene expression of 12 candidate targets was compared. The results showed that MAP3K4 was highly expressed in hepatocellular carcinoma (HCC) (Figure 8D). Further prognostic analysis of MAP3K4 with different expression levels confirmed that highly expressed MAP3K4 had a poor prognosis in the past 5 years (Figure 8E). Therefore, we speculated that miR-199a-3p could target and negatively regulate MAP3K4, and the upregulation of MAP3K4 might eliminate the inhibitory effect of miR-199a-3p on liver cancer.




Figure 8 | MAP3K4 is targeted and negatively regulated by miR-199a-3p. (A) Venn diagram of expressed prediction results of the downstream genes of miR-199a-3p, and the middle part represents the intersection target with liver cancer. (B) The binding site between miR-199a-3p and MAP3K4. (C) The binding of miR-199a-3p and MAP3K4 verified by the dual-luciferase report gene assay. (D) Expression of MAP3K4 in the liver tumor. (E) Survival analysis of MAP3K4 in different expression levels. "NS" means not statistically significant; *** P<0.001.







4 Discussion

In this study, the rat model of primary liver cancer was constructed by intraperitoneal injection of the chemical inducer DEN, which was convenient to operate and highly carcinogenic (19). Research showed that DEN had the dual effects of a medium agent and a cancer inducer, and the rat liver cancer model induced by DEN was similar to the human chronic disease process (20, 21). Through DEN modeling, it was found that rats would experience three distinct disease courses, namely, hepatitis stage (week 6), cirrhosis stage (week 13), and hepatocellular carcinoma stage (week 16), which were similar to human hepatocellular carcinoma in occurrence, development, and pathological changes, and were also ideal animal models for imaging and molecular biology studies. Based on this, we used the DEN-induced rat liver cancer model to study.

AST, ALT, AFU, and GGT are the frequently measured liver function indicators in clinical practice, which often indicate the degree of liver injury and have certain diagnostic value for the discovery of early liver cancer, while AFP is the most commonly used plasma marker for the diagnosis of liver cancer at present (22, 23). The levels of plasma ALT, AST, GGT, AFU, and AFP in the model group at 0, 6, 13, 16, and 20 weeks all gradually increased with the modeling time. Among them, the plasma levels of ALT, AST, GGT, and AFU had a significant difference from the blank control group in the 13th week of modeling, which was statistically significant (p < 0.01), and the AST/ALT ratio in each time period was greater than 1. Due to the high false-positive rate of single liver cancer detection index analysis, multiple liver diseases can lead to elevated AST and ALT values. AST/ALT >1 can be used as a marker to evaluate patients’ liver function and judge their prognosis, so the combination of AST/ALT >1 in the diagnosis can effectively exclude false positives caused by cholecystitis, gallstones, pancreatic tumor, and sclerosing cholangitis and improve diagnostic accuracy (24).

GST-Pi is a phase II metabolic enzyme and an important detoxification enzyme system for cell anti-damage and anti-carcinogenesis (25). As a pre-liver cancer indicator, GST-Pi is also abnormally expressed in a variety of tumors, and its expression level is directly proportional to the degree of malignancy and prognosis of tumors (26). GST-Pi is highly expressed in most precancerous lesions, and it is also highly abnormal in rat liver cancer lesions (27). According to the analysis of the GST-Pi protein expression in the liver tissues of the model group during each time period of modeling, it was found that the GST-Pi protein expression in the liver tissues of rats at 6, 13, 16, and 20 weeks increased gradually compared with the blank group and was statistically significant (p < 0.05). Therefore, the model was successfully established.

In the intervention experiment of ATXP on the model group, from the first week of TCM intervention, it had no significant effect on the overall situation of rats (including hair color, mood, food intake, and water intake). However, in the liver morphology and pathological changes of rats, it was found that ATXP had a positive regulatory effect on the liver cancer rat model and had a regulation effect on ALT, AST, GGT, AFU, AFP, and liver GST-Pi protein expression in a liver cancer rat model. Therefore, we believe that ATXP has an intervention effect on PLC rats.

In the gene-level regulation mechanism, miRNA has also become a research hotspot in recent years. miRNAs are short non-coding RNAs with the size of 18-23 nt. The first miRNA was discovered in Caenorhabditis elegans, and since then, a variety of miRNAs have been discovered in different animals and plants, which can regulate organism development, regulate the cell cycle, and participate in cell inflammation, proliferation, apoptosis, and other processes. Recently, many studies have shown that some miRNAs may inhibit tumor function, while other miRNAs may have carcinogenic effects (28, 29).

Exosomes are small vesicles with a diameter of approximately 30 to 150 nm and a density of 1.13 to 1.21 g/ml, containing RNA, protein, miRNA, DNA fragments, and other components. It can exist in body fluids such as blood, saliva, urine, and breast milk. Almost all types of cells including tumor cells can produce and release exosomes. Studies have found that exosomes can not only serve as carriers for information transmission between cells but also protect the miRNA carried in them and slow their degradation. Studies have shown that the degradation rate of exosomal encapsulated miRNAs is significantly lower than that of miRNAs without exosomes (30). A variety of exosome miRNAs mediate bioinformation transmission between the tumor and the tumor microenvironment and participate in PLC cell proliferation (31, 32), metastasis (33–35), immune escape, and other processes (36). Exosome miRNAs play an important role in the diagnosis, prognosis (37–39), and treatment (40–44) of PLC. Therefore, we hope to further clarify the pathogenesis of liver cancer by analyzing miRNA in rat plasma exosomes.

miRNA target prediction and function analysis can help reveal the possible function and mechanism of ATX prescription for treating abnormal miRNA in PLC. Therefore, in this study, GO analysis and KEGG pathway analysis were performed on the identified differential miRNAs. The results showed that the target genes of the differentially expressed miRNAs in the ATXP group vs. the model group were mainly involved in cellular processes, metabolic processes, and biological regulation. Additionally, the majority of these proteins were found to be located within the nucleus, cytoplasm, and intracellular organelles. Their primary functions were identified as protein binding, peptide binding, amide binding, and enzyme binding. It indicated that these miRNAs regulated the genetic network in the treatment of PLC by ATXP. Furthermore, with regards to the regulation of signal pathways associated with each group, the miRNAs identified in the ATXP group might play a role in regulating several pathways, including but not limited to the PI3K-Akt, MAPK, Ras, Wnt, mTOR, FOXO, TNF, and VEGF signaling pathways. As these pathways were associated with inflammation, apoptosis, and angiogenesis, it was plausible that these miRNAs were found to be differentially expressed in the ATXP group may have an impact on the development of PLC by regulating the target genes involved in these pathways.

We preliminarily selected the differentially expressed miRNAs in the PLC model rats after the intervention of ATXP by using Illumina sequencing. The results suggested that ATX prescription regulated the expression of these 14 miRNAs in rat plasma exosomes to some extent (>1.5- or <0.67-fold change in expression, p < 0.05) (as shown in Table 4). Among the identified miRNAs, the ATXP group showed upregulation of miR-339-5p, miR-223-5p, miR-147, miR-223-3p, miR-431, miR-199a-3p, miR-98-3p, and miR-99a-5p, while downregulation was observed for miR-125b-1-3p, miR-134-5p, miR-206-3p, miR-9a-5p, miR-674-3p, and miR-133a-5p. Researches have shown that among these exosomal miRNAs reversed by ATXP, miR-431, miR-223-5p, miR-339-5p, miR-223-3p, miR-99a-5p, miR-199a-3p, and miR-147 could inhibit a variety of tumors (including liver cancer) through multiple pathways (45–51). For instance, miR-431 could inhibit the migration and invasion of PLC cells by inhibiting Zeb1-mediated epithelial–mesenchymal transition (EMT) (52). As an independent prognostic factor in patients with liver cancer, miR-339-5p was lowly expressed in liver cancer tissues, which was able to inhibit tumor invasion, and its expression level was positively correlated with the overall survival rate of patients (53). miR-223-3p could inhibit HCC cell proliferation and promote apoptosis by directly targeting NLRP3 (54). The expression of miR-99a-5p in HCC was decreased, and it might inhibit the invasion and migration of HCC cells by targeting IGF1R (55). Downregulation of miR-199a-3p was a common feature of HCC; its reduced expression contributed to the activation of the mTOR and C-Met pathways (56), and it inhibited the proliferation, migration, invasion, metastasis, and angiogenesis of HCC cells through mitochondria-related apoptotic pathways (57). Moreover, although there was no direct evidence that miR-206-3p was related to liver cancer, it had the ability to reduce neuropathic pain and delay the symptoms of patients (58), which was consistent with the effect of ATXP on improving the condition and relieving the pain of patients with liver cancer. miR-674-3p, miR-125b-1-3p, miR-98-3p, miR-134-5p, miR-9a-5p, and miR-133a in Table 4 had not been reported in PLC and other tumors, which may provide direction for our subsequent research.

Among the above-mentioned miRNAs closely related to liver cancer, we selected miR-199a-3p, which was upregulated in the ATXP group vs. the model group and had the smallest differential expression, as the research object for follow-up experiments. miR-199a-3p had been identified in recent years as a promising diagnostic biomarker in a variety of malignancies, such as liver cancer, colorectal cancer (59), lung cancer (60), esophageal cancer (61), and ovarian cancer (62). The study found that miR-199a-3p was underexpressed in liver cancer, which was in line with our sequencing results. ATXP could inhibit the occurrence and development of liver cancer by reversing the upregulation of miR-199a-3p. The target genes of miR-199a-3p were obtained from the miRDB, miRWalk, and TargetScan databases, respectively, and the GeneCards database was used to screen targets related to liver cancer. The final intersection of the 12 targets was used as candidate genes. Binding sites between miR-199a-3p and MAP3K4 were found by the TargetScan database. MAP3K4 (Mitogen-Activated Protein Kinase Kinase Kinase 4), also known as MTK1, MEKK4, MAPKKK4, PRO0412, etc., is a component of the protein kinase signal transduction cascade. The MAP3K4–p38 MAPK signal cascade pathway plays an important role in tumor invasion and metastasis. It has been confirmed that the p38 MAPK signaling pathway is associated with EMT and liver cancer metastasis: p38 plays an vital role in regulating IL-6 production and MAPK plays a synergistic role with the transcription factor SNAIL to promote tumor invasion and metastasis (63). Subsequently, in order to verify the relationship between miR-199a-3p and MAP3K4, a double luciferase experiment was used to confirm the high binding effect between them. It can be inferred that the mechanism of ATXP improving liver function and pathological injury in DEN-induced hepatoma rats may be through the inhibition of MAP3K4 expression by the plasma exosome miR-199a-3p. Therefore, our study revealed a new understanding of the mechanism of action of plasma exosome miRNAs in liver cancer. More importantly, this cellular communication between plasma exosomes and liver cancer cells linking ATXP might provide new options for future prophylactic therapy and contribute to the development of personalized diagnosis and treatment of liver cancer.

TCM compounds have complex components and diverse targets, and a single TCM or multiple components of a single TCM can regulate both the same miRNA and multiple miRNAs. Although TCM compounds increase the difficulty of the study, they provide a better choice for the comprehensive study of the miRNA interaction network. Therefore, we can conduct not only miRNA intervention from multiple levels, such as TCM monomer and single TCM, but also even TCM compounds, so as to discover new drugs, new targets, and new ways to treat diseases. Given the feasibility of miRNA intervention technology as a disease treatment method, TCM compounds can be used as miRNA modulators, which not only expand the theoretical connotation and clinical application of traditional Chinese medicine but also provide a new way for disease treatment and new drug research and development. In the future, we will explore the expression levels of mRNA and protein from the perspective of proteomics, making full use of the differences and complementarity of transcriptome and proteome studies. By conducting a comprehensive measurement of gene expression levels, we aim to fully understand the expression and regulation of each step of gene expression, and explore new findings that could not be found by conventional single omics approaches.

Although this study for the first time found that ATXP interferes with differentially expressed miRNAs in plasma exosomes of hepatoma model rats and simply verified the relationship between one of the miRNAs and its target genes, the specific regulatory mechanism has not been further studied. The causal relationship between microRNA expression and biological function is still very complex and mysterious, and the subsequent in-depth study and verification of a single miRNA is our future development direction. In addition to the previously reported miRNAs, we also identified several new PLC-related miRNAs. However, the targets of these miRNAs and the occurrence and development of PLC, as well as how ATXP affects the expression of target proteins in PLC rats, remain unclear. In the future, we will explore and study the pathogenesis of PLC affected by these miRNAs at the molecular level and the possible mechanism of multilevel and multitarget treatment of PLC by traditional Chinese medicine. With their help, we hope to provide new insights into the prevention and treatment of PLC.




5 Conclusion

In summary, this study provided preliminary evidence that ATXP might have downregulate the expression of MAP3K4 through the plasma exosome miR-199a-3p to further improve liver function and pathological injury in rats with liver cancer, which ultimately delayed the progression of liver cancer. Nevertheless, the specific mechanism of how ATXP mediates MAP3K4 through miR-199a-3p still requires more in-depth research for a comprehensive understanding.
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Background

GJB2 plays an essential role in the growth and progression of several cancers. However, asystematic pan-cancer analysis of GJB2 is lacking. Therefore, in this study, we performed a comprehensive pan-cancer analysis to determine the potential role of GJB2 in prognostic prediction and cancer immunotherapy response.





Methods

The differential expression of GJB2 in the tumor and adjacent normal tissues of various cancer types was analyzed using the TIMER, GEPIA, and Sangerbox databases. GEPIA and Kaplan–Meier plotter databases were used to analyze the survival outcomes based on GJB2 expression levels in pan-cancer. Furthermore, the association of GJB2 expression with the immune checkpoint (ICP) genes, tumor mutational load (TMB), microsatellite instability (MSI), neoantigens, and tumor infiltration of immune cells was analyzed using via the Sangerbox database. The cBioPortal database was used to determine the characteristics of GJB2 gene alterations in the cancer tissues. The STRING database was used to identify the GJB2-binding proteins. GEPIA database was used to identify the GJB2 co-expressed genes. DAVID was used to perform the functional enrichment analysis of gene ontology (GO) terms and KEGG pathways associated with GJB2. Finally, the mechanistic role of GJB2 in pancreatic adenocarcinoma (PAAD) was analyzed using the LinkedOmics database.





Results

The GJB2 gene was highly expressed in a variety of tumors. Furthermore, GJB2 expression levels showed significant positive or negative association with the survival outcomes in various cancers. GJB2 expression levels cor related with tumor mutational burden, microsatellite instability, neoantigens, and tumor infiltration of immune cells in multiple cancers. This suggested that GJB2 played a critical role in the tumor microenvironment. Functional enrichment analysis showed that the biological role of GJB2 in tumors included modulation of gap junction-mediated intercellular transport, regulation of cell communication by electrical coupling, ion transmembrane transport, autocrine signaling, apoptotic signaling pathway, NOD-like receptor signaling pathway, p53 signaling pathway, and PI3K-Akt signaling pathway.





Conclusions

Our study demonstrated that GJB2 played a significant role in tumorigenesis and tumor immunity in multiple cancers. Furthermore, GJB2 is a potential prognostic biomarker and a promising therapeutic target in multiple types of cancers.





Keywords: pan-cancer, prognosis, immune infiltration, TMB, MSI, ICP





Introduction

Cancer is a major public health issue and the leading cause of human deaths globally. The International Agency for Research on Cancer (IARC) reported 19.3 million new cancer cases and 10 million cancer deaths worldwide in 2020 (1). Tumorigenesis is a multi-faceted process that involves complex mechanisms regulating cancer cell proliferation and survival, tumor microenvironment, and tumor immune infiltration (2). Cancer patients experience high psychological stress and poor quality of life. Furthermore, patients with advanced stages of cancer are associated with worse prognosis than those diagnosed with cancer in the early stages. The main treatment options for cancer patients include surgery, chemotherapy, radiotherapy, targeted therapy, and immunotherapy.

In recent years, advances in molecular biology research have resulted in the emergence of molecular targeted therapies and immunotherapies based on the PD-1/PD-L1 inhibitors with improved outcomes. Most of the currently available targeted therapeutics act on single targets (genes or pathways). However, tumor pathogenetic mechanisms involve complex interactions between multiple factors. Therefore, multi-target drugs are required for better survival outcomes cancer patients. Furthermore, the efficacy of immunotherapy in cancer patients is limited by the complexity and diversity of the tumor microenvironment (TME) and the status of the tumor-infiltrated immune cells. These factors significantly influence the clinical outcomes of cancer patients that are treated with molecular targeted therapeutics and immunotherapies (3). Therefore, there is an urgent need to identify novel therapeutic targets and highly sensitive tumor biomarkers for cancer treatment.

Gap junction protein (GJB2), also known as connexin 26 (Cx26), is a member of the gap junction protein family, which is involved in the formation of the hemichannels and the gap junction channels. The opening of hemichannels allows the release of signaling molecules such as ATP and glutamate into the extracellular environment. The gap junction channels allow the exchange of ions and physiologically active molecules such as the second messengers between adjacent cells in direct contact through a process known as gap junctional intercellular communication (GJIC) (4). GJIC is closely related to cellular proliferation, differentiation, and apoptosis and its dysregulation is closely associated with oncogenesis (5). The aberrant expression of GJB2 causes dysregulation of GJIC in breast, colon, lung, and cervical cancers (6–8). Furthermore, connexins regulate cancer progression by modulating via the release of autocrine and/or paracrine signals into the extracellular environment through the hemichannels (9).

Teleki et al. (10) reported that GJB2 expression was reduced after chemotherapy in the breast cancer patients, thereby highlighting the association between GJB2 expression and the clinical response to chemotherapy. This also suggested that GJB2 was a promising anti-cancer drug target. However, to date the neoplastic role of GJB2 has been investigated in only a limited number of carcinomas. Moreover, pan-cancer analysis of the essential role of GJB2 has not been investigated. Therefore, we performed a comprehensive pan-cancer analysis of GJB2 expression levels in the tumor tissues and the adjacent normal tissues. Furthermore, we analyzed the prognostic value of GJB2 in pan-cancers and the association of GJB2 with the clinical pathological stages, immune checkpoint (ICP) genes, tumor mutation burden (TMB), microsatellite instability (MSI), and neoantigens. We also performed GJB2 gene co-expression analysis and gene set enrichment analysis in pan caner.





Methods




GJB2 gene expression analysis

The TIMER2.0 database(http://timer.cistrome.org) was used to determine the differential expression levels of the GJB2 gene in various tumor tissues and their corresponding adjacent normal tissues. Because paired tumor and normal tissues were not available for some tumors in the TIMER database, the “Expression analysis- Box Plots” module of the GEPIA database(http://gepia2.cancer-pku.cn/#analysis) was used to further confirm differential GJB2 expression in the pan-cancer tissues compared with the corresponding normal tissues by combining data from The Cancer Genome Atlas (TCGA) and the Geno type-Tissue Expression (GTEx) databases as controls. The TIMER 2.0 database does not contain data for the following tumor types: colon adenocarcinoma/rectum adenocarcinoma esophageal carcinoma (COADREAD), glioma (GBMLGG), pan-kidney cohort (KIPAN), and Stomach and Esophageal carcinoma (STES). Therefore, comprehensive analysis of GJB2 expression levels in the tumor and the corresponding normal tissues of the COADREAD, GBMLGG, KIPAN, and STES cohorts was performed using the Sangerbox database(http://Sangerbox.com/Tool). The Human Protein Atlas (HPA) database includes information regarding the spatial distribution and expression of various proteins in the human tissues and cells. We analyzed the GJB2 protein expression levels in various tumor tissues and their corresponding normal tissues based on the immunohistochemistry data in the HPA database.





Prognosis and clinical phenotype analysis

The “Survival Analysis” module of GEPIA2 was used to determine the overall survival (OS) and the disease-free survival (DFS) rates based on the GJB2 expression levels (high or low) in patients with different types of tumors from the TCGA database (11). We also analyzed the association between GJB2 expression and overall survival (OS) as well as relapse-free survival (RFS) in pan-cancer using the Kaplan–Meier Plotter database. The correlations between GJB2 expression levels and the clinicopathological parameters such as clinical stages, grades, sex, and age in pan cancer were analyzed using the Sangerbox database. The data for clinical stages, grades, and gender were shown as box plots, whereas the correlation between GJB2 expression and age was shown as bubble plots. P< 0.05 was considered as statistically significant.





Analysis of GJB2 gene alterations

The cBioPortal database was used to analyze the GJB2 gene mutation frequency, types, and copy number alterations (CNA) in the pan-cancer tissues (12). The “Mutations” module in the cBioPortal database was used to display the mutation site information of GJB2 and the corresponding position in the 3D protein structure. We also explored the mutation count of GJB2 in pan-cancer.





Correlation analysis between GJB2 expression levels and tumor immunity markers

The Sangerbox database was used to analyze the relationship between GJB2 expression levels and critical tumor immunity biomarkers such as immune checkpoint (ICP) genes (including inhibitory ICPs and stimulatory ICPs), tumor mutational load (TMB), microsatellite instability (MSI), and neoantigens in theTME (13). P value < 0.05 was considered as statistically significant.





Analysis of tumor immune infiltration

The Sanger Box database was used to download the standardized pan-cancer dataset (TCGA Pan-Cancer data from the UCSC database). GJB2 gene expression data was extracted for each sample and transformed using log2(X + 0.001). Furthermore, GJB2 expression profile of each tumor was extracted separately and mapped to the GeneSymbol. The ESTIMATE R package (version: 1.0.13) https://bioinformatics.mdanderson.org/public-software/estimate/) was used to calculate the stromal, immune, and ESTIMATE scores for all the patients with different types of tumors. Furthermore, the TIMER algorithm and the deconvo_EPIC, IPS, MCPcounter, CIBERSORT, xCell, and QUANTISEQ algorithms in the IOBR R package (version 0.99.9) (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8283787/) were used to analyze the relationship between GJB2 gene expression levels and tumor immune cell infiltration in various tumors.





Functional enrichment analysis

The STRING database was used to construct a protein–protein interaction (PPI) network of the predicted GJB2- binding proteins. The STRING database was searched to identify the potential GJB2 binding proteins. Then, the top 50 GJB2-related target genes were identified by analyzing all the different cancer datasets in the TCGA database (tumor and normal tissues) using the “Similar Gene Detection” module of GEPIA2. Pearson correlation analysis was then performed between GJB2 and the 50 GJB2-related target genes u sing the “Correlation Analysis” module of GEPIA2. The heat map data of the selected genes was generated using the “Gene Corr” module of TIMER2. The results of the two datasets were intersected using a Venn diagram to to obtain the common genes of the two datasets. The genes in the two data sets were combined and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) enrichment analyses was performed. The gene list was uploaded to DAVID (Database for Annotation, Visualization, and Integrated Discovery) and the functional annotation map was generated. Then, the results were visualized using the Sangerbox tool.





GJB2 gene co-expression network analysis

Finally, we further validated the enriched biological functions and pathways related to GJB2 in PAAD using the LinkedOmics database. The LinkedOmics database was used to determine the correlation coefficients of genes that co-express with GJB2. The results were displayed as heatmaps and volcano plots. Then, we investigated Gene Ontology Biological processes (GO_BP) and the KEGG pathways of GJB2 and its coexpression genes utilizing Gene Set Enrichment Analysis (GSEA).






Results




GJB2 is differentially expressed in several cancers

The TIMER2.0 database analysis showed that GJB2 expression was significantly higher in BLCA, BRCA, CESC, ESCA, KIRC, LUAD, LUSC, PRAD, STAD and UCEC but significantly reduced in CHOL, COAD, KICH, LIHC, and PCPG (Figure 1A). Since the TIMER 2.0 database lacked normal controls for ACC, DLBC, HNSC, LAML, OV, SARC, SKCM, TGCT, THYM, and UCS tumors, we performed a supplemental analysis using the GEPIA database, which includes data from the TCGA and GTEx databases. The analysis results showed that GJB2 expression was significantly higher in DLBC, OV, THYM, and UCS but was reduced in SKCM (Figure 1B). Then, we performed comprehensive analysis of GJB2 expression in 33 different cancers and adjacent normal tissues using the Sangerbox database and found that GJB2 was overexpressed in GBM, UCEC, BRCA, CESC, LUAD, ESCA, STES, KIRP, KIPAN, COAD, COADREAD, PRAD, STAD, KIRC, LUSC, BLCA, THCA, OV, PAAD, UCS, and ALL but downregulated in LGG, LIHC, SKCM, TGCT, LAML, PCPG, ACC, KICH, and CHOL (Supplementary Figure 1). The results from both Sangerbox and TIMER2.0 databases showed consistent trends in the GJB2 expression profiles in various tumors.




Figure 1 | GJB2 gene expression in different cancers. (A) GJB2 expression levels in the tumor and normal tissues from the TCGA pan-cancer datasets using the TIMER2.0 database. (B) GJB2 expression levels in the paired tumor/normal samples of the pan-cancer datasets from the TCGA and GTEx databases. *P < 0.05, **P < 0.005, ***P < 0.001.



We analyzed the immunohistochemistry data in the HPA database to determine the expression levels of the GJB2 protein level in partial tumors. GJB2 protein expression levels were higher in the COAD, BRCA, CESC, LUSC, READ, and STAD tissues compared to the corresponding normal tissues (Figure 2).




Figure 2 | GJB2 protein expression levels in the normal and tumor tissues of the colon, cervical, kidney, breast, lung, and stomach cancer datasets from the HPA database. *P < 0.05.







GJB2 expression correlates with survival outcomes in several cancers

The cancer patients were classified into high and low expression groups based on the GJB2 expression levels and the survival outcomes were determined based on the GJB2 expression levels in various tumors to determine the prognostic value of GJB2. The GEPIA database analysis showed that higher GJB2 expression was associated with worse OS outcomes in patients with ACC, CESC, GBM, KIRC, LUAD, and PAAD (all P < 0.05). However, high GJB2 gene expression was associated with better OS outcomes in patients with STAD (P < 0.05). Furthermore, high GJB2 expression correlated with poorer DFS in patients with GBM, KIRC, and LUAD (all P < 0.05) (Figures 3A, B).




Figure 3 | Survival outcomes of cancer patients based on high and low GJB2 expression in the pan-cancer datasets using the GEPIA2 tool. (A) The analysis of overall survival (OS) based on the level of GJB2 gene expression in the TCGA pan-cancer datasets. (B) The analysis of disease-specific survival (DSS) based on the level of GJB2 gene expression in the TCGA pan-cancer datasets.



We then assessed the prognostic value of GJB2 in pan-cancer using the Kaplan–Meier plotter database. Kaplan–Meier survival curves showed that GJB2 were associated with poorer OS outcomes in patients with OV, BLCA, KIRC, ESCA, LUAD, PAAD, CESC, and THCA (all P<0.05), but was associated with better OS outcomes in patients with THYM, STAD, and LUSC (all P<0.05) (Figures 4A–K). Kaplan–Meier survival curve analysis demonstrated that high GJB2 expression levels were associated with poor RFS outcomes in patients with PAAD, LUAD, TGCT, and SARC, but were associated with better RFS outcomes in patients with CESC, STAD, LUSC, and LIHC (Figures 4L–S). These data showed that the prognostic outcomes based on the expression levels of GJB2 varied between different tumors. In conclusion, these data demonstrated that GJB2 was a potential prognostic biomarker in multiple types of cancer.




Figure 4 | Kaplan–Meier survival curve analysis of pan-cancers based on GJB2 gene expression levels. (A–K) The analysis of overall survival (OS) based on the level of GJB2 gene expression in the TCGA pan-cancer datasets; (L–S) The analysis of relapse-free survival (RFS) based on the level of GJB2 gene expression in the TCGA pan-cancer datasets.



We also analyzed the correlation between GJB2 expression levels and clinicopathological parameters of cancer such as clinical stages, grades, gender, and age using the Sangerbox database. GJB2 expression levels showed significant correlation with the clinical stages in LUAD, COAD, STES, KIPAN, KIRC, PAAD, and TGCT (all P<0.05) (Figure 5A). Furthermore, GJB2 expression levels showed significant correlation with the tumor grades in CESC, ESCA, STES, KIPAN, HNSC, KIRC, LIHC, and PAAD (Figure 5B) (all P<0.05). GJB2 expression levels showed significant correlation with gender in STES, KIRP, HNSC, KIRC, and READ (all P<0.05) (Figure 6). Furthermore, GJB2 expression levels showed significant positive correlation with age in GBMLGG, KIRP, KIPAN, KIRC, THYM, and KICH (all P<0.05) and significant negative association with age in ESCA, STES, and TGCT (all P<0.05) (Figure 7).




Figure 5 | Correlation analysis of GJB2 expression with clinical stages and grades of various tumors. (A) GJB2 expression levels show significant correlation with different clinical stages in patients witxh LUAD, COAD, STES, KIPAN, KIRC, PAAD, and TGCT. (B) GJB2 expression levels demonstrate significant association with the grade of CESC, ESCA, STES, KIPAN, HNSC, KIRC, LIHC, and PAAD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ****P < 0.0001, and - P≥0.05.






Figure 6 | Correlation analysis between GJB2 expression levels and se in the pan-cancer datasets. As shown, GJB2 expression significantly correlates with sex in STES, KIRP, HNSC, KIRC, and READ. *P < 0.05, **P <0.01, and ****P < 0.0001.






Figure 7 | Correlation analysis between GJB2 expression levels and age in the pan-cancer datasets. As shown, GJB2 expression positively correlates with age in GBMLGG, KIRP, KIPAN, KIRC, THYM, and KICH, and negatively correlates with age in ESCA, STES, and TGCT. Note: The different color codes indicate the size of different p-values; the direction and length of the vertical axis indicates positive or negative correlation between GJB2 and age; Cor represents correlation efficient; size of the circles indicates sample size.







Analysis of GJB2 gene alterations in pan-cancer datasets

We used the cBioPortal database to analyze mutations in the GJB2 gene in pan-cancer datasets. GJB2 gene mutation frequency was highest in SKCM. Furthermore, all the alterations in the GJB2 gene were copy number amplifications (CNA) in UCS, PCPG, PAAD, and KIRP. In HNSC and KIRC, deep deletions were observed in the GJB2 gene (Figure 8A). The specific GJB2 gene mutations including mutation types, mutation sites, and the corresponding number of cases were listed for all the cancer types. Missense mutations were the main type of GJB2 genetic alterations, and L36F mutation was identified in two SKCM patients (Figure 8B). L36F site in the 3D structure of the GJB2 protein is shown in Figure 8C. The GJB2 mutation counts in pan-cancer datasets are shown in Figure 8D.




Figure 8 | Mutational features of the GJB2 gene in various cancers. (A) The mutational frequency and mutation type of the GJB2 gene in various cancers. (B) The mutation counts of the GJB2 gene in various cancer types from the TCGA database. The mutational types are represented by differentially colored. (C) 3D structure of GJB2 with L36F, which represents the site with the highest mutational frequency among all cancers. (D) General mutation count of the GJB2 gene in various cancer types from the TCGA database.







GJB2 expression correlates with ICP genes, TMB, MSI, and neoantigens in pan-cancer datasets

Immune checkpoint (ICP) genes play a significant role in the tumor infiltration of immune cells and immunotherapy responses (14). Immune checkpoint proteins are key regulators of immunity by activating orsuppressing critical immune regulatory signaling pathways. Thus, ICP proteins are critical for the maintenance of self-tolerance and immune responses. Furthermore, immune checkpoint-related genes play a key role in the immune escape mechanisms of tumors. Therefore, we analyzed the correlation between expression levels of GJB2 and the ICP genes to determine the role of GJB2 in immunotherapy. GJB2 expression levels were associated with 60 ICP genes in cancer types such as HNSC, LUSC, ESCA, STES, OV, KIPAN, KIRC, KICH, PAAD, THCA, BRCA, LUAD, READ, COAD, and COADREAD. Additionally, GJB2 expression showed positive correlation with the expression of several immune-related genes in GBM, THCA, BRCA, LUAD, BLCA, READ, COAD, LAML, SKCM, and KIRP. However, GJB2 expression showed negative association with the expression of several immune-related genes in HNSC, LUSC, ESCA and STES. These data demonstrated that GJB2 expression correlated with immune-related genes in most tumors (Figure 9A). Therefore, GJB2 could be a promising target for tumor therapy.




Figure 9 | Association between GJB2 expression and tumor immunity biomarkers. (A) The relationship between GJB2 expression and immune checkpoint (ICP) genes [inhibitory (24) and stimulatory (36)] in pan-cancer. Each small rectangular module represents co-expression of immune-related genes and GJB2 in various cancers; color in the upper left corner represents the correlation coefficient (Cor); the asterisk and color in the lower right corner represents the P value. (B–D) The relationship of GJB2 expression levels with (B) TMB, (C) MSI, and (D) neoantigens. The different colors represent the P-value. The horizontal axis represents the positive/negative correlation, including the magnitude of the correlation between GJB2 expression and age in pan-cancer. (B) GJB2 expression shows significant positive association with TMB in LUAD, COAD, COADREAD, KIRP, KIPAN, and STAD; GJB2 expression shows significant negative association with TMB in PRAD, HNSC, and THCA. (C) GJB2 expression shows positive correlation with MSI in COADREAD and STAD; GJB2 expression shows negative correlation with MSI in GBMLGG, KIPAN, PRAD, HNSC, and THCA. (D) GJB2 expression shows positive correlation with neoantigens in HNSC. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.



Previous studies have shown that TMB, MSI, and neoantigens are significantly associated with the tumor immunotherapy responses and are used as predictive biomarkers of the immunotherapy response in the cancer patients (15–17). Therefore, we analyzed the relationship between GJB2 expression levels and the status of TMB, MSI, and neoantigens (NEO) in all the tumors from the TCGA database. GJB2 expression levels showed positive correlation with TMD in patients with LUAD, COAD, COADREAD, KIPAN, KIRP, and STAD, but demonstrated negative correlation with TMD in patients with PRAD, HNSC, and THCA (all P<0.05) (Figure 9B). GJB2 expression levels showed positive correlation with MSI in patients with COADREAD and STAD, but showed negative correlation with MSI in patients with GBMLGG, KIPAN PRAD, HNSC, and THCA (all P <0.05) (Figure 9C). Furthermore, GJB2 expression levels showed negative correlation with neoantigens in patients with HNSC (P <0.001) (Figure 9D). These results suggested that GJB2 expression influenced the status of antitumor immunity by regulating the TME, including mechanisms related to tumor immunity.





GJB2 expression correlates with tumor immune infiltration in pan-cancer datasets

The relationship between GJB2 expression levels and the tumor immune infiltration status in pan-cancer was analyzed by estimating the immune scores, stromal scores, and the ESTIMATE scores. In most cancers, GJB2 expression levels showed positive correlation with the stromal scores (Supplementary Figure 3) and the immune scores (Supplementary Figure 4). However, GJB2 expression levels showed negative correlation with the immune scores in ESCA, LUSC, THYM and MESO. Furthermore, in most cancer types, GJB2 expression levels showed positive correlation with the ESTIMATE scores (Figure 10).




Figure 10 | Correlation analysis between GJB2 expression and ESTIMATE scores in pan-cancer using the ESTIMATE algorithm.



We also analyzed the relationship between the infiltration levels of immune cells and GJB2 expression levels in different types of tumors in the TCGA database using the CIBERSORT, QUANTISEQ, MCPCOUNTER, IPS, TIMER, EPIC, and the XCELL algorithms (Figure 11–13; Supplementary Figures 2, 5–7). TIMER database analysis showed positive correlation between GJB2 expression levels and the infiltration of B cells, T cell CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells (DCs) in THCA, PRAD and KIRC. Furthermore, tumor infiltration levels of neutrophils, macrophages and DCs showed significant positive correlation with the GJB2 expression levels in several tumors, especially CHOL, KICH, and COAD. Moreover, GJB2 expression levels showed significant negative correlation with the tumor infiltration levels of B cells in several tumors, especially CHOL. QUANTISEQ and TIMER database analyses showed positive correlation between GJB2 expression levels and the infiltration levels of macrophages and neutrophils in a variety of tumors. EPIC, QUANTISEQ, and TIMER database analyses showed negative correlation between GJB2 expression levels and the infiltration levels of B cells in LUSC, HNSC, ESCA, BLCA, CESC, STAD, SKCM, TGCT, CHOL, and BRCA.




Figure 11 | MCPCOUNTER analysis results show significant correlation between GJB2 expression levels and the infiltration levels of various immune cells. *P <0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.






Figure 12 | IPS analysis results show significant correlation between GJB2 expression levels and the infiltration levels of various immune cells. *P < 0.05, **P <0.01, ***P < 0.001, and ****P < 0.0001.






Figure 13 | EPIC analysis results show significant correlation between the GJB2 expression levels and the infiltration levels of various immune cells. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.



EPIC database analysis showed positive correlation between GJB2 expression levels and the infiltration levels of cancer-associated fibroblasts (CAFs) in multiple tumors, especially OV and BRCA. IPS database analysis showed negative correlation between GJB2 expression levels and the levels of suppressor cells (SC), immune checkpoints (CP), and average z-scores (AZ), and positive correlation between GJB2 expression levels and the infiltration levels of effector cells (EC) in a variety of tumors. MCP algorithm results showed positive correlation between GJB2 expression levels and infiltration of the monocytic lineage, myeloid dendritic cells, neutrophils, endothelial cells, and fibroblasts, and negative correlation between GJB2 expression levels and the infiltration of T cells and the CD8+ T cells in several tumors. These results suggested that GJB2 expression was closely related to immune infiltration. Therefore, GJB2 may play a key role in the tumor-immune interactions.

In a few instances, the results from different algorithms were contradictory regarding the relationship between GJB2 expression levels and the immune infiltration levels. For example, the correlation between GJB2 expression levels and the B-cell infiltration levels in KIRC was positive according to the TIMER algorithm and negative according to the QUANTISEQ algorithm. Furthermore, the association between GJB2 expression levels and the infiltration levels of macrophages in DLBC was negative according to the TIMER algorithm and positive according to the EPIC algorithm. Overall, the results showed that GJB2 regulated immune infiltration in multiple tumor types.





Functional enrichment analyses of the GJB2-related genes

The STRING database analysis identified 50 potential GJB2- binding proteins. The PPI network of GJB2 and the 50 GJB2-binding proteins is shown in Figure 14A. We obtained the top 50 genes associated with GJB2 expression using the GEPIA2 tool combined with all tumor expression data from TCGA.All the genes that co-express with GJB2 in the cancer tissues are shown in Supplementary Table 1. GJB2 expression levels showed positive correlation with the expression levels of GJB6, KRT6A, KRT6B, KRT14, and IVL (Figure 14B). The heat map shows positive correlation between GJB2 and the five genes (GJB6, KRT6A, KRT6B, KRT14, and IVL) in pan-cancer (Figure 14C).




Figure 14 | Functional enrichment analysis of GJB2-associated genes. (A) STRING database analysis shows identification of 50 potential GJB2-binding proteins. (B) GEPIA2 analysis shows identification of 50 GJB2-related genes from the TCGA database. GJB2 shows significant correlation with GJB6, KRT6A, KRT6B, KRT14, and IVL. (C) Heatmap shows the expression of GJB2-correlated genes in various cancer types. (D) Venn diagram shows the intersection between GJB2-binding genes and GJB2-related genes. (E–G) GO enrichment analysis results of the GJB2-binding and GJB2-related genes. (H) KEGG pathway analysis results of the GJB2-binding and GJB2-related genes.



The intersection of GJB2-binding proteins shown in the PPI network and the GJB2-coexpressing genes using the Venn diagram identified three genes, namely, GJB5, GJB3, and GJB6 that were common to both the datasets (Figure 14D). Finally, we combined the genes related to GJB2 from both the data sets (PPI network and co-expression network) and performed functional enrichment analysis to determine the enriched KEGG pathways and GO terms. GO enrichment analysis showed that GJB2 was involved in tumorigenesis through the following pathways: 1) GJIC-dependent pathways that regulate gap junction channel activity and gap junction-mediated intercellular transport, which is the most common mode of intercellular communication and plays an important role in regulating cellular growth, and survival; GJB2 expression caused defective GJIC and resulted in abnormal cell proliferation and differentiation, thereby promoting tumorigenesis; 2) Hemichannels-dependent pathways that regulate inter cellular communication through electrical coupling, ion transmembrane transport, autocrine signaling, and participate in tumorigenesis by releasing autocrine and/or paracrine signaling molecules into the extracellular environment through the hemichannels; 3) Inflammation-related pathways that regulate neutrophil aggregation, chronic inflammatory response, positive regulation of interleukin-1 production, and facilitate oncogenesis by regulating the functions of tumor- associated inflammatory cells; 4) Other pathways including the Toll-like receptor 4 (TLR4) binding related pathway, which suppressed apoptosis and promoted tumor growth. Therefore, GJB2 may be involved in tumorigenesis by regulating the intrinsic apoptotic signaling pathway and the binding of cell adhesion molecules (Figures 14E–G; Supplementary Table 2). KEGG pathway analysis suggested that GJB2 facilitated oncogenesis by suppressing the expression of P53, a well known tumor suppressor gene (Figure 14H; Supplementary Table 3).





Validation of GJB2 co-expression networks in PAAD

The above results confirmed that GJB2 was significantly associated with tumor prognosis and immunity. Therefore, we further verified the KEGG pathways and GO_BP terms associated with GJB2 and related genes in PAAD using the LinkedOmics database. Figure 15A shows the volcano map with GJB2 co-expressed genes in PAAD. Figures 15B, C shows the heat map with the top 50 genes that positively or negatively correlate with GJB2 in PAAD. All the GJB2 coexpressed genes in PAAD are shown in Supplementary Table 4. GSEA module in the LinkedOmics database was used to determine the most enriched GO terms (biological process) and the KEGG pathways in relation with the GJB2 co-expressed genes in PAAD. GO analysis showed that GJB2 was associated with integrin-mediated signaling pathways, epithelial cell proliferation, positive regulation of cell adhesion, NIK/NF-kappaB signaling, ATP hydrolysis coupled cation transmembrane transport, calcium ion- regulated exocytosis, and regulation of membrane potential (Figure 15D).




Figure 15 | LinkedOmics database analysis of GJB2 co-expression genes in PAAD. (A) Pearson’s correlation test results show genes with significantly high correlation with GJB2 in the PAAD cohort. (B, C) Heatmaps of the top 50 genes that show (B) positive and (C) negative correlations with GJB2 in the PAAD cohort. (D) Directed no-loop plots for the GO analysis of GJB2-related genes in the PAAD cohort. (E) Volcano map shows the KEGG pathway analysis of GJB2-related genes in the PAAD cohort.



Integrins primarily mediate intercellular recognition and adhesion, and may be closely related with the cellular adhesion characteristics of the pancreatic adenocarcinoma cells. GJB2 facilitated pancreatic cancer development by releasing ATP through the hemichannels, thereby promoting inflammation by activating the leukocytes. Furthermore, these results also suggested that GJB2 was involved in the initiation and development of PAAD by modulating the activities of the gap junctions and hemichannels. KEGG pathway analysis showed that the GJB2 co-expressed genes were enriched in pathways such as apoptotic signaling pathway, NOD-like receptor signaling pathway, p53 signaling pathway, PI3K-Akt signaling pathway, proteoglycans in cancer, TNF signaling pathway, NF-kappa B signaling pathway, ECM-receptor interactions, and oxidative phosphorylation (Figure 15E). These data demonstrated that GJB2 regulated the development of pancreatic cancer by inhibiting cellular apoptosis, promoting cellular proliferation, and altering cellular differentiation through the enriched KEGG pathways.






Discussion

Connexins are trans membrane proteins that assemble to form connexons or hemichannels, which then dock with the hemichannels of the adjacent cells to form the intercellular gap junction (GJ) channels. In 1966, Loewenstein and Kanno (18) conducted a seminal ex vivo study that demonstrated loss of electrical coupling in rat liver tumors and suggested a tumor suppressor role for the GJIC, which are formed from the connexins. Later, other studies confirmed the tumor suppressive function of the connexins (19–21). Subsequent studies have shown that the role of connexins or gap junctions in cancer is complex, and their function varies and is dependent on the cell type and the cancer stages. For example, the migration potential of various types of cancer cells is reduced by increased GJIC; however, high expression of connexins has been reported at the metastatic sites in glioma and colorectal cancer (22). Furthermore, high Cx26 expression is associated with poor prognosis in the renal, pancreatic, and lung cancers (23). This suggested that Cx26 played a significant role in tumorigenesis. The role of connexin-associated GJIC in cancer has been widely reported. Furthermore, there is a growing interest regarding the role of hemichannels in cancer. Several studies have reported that aberrant activation of intracellular pathways and autocrine/paracrine signaling through the hemichannels altered tumor cell proliferation and disease progression through the transmembrane exchange of signaling molecules (24–26). Paracrine signaling between tumor cells and stromal cells through the hemichannels played a significant role in tumor growth and progression (20).

It is not clear if the pathogenic role of GJB2 in different tumors is through similar or diverse molecular mechanisms. Furthermore, the relationship between GJB2 expression and various clinicopathological parameters in the pan-cancer datasets has not been studied. Therefore, we first comprehensively analyzed the GJB2 gene expression in the pan- cancer datasets from various databases. We then investigated the prognostic role of GJB2 and the underlying molecular mechanisms in different cancers by analyzing the correlations between GJB2 gene expression and the status of survival outcomes, GJB2 gene alterations, tumor immune infiltration, and related cellular pathways.

First, analysis of clinical data in the TIMER, GEPIA, and Sangerbox databases showed that GJB2 was highly expressed in 14 cancer types, including BRCA, CESC, LUAD, and STAD. This was in accordance with previous findings (6, 10, 27, 28). The HPA database analysis showed that GJB2 protein expression was significantly increased in the tumortissues compared with the corresponding normal tissues in patients with BRCA, LUAD, BLCA, UCEC, STAD, COAD, and LUSC. These results demonstrated that GJB2 played a critical role in oncogenesis. Then, we investigated the prognostic role of GJB2 in various tumors. Our results were in concordance with previous studies, which showed that high GJB2 expression was associated with worse prognosis outcomes in patients with PAAD (29), ECSA (30), and LUAD (31). Kaplan–Meier survival curve analysis showed that low expression of GJB2 correlated with better prognosis outcomes in patients with BLCA. Li et al. (32) reported that decreased Cx26 expression was associated with the progression of bladder cancer. This was contradictory to our findings. Therefore, further high-quality clinical studies are needed to confirm our findings. Previous studies have also reported contradictory findings regarding the correlation between GJB2 expression and the prognosis of gastric cancer patients. Liu et al. (10) showed that high GJB2 expression was a favorable prognostic marker for intestinal gastric cancer. However, Kim et al. (33) showed that the overexpression of Cx26 was a biomarker for poor prognosis in patients with intestinal gastric cancer. In our study, GEPIA and KM plotter database analysis showed that high GJB2 expression was associated with good prognosis outcomes in patients with gastric cancer. In the future, comprehensive clinical studies are required to further validate the correlation between gastric cancer prognosis and GJB2 expression.Our data also showed that high expression of GJB2 was associated with worse prognosis outcomes in patients with CESC, KIRC, OV, GBM, and SARC. These data demonstrated that GJB2 was a promising prognostic bio marker in pan-cancer.

Our study demonstrated that the expression levels of GJB2 were significantly associated with the clincial stages, grades, gender, and age of patients with various tumors. This suggested that GJB2 may be of great significance in guiding the clinical treatment of cancer patients belonging to different ages, genders, and tumor pathological stages. In conclusion, our study demonstrated that GJB2 played an important role in tumor progression and was a potential prognostic predictor.

In this era of precision mediciine, several studies have shown that TMB, MSI, and neoantigens are promising tumor immunity-related biomarkers for guiding immunotherapy (16, 34–36). The immune checkpoint (ICP) genes are associated with the tumor inflitration of immune cells and immunotherapy response (37). Hence, we studied the association between GJB2 expression levels and the status of TMB, MSI, neoantigens, and ICP in human cancers to determine the potential of GJB2 as a biomarker of immunotherapy response. Our findings demonstrated that GJB2 was linked to multiple immune checkpoint genes in most tumors. Furthermore, GJB2 expression correlated with several immune checkpoint genes in KICH and KIRC. This suggested that GJB2 was a potential therapeutic target for future anti-cancer immunotherapy. TMB is a predictive biomarker for accurately predicting the response of individual cancer patients for immunotherapy. TMB is also used to predict the prognosis of patient undergoing various anti-cancer treatments including immunotherapy (38). Several clinical studies have demonstrated that cancer patients with high TMB show enhanced response to treatment with immune checkpoint inhibitors such as anti-CTLA-4 therapy for melanoma (36), anti-PD-L1 therapy for uroepithelial cancer (39), and anti-PD-1 therapy for non-small cell lung cancer and colorectal cancer (40). MSI causes tumor-related gene abnormalities due to replication errors resulting in code-shifting mutations, which in turn induce cancer development. MSI is an essential clinical biomarker for immunotherapy (35). Neoantigens are abnormal proteins that are produced because of genetic mutations in the cancer cells and are not present in the normal cells. Therefore, neoantigens can activate the immune system after recognition by the immune cells and have been established as one of the biomarkers for tumor immunotherapy (41). Our study demonstrated that GJB2 expression was positively correlated with TMD in patients with LUAD, COAD, COADREAD, KIPAN, KIRP, and STAD. Furthermore, GJB2 expression was positively correlated with MSI in patients with COADREAD and STAD. Therefore, we hypothesized that patients with high GJB2 expression levels as well as high TMB and MSI may show better prognosis after immunotherapy in those cancers where the GJB2 expression levels demonstrate positive correlation with TMB and MSI.

The TME is composed of tumor cells, stromal cells such as the fibroblasts, multiple types of immune cells such as T lymphocytes, NK cells, macrophages and dendritic cells, and the extracellular matrix. The TME plays a crucial role in the tumor progression and treatment response. The immune cells and stromal cells represent two main types of non-tumor components with immense clinical value for the diagnostic and prognostic assessment of tumors. In majority of the human cancer types, GJB2 showed positive correlation with immune scores, stromal scores, and ESTIMATE scores for the TME. This implied that GJB2 expression levels were associated with TME, especially tumor infiltration of immune cells. Furthermore, the status of tumor infiltration of the immune cells is a critical parameter that is associated with the clinical response to immunotherapy (42, 43). Our results showed that GJB2 was involved in the tumor infiltration of immune cells in multiple cancer types. Furthermore, GJB2 expression levels showed positive correlation with the ESTIMATE scores in several cancer types. ESTIMATE score is negatively correlated with tumor purity (44). Low tumor purity is associated with advanced cancer stage and worse prognosis (45). Furthermore, our data showed positive correlation between GJB2 expression levels and the infiltration status of multiple types of immune cells such as cancer associated fibroblasts (CAF), macrophages, myeloid dendritic cells, DCs, neutrophils, monocytes, and endothelial cells in most tumors. Cancer- associated fibroblasts showed positive correlation with GJB2 expression in most tumors, with the strongest positive correlation in ovarian cancer. GJB2 expression also showed negative correlation with the level of B-cell infiltration in ESCA, BLCA, CESC, STAD, SKCM, TGCT, and others. These results suggested that GJB2 was strongly associated with the TME in most human cancers.

CAFs play multiple roles in tumor microenvironment. They inhibit the function of immune cells by secreting various cytokines or metabolites that promote tumor growth, invasion, and metastasis. Furthermore, CAFs play a significant role in remodeling the extra-cellular matrix, thereby reducing the effectiveness of tumor treatment by creating a barrier for the deep penetration of drugs and immune cells into the tumor tissues (46). This suggests that tumor suppression can be reversed by modulating the CAFs or overcoming their barrier effect and can be novel strategy for tumor therapy. Our results demonstrated that GJB2 was involved in immunomodulation and tumor infiltration of immune cells in multiple cancers. Therefore, GJB2 is a potential target for immunomodulation in tumor therapy that can impact tumor growth, proliferation, and progression.

Our study also perfromed function enrichment analysis to determine the biological functions of GJB2. The results of functional enrichment analysis in pan-cancer and PAAD showed that GJB2 modulated cancer progression through the p53 signaling pathway, apoptotic signaling pathway, TNF signaling pathway, PI3K-Akt signaling pathway, and others. These results were in concordance with previously published data (28, 29, 47). P53 is a well established tumor suppressor gene that regulates cell cycle and apoptosis. Nomura et al. (48) reported that Cx26 suppressed colorectal cancer by inhibiting P53 expression. Cancer progression is determined by the balance between pro-apoptotic and anti-apoptotic proteins, the mutation of cIAP, and activation of NF-κB transcriptional activity mediated by c-FLIP, all of which promote resistance of cancer cells resistant to apoptotic stimuli (49). PI3K-Akt signaling pathway is commonly dysregulated in several human cancers. This is caused by mutations in the proteins involved in this pathway through gain of function or loss of function mutations. Aberrant regulation of the PI3K-Akt signaling pathway promotes cellular transformation and also regulates tumor cell proliferation, survival, and invasiveness (50). We investigated the potential biological functions of GJB2 through the GO analysis. GJB2 expression was associated with biological processes such as gap junction-mediated intercellular transport, positive regulation of interleukin-1 production, cell adhesion molecule binding, positive regulation of intrinsic apoptotic signaling pathway, regulation of cell growth, negative regulation of mRNA catabolic process, RAGE receptor binding, Toll-like receptor 4 binding and morphogenesis of an epithelium.

Previous studies have also shown that GJIC mediated by Cx26 promotes tumorigenesis by regulating cell proliferation and differentiation and facilitates cancer cell migration by reducing cell adhesion (51). The presence of DAMPs in cells stimulates the secretion of inflammatory cytokines induced by the toll-like receptors (TLR), thereby inducing chronic inflammation in the tumor microenvironment. Previous studies have shown that the hemichannels formed by GJB2 are closely associated with tumorigenesis (26, 52, 53), which agrees with the findings of our study. Our study showed that GJB2 was involved in tumor cell proliferation and migration mainly through regulation of cell communication by electrical coupling, ion transmembrane transport, and autocrine signaling. Our results also suggested that GJB2 regulated tumorigenesis through inflammation-related pathways, which was in line with previous findings (54, 55). Hemichannels of connexins promote inflammatory responses. Tumor cells produce cytokines that attract tumor-associated inflammatory cells such as neutrophils (TANs) and macrophages (TAMs) to the tumor site. TANs and TAMs promote tumor growth by secreting growth factors that also induce tumor angiogenesis. These changes promote tumor progression, inhibit apoptosis of tumor cells, and induce tumor resistance to immune responses (56). In conclusion, these data suggested that GJB2 modulated tumorigenesis through diverse mechanisms.

Overall, our findings demonstrated that GJB2 was an independent prognostic factor for manifold cancers Furthermore, GJB2 expression correlated with TMB, MSI, ICP, neoantigens, and tumor infiltration of immune cells in diverse cancer types. The impact of GJB2 on tumor immunity also varies depending on the tumor type. As a result, we hypothesized that GJB2 was not only a promising prognostic factor for multiple cancer types but also a potential target for immunotherapy. Our data provides the basis for exploring the clinical applications of GJB2-targeted cancer immunotherapy in the future preclinical and clinical studies as well as further exploring the biological role of GJB2.

Our study has some limitations. First, we analyzed clinical data from different databases. There were a few differences in the data across databases that could have resulted in bias. Secondl our data regarding the biological function of GJB2 needs to be confirmed through in vivo and in vitro experiments. Third, we concluded that GJB2 expression was strongly associated with immune cell infiltration and prognosis of human cancers. However, we did not provide direct evidence for the role of GJB2 in tumor immune infiltration and its relationship with prognosis. Finally, none of the anti-GJB2 targeting drugs have been tested so far in clinical trials. Therefore, currently, the potential immunotherapeutic effects of anti-GJB2 treatment is speculative. In the future, there is a need to develop and test anti-tumor immunotherapeutic agents targeting GJB2. Moreover, future prospective studies with larger sample sizes are needed to further validate the clinical value of GJB2 in pan-cancer.
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ATXP vs. model

Gene name Fold change
rno-miR-431 19.324 0.013
rno-miR-98-3p 11.803 0.004
rno-miR-223-5p 2.570 0.000
rno-miR-339-5p 2,515 0.002

Upregulation
rno-miR-223-3p 2.221 0.003
rno-miR-99a-5p 2.016 0.004
rno-miR-147-5p 1.806 0.044
rno-miR-199a-3p 1.599 0.048
rno-miR-133a-5p 0.336 0.011
rno-miR-9a-5p 0.376 0.007
rno-miR-674-3p 0.426 0.007
Downregulation

rno-miR-134-5p 0.463 0.017
rno-miR-206-3p 0.518 0.018
rno-miR-125b-1-3p 0.531 0.041






OPS/images/fonc.2023.1050069/table3.jpg
) ATXP/model (upregulati

Group ATXP/model (downregulation) vs. model/control (upregulati (downregul

-miR-98-3
Co-regulated . ot P
miRNA. rmo-miR-206-3p

rno-miR-431





OPS/images/fonc.2023.1050069/table2.jpg
Week 1-10

Week 11-16

Grouping
intervention

Last day of
week 20

Control (n = 6)

Model preparation
group (n = 44)

Intraperitoneal injection of normal saline

Intraperitoneal injection of
diethylnitrosamine (70 mgkg ' -week ')

Stop the intraperitoneal
injection of anything

Control (n = 6)
Model (n = 12)

Treatment group
(n=13)

Distilled water

Distilled water

18 gkg 'day ™
of ATXP

Euthanasia






OPS/images/fonc.2022.1096438/fonc-12-1096438-g002.jpg
£
¥
%
oJ =3 =3 o =) ° 0«\01
@ T @ < s %,
(x1-491) Manoros santsod jo % 4y ¢

ns

o = o o =)
o 4 @ « -

(d1-491) Aiayoeas oanisod jo 9,

o e =3 o =3
o < @ « -

(¥1-491) Aanoeos oamisod jo 9

ﬂ
'

o

<

= o o =} o
< © « -

(M1-491) A1anoeas aanisod jo 9, (M1-491) A1Aoe01 aanisod jo 9,





OPS/images/fonc.2022.1096438/fonc-12-1096438-g003.jpg





OPS/images/fonc.2022.1096438/fonc-12-1096438-g004.jpg
800

-
o
=3

IGF-1 (ng/ml)
8
o
IGF-1 (ng/ml)
IGF-1 (ng/ml)

n
o
t=1

9
S
&
&
D E
1500 800
600
g 1000 £
o o
2 £ 400
£ =
- w
S 500 )
200
5 0
& s &






OPS/images/fonc.2022.1064944/fonc-12-1064944-g003.jpg





OPS/images/fonc.2022.1064944/table1.jpg
Reference Age Primary tumor ALK fusion partner/ First-line ALKi TKI First-line ALKi PFS

site breakpoint agent response (month)

Gower A, 2020 41 F Pancreas cancer PPFIBP1 Alectinib SD 50
Singhi AD, 35 M Pancreas cancer EML4 Ceritinib PR 7.0
2017

Singhi AD, 32 B Pancreas cancer EMIL4 Crizotinib SD 17.0
2017

Singhi AD, 34 M Pancreas cancer STRN Crizotinib SD 10.0
2017

Singhi AD, 46 M Pancreas cancer EML4 Crizotinib PD 20
2017

Margherita A, 75 M Pancreas cancer Intron 19 rearrangement Alectinib PD 0.9
2022

Margherita A, 34 M Pancreas cancer STRN Crizotinib PR 284
2022

Margherita A, 41 F Pancreas cancer PPFIBP1 Alectinib PR 5.0
2022

Margherita A, 63 M Pancreas cancer EML4 Alectinib SD 5.4
2022

Margherita A, 72 M Pancreas cancer EML4 Alectinib NA 16
2022

Hsiao SY, 2021 56 M Colorectal cancer EMIL4 Alectinib PR 80
Amatu A, 2015 53 F Colorectal cancer CAD Entrectinib PR 45
Yakirevich E, 87 F Colorectal cancer STRN Ceritinib SD 9.0
2016

Margherita A, 46 M Colorectal cancer EML4 Crizotinib PD 23
2022

Margherita A, 45 M Colorectal cancer EML4 Crizotinib PR 9.1
2022

Margherita A, 51 B Colorectal cancer CAD Crizotinib SD 37
2022

Margherita A, 50 F Colorectal cancer CAD Entrecctinib PR 4.6
2022

Margherita A, 67 M Colorectal cancer STRN Alectinib SD 136
2022

Zhou Y, 2020 58 F Gallbladder cancer AMBRAL Crizotinib PR 7.0
Margherita A, 58 F Bile duct cancer Unknown Crizotinib SD 39
2022

Zhang X, 2021 36 M Esophageal cancer STRN Crizotinib PR 220
Margherita A, 50 i Gastric cancer HMBOX1 Alectinib PR 6.0
2022

Margherita A, 70 M Duodenum cancer KIF5B Alectinib SD 7.8
2022

ALK, anaplastic lymphoma kinase inhibitors; NA, not applicable; PR, partial response; SD, stable disease; PD, progressive disease; PES, progression-free survival.
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References Medicine

Drilon et al, 2022 Selpercatinib 160 mg
(80), twice daily

Lu et al,, 2022 (82), Selpercatinib 160 mg
twice daily

Subbiah et al,, 2021  Selpercatinib 160 mg

(84), twice daily

Griesinger et al,  Pralsetinib 400 mg/day
2022 (87),

Takeuchi et al., Alectinib 450 mg twice
2021 (92), daily

ORR, objective response rate; mPFS, median progression-free survival; mDOR, median duration of response; NR, not reached.

Phase

1/

Previous
treatment

chemotherapy
untreated

chemotherapy/
Immunotherapy

untreated

brain metastases
(treated/
untreated)

chemotherapy
untreated

untreated

Patients
(N)
247

69
18

80

136
75
25

ORR (%)

61 (95% CI, 55-67)
84 (95% CI, 73-92)
61.1 (95% CI, 35.7-82.7)

87.5 (95%CI, 47.3-99.7)
82 (95% CI, 65-95)

59 (95% CI, 50-67)
72 (95% CI, 60-82)
4 (95% CI, 0.1-20.4)

mPFS (months)

24.9 (95% CI, 19.3-NR)
22.0 (95% CI, 13.8-NR)
NR

NR
13.7 (96% CI, 10.9-NR)

16.5 (95% CI, 10.5-24.1)
13.0 (95% CI, 9.1-NR)
3.4 (95% CI, 2.0-5.4)

mDOR (months)

28.6 (95% CI, 20.4-NR)
20.2 (95% CI, 13.0-NR)
NR

NR
NR (95% CI, 9.3-NR)

22.3 (95% CI, 15.1-NR)
NR (95% CI, 9.0-NR)
NR
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KIF5B CCDC6 ERC1 ERCC6 NCOA4 TRIM33 EMI4 FBXL7 GRIPAP1 KIF13A TIMM23B Others' Total

Drilon 108 36 3 2 4 2 2 2 2 12 173
etal, 2018

(24),

Shi et al., 85 29 3 2 2 1 15 135
2022 (25),

Feng et al., 114 28 2 23 167
2022 (26),

!Some other fusion patterns where only 1 case was detected, such as DNER, DPP6, FGDS5, GADLI, GLI3, GPRC6A, ILIRAPL2, KIAA1598, MALRD1, PRKARIA, SPECCI, TLN1,
ZNF33B, TRIM24, EPHAS5, MYO5C, EML4, RUFY3, KIAA1468.
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FISH RT-PCR DNA NGS RNA NGS

Technologies IHC

specificity +++ ++++ ++++4+ +++++ +++++

sensitivity +H+ -+ Fr—_ +t A+

charge ++ et 4+ 4 +H+

materials protein DNA/RNA RNA DNA RNA

detection of partner no no/yes® yes/nob yes/nob yeslnob
1~2 2~3 2~3 5~7 5~7

time consumption (d)

IHC, immunohistochemistry; FISH, fluorescence in situ hybridization; RT-PCR, reverse transcription polymerase chain reaction; NGS, generation sequencing. a. When using probes with
specific fusion partners; b. Unable to detect rare fusion partners not covered by primers; c. Related to product design.
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References Medicine Phase Previous Patients ORR (%) mPFS (months) mOS (months)

treatment (N)
Lee et al., 2017 (64), Vandetanib 300mg/day )i pretreated 17 18 4.5 11.6
Yoh et al,, 2021 (65), Vandetanib 300mg/day 1T pretreated 19 53 (95%CI, 31-74) 6.5 (95% CI, 3.9-9.3) 13.5 (95% CI, 9.8-
28.1)
Drilon et al., 2016 Cabozantinib 60mg/ I pretreated/ 25 28 (95%CI, 12-49) 5.5 (95% CI, 3.8-8.4) 9.9 (95% CI, <8.1)
(66), day untreated
Hida et al,, 2019 (77),  Lenvatinib 24 mg/day 11 pretreated 25 16 (95%ClI, 4.5-36.1) 7.3 (95% CI, 3.6-10.2) —_

ORR, objective response rate; mPES, median progression-free survival; mOS, median overall survival.
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Features

Age

Gender

Pathological stage

Lymphatic metastasis

KRAS Status

Variables

<60

260

Male

Female

Early (T1-T2)
Advanced (T3-T4)
Yes

No

KRAS Wild
KRAS Mutation

No. (%)

19 (53)
17 (47)
20 (56)
16 (44)
15 (42)
21 (58)
10 (28)
26 (72)
28 (78)
8(22)
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Network Parameters Value

Number of nodes 14
Number of edges 91
Clustering coefficient 1
Network diameter 1
Network radius 1
Network centralization 0
Network density 1
Characteristic path length 1

Avg. number of neighbors 13
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Type of Type of
cancer COMMD

proteins

Lung cancer COMMDI COMMDI inhibits Nf-kb and HIF-1 in H460 cells, and plays an anti-inflammatory, anti-tumor and anti-angiogenesis role (68, 69).
COMMDI is highly expressed in NSCLC cells and repairs DNA DSBs. Up-regulation of COMMDI is associated with poor prognosis in
patients with NSCLC (17).

Lung cancer COMMD4 COMMD# depletion significantly inhibits NSCLC cell proliferation, induces mitotic catastrophe and apoptosis, and increases the
sensitivity of NSCLC to irradiation and camptothecin (18)

Lung cancer COMMDS COMMDS expression is up-regulated in NSCLC; COMMDS promotes cell proliferation, migration, glycolysis, and inhibits apoptosis (19,
71)

Lung cancer COMMD9Y COMMDS9 is highly expressed in NSCLC; COMMDY promotes cell proliferation, migration, cell cycle G1/$ transition, inhibits
autophagy, promotes TFDPI/E2F1 transcription activity and inhibits P53 signaling pathway (20)

Hepatocellular COMMD2 COMMD2 is highly expressed in HCC, and COMMD2 promotes the proliferation, migration and tumor immune infiltration of HCC

carcinoma cells, which is associated with poor prognosis, higher histological grade, more advanced clinical stage, lymph node metastasis and the

TP53 mutation status in HCC patients (21).

Hepatocellular COMMD3 COMMD3 is highly expressed in HCC; COMMD3 promotes the growth, migration, invasion and angiogenesis of HCC, and is associated
carcinoma with advanced TNM staging, poor overall survival and vascular invasion of HCC patients (22)

Hepatocellular COMMD7 COMMD? is highly expressed in HCC; COMMD? promotes HCC proliferation, migration, invasion, activation of Nf-kB signaling
carcinoma pathway and CXCL10 (23, 73-75).

Hepatocellular COMMDS COMMDS is highly expressed in HCC, and COMMDS promotes the proliferation, migration and invasion of HCC (24)

carcinoma

Hepatocellular COMMDI10 COMMDI0 is poorly expressed in HCC; COMMDI0 inhibits HCC proliferation, enhances apoptosis, ferroptosis, and radiosensitivity,

carcinoma and inhibits Nf-kb and HIF1a signaling pathways; COMMDI0 is associated with longer overall survival (25, 63).
Prostate cancer | COMMDI SCLU promotes COMMDI and I-kB degradation, enhances Nf-kb activity and tumor cell survival in prostate cancer cells (76).
Prostate cancer | COMMD3 COMMD3; BMII fusion expression and COMMD3 protein increases significantly in metastatic prostate cancer; COMMD3 activates

oncogenes such as c-MYC, promotes prostate proliferation, migration and invasion; Increased COMMD3 expression is positively
correlated with tumor recurrence and reduced survival (82).

Diffuse large B- | COMMDI1 Down-regulation of COMMDI is associated with poor prognosis in diffuse large B-cell lymphoma (7).

cell lymphoma

Head and neck COMMDI1 COMMDI is poorly expressed in HNSCC. miR-205-mediated down-regulation of COMMDI increases inflammatory and stemness
squamous-cell features in stemness-enriched cancer cells, and promotes tumorigenesis and tumor growth (78)

carcinoma

Neuroblastoma COMMD1 DRRI, F-actin and COMMDI form a complex in the nucleus, and the stability of COMMDI in the complex is enhanced to promote the

degradation of Nf-kB; DRR1 and COMMDI inhibit cyclinD1 expression, G1/S transition and cell proliferation in neuroblastoma (79).

Ovarian cancer COMMD1 Increased nuclear COMMDI expression helps overcome Cisplatin resistance in ovarian cancer cells A2780 (26)

Multiple COMMDI High expression of COMMDI s associated with Bortezomib resistance in multiple myeloma (80)

myeloma

Renal cell COMMDS5 COMMDS is poorly expressed in renal cell carcinoma; COMMDS inhibits renal cell carcinoma proliferation, promotes differentiation,
carcinoma improves prognosis, enhances autophagic cell death, and inhibits tumor angiogenesis; The antitumor effect of COMMDS5 is related to the

inhibition of EGFR, ErbB receptors and VEGF (83, 84).

Gastric cancer COMMD5 COMMDS is poorly expressed in gastric cancer. Rosiglitazone, a synthetic PPARy agonist, is associated with COMMDS up-regulation in
the inhibition of gastric carcinogenesis (85)

Gastric cancer COMMD7 COMMDY is associated with cisplatin resistance in gastric cancer (88).
Pancreatic ductal  COMMD? COMMDY is highly expressed in PDAC; COMMDY is positively correlated with PDAC histological differentiation, lymph node
adenocarcinoma metastasis and TMN stage. Inhibition of COMMD?7 may inhibit tumor proliferation and invasion by down-regulating cyclin D1,

inhibiting MMP-2 secretion, and activating ERK1/2 and apoptosis (86)

Acute myeloid COMMD7 High expression of COMMDY? is associated with poor prognosis in acute myeloid leukemia (87)

leukemia

Colorectal COMMDI0 | COMMDIO is downregulated in colorectal cancer; COMMDI10 inhibits colorectal cancer invasion and metastasis by inhibiting nuclear
cancer accumulation of p65 (91).

Renal clear cell COMMD10 COMMDIO is highly expressed in renal clear cell carcinoma and predicts better overall survival of patients (27).
carcinoma
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(Gene expression) (Protein expression)

Variable IGFBP-1 IGF-1R IGF-1R
Age

Correlation -0.004 0.183 0.108 0075 0.030

P value 0.970 Il 0.085 0313 0487 0.778
Tumor size

Correlation 0361 0272 0.404* 0.419** 0.548**

P value 0.0001 0.010 0.0001 0.0001 0.0001
Malignancy

Correlation 0.521%% 0371 0.635* 0.503* 0.817**

P value 0.0001 0.0001 0.0001 0.0001 0.0001

Tumor grade

Correlation 0.586** 0.360** 0.583** 0.309** 0.592**

P value 0.0001 0.0001 0.0001 0.003 0.0001
Metastasis

Correlation 0.482** 0.346* 0.423** 0.562** 0.581**

P value 0.000 0.001 0.000 0.0001 0.0001
Recurrence

Correlation 0.501%* 0.393** 0.374%* 0.398** 0.554**

P value 0.0001 0.0001 0.0001 0.0001 0.0001
IGF-1 V

Correlation 1.000 0.360** 0.615** 0.430* 0.571%%

P value 0.0001 0.0001 0.0001 0.0001
IGFBP-1

Correlation 0.360"* 1.000 0.489** 0.196 0.429**

P value 0.0001 [ 0.0001 0.064 0.0001
IGFBP-3

Correlation 0.615** 0.489** 1.000 ‘ 0.409** 0.682**

P value 0.0001 0.0001 0.0001 0.0001
IGF-1R gene

Correlation 0.430"* 0.196 0.409** 1.000 0.561**

P value 0.0001 ' 0.064 0.0001 0.0001

IGF-1R protein
Correlation 0.571* 0.429* 0.682** 0.561** 1.000

P value 0.0001 0.0001 0.0001 0.0001

P <0.01.
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Variable Sensitivity (%) ecificity (%)

IGF-1 Patient Vs. Control > 1738 95.56 100.0 0.9878 <0.0001
IGF-1 Malignant Vs. Control > 2526 98.33 100.0 0.9922 <0.0001
IGF-1 Benign Vs. Control > 1738 90.00 100.0 0.9789 <0.0001
IGF-1 Malignant Vs. Benign > 3787 76.67 80.00 0.8189 <0.0001
IGFBP-1 Patient Vs. Control > 33.65 7111 63.33 0.6869 0.0022
IGFBP-1 Malignant Vs. Control >32.34 88.33 56.67 0.7672 <0.0001
IGFBP-1 Benign Vs. Control > 33.80 53.33 63.33 0.5261 0.7283
IGFBP-1 Malignant Vs. Benign >41.25 53.33 83.33 0.7272 0.0005
IGFBP-3 Patient Vs. Control > 2260 86.67 90.00 0.9335 <0.0001
IGFBP-3 Malignant Vs. Control >2.630 93.33 96.67 0.9869 <0.0001
IGFBP-3 Benign Vs. Control > 2260 63.33 90.00 0.8267 <0.0001
IGFBP-3 Malignant Vs. Benign > 3275 83.33 83.33 0.8889 <0.0001
IGF-1R Patient Vs. Normal margin > 0.09488 68.89 75.56 0.7294 <0.0001
(Gene)

IGF-1R Malignant Vs. Normal margin > 0.09488 86.67 75.00 0.8354 <0.0001
(Gene)

IGF-1R Benign Vs. Normal margin > 0.1568 26.67 90.00 0.5117 0.8766
(Gene)

IGF-IR Malignant Vs. Benign > 0.06304 90.00 63.33 0.8081 <0.0001
(Gene)

IGF-1R Patient Vs. Control >10.13 87.78 100.0 0.9435 <0.0001
(Protein)

IGF-1R Malignant Vs. Control > 15.03 100.0 100.0 1.000 <0.0001
(Protein)

IGF-1R Benign Vs. Control > 8.935 70.00 96.67 0.8306 <0.0001
(Protein)

IGF-IR Malignant Vs. Benign >19.98 100.0 100.0 1.000 <0.0001

(Protein)
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Univariate analysis Multivariate analysis

Characteristics

HR (95% CI) HR (95% Cl) P value

Age (<65/>65 yrs) 1.265 (1.034-1.548) 0.022 1.096 (0.831-1.445) 0517
Gender (Female/Male) 1.164 (0.949-1.428) 0.145

T stage (T1-T2/T3-T4) 1.889 (1.480-2.412) <0.001 1.779 (1.178-2.686) 0.006
N stage (NO-N1/N2-N3) 1799 (1.372-2.357) <0.001 2.180 (1.204-3.945) 0.010
M stage (MO/M1) 2.269 (1.439-3.577) <0.001 1.814 (0.884-3.723) 0.105
Pathologic stage (I-I/III-TV) 2011 (1.614-2.506) <0.001 0.814 (0.451-1.469) 0.494
Curative outcome (PD/SD, PR, CR) 0.269 (0.204-0.354) <0.001 0.237 (0.168-0.336) <0.001

1xXv (Low/High) 1.257 (1.031-1.534) 0.024 1.403 (1.061-1.855) 0.018

The bold values indicate statistically different (P < 0.05).
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Rank Name Score Name

1 AKT1 2648 11 SOD1 632
2 TP53 2318 12 TXN 610
3 CASP3 2130 13 GSR 594
4 JUN 2067 14 FOXO03 592
5 MAPKL 1560 15 INS 528
6 MAPK14 1374 16 MAPKS 482
7 CAT 1299 17 SIRT1 422
8 1L6 1188 18 HSPA4 402
9 CYCs 892 19 NFE2L2 366

10 HMOX1 841 20 BCL2 290
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ta Set Platforms Sample rol Tumor General informati
GSE10072 GPL96 107 49 58 Age, sex, smoking status, pathological stage
GSE18842 GPL570 91 45 16 None
GSE21933 GPL6254 12 21 21 Age, sex, pathological stage
GSE101929 GPL570 66 32 34 Age, sex, race, smoking status, smoking years, survival, survival time, pathological stage

GSE118370 GPL570 6 3 3 None
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Levels FA : Bio-CS (Mol : Mol) FA: EDC.HCI (Mol : Mol) Reaction time (h) Temperature (°C)

1 25:1 1:7 12 Room temperature
2 26:1 1:8 24 45~55
3 27:1 1:9; 48 55~65
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NO. FA : Bio-CS(A) FA: EDC.HCI(B) Reaction time(C) Temperature(D) YP(%)

1 1 1 1 1 20.83
2 1 2 2 2 19.42
3 1 3 3 3 12.54
4 2 1 2 3 21.62
5 2 2 3 1 2442
6 2 3 1 2 16.02
7 3 1 3 2 19.72
8 3 2 1 3 21.42
9 3 3 2 1 20.31
K1 17.60 20.72 19.42 21.85
K2 20.69 21.75 20.45 18.38
K3 20.48 1629 18.89 18.53
R 3.09 5.46 1.56 347

The average yield of FA-CS-Bio synthesis at different levels for each factor of K1, K2 and K3; R is the difference between the maximum average yield and the minimum yield of each factor at
tha hras Tevale.
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Groups AST(U/L)
Control 83.11 + 12.49
FA-CS-Bio 85.00 +2.12

5-FU 96.42 + 10.66"

FA-CS-Bio/5-FU ~ 91.24 +6.01

Compared with control, *p=0.01.

ALT(U/L)

34.52 +2.07
34.09 + 1.90
4733 + 2.80°
33.35 + 4.06

Creatinine (umol/L)

0.30 + 0.04
0.28 = 0.05
0.28 + 0.03
0.29 +0.03

Hgb(g/L)

128.44 £ 9.92
133.00 £ 12.53
124.44 + 11.03
12843 + 7.47

PLT(x10°/L)

23923 £11.27
24330 £9.22

205.75 £ 19.11%
229.01 £ 13.16

WBC(x10°/L)

743 £ 0.06
7.51 £0.26
522 +0.35°
7.38 £0.13

RBC(x10'“/L)

9.57 + 0.27
9.55 + 0.13
7.82 + 1.14°
9.52 + 021
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Univariate-cox analysis Multivariate-cox analysis

Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value
Age 549 ‘ ‘ ‘
| <=60 206 Reference
>60 343 1.847 (1.160-2.940) 0.010* 2020 (1.036-3.939) 0.039*
Clinical stage 551 ‘ ‘ ‘
Sst:%;lé‘ 392 Reference
S;‘:f;lﬂf‘ 159 3.543 (2.355-5.329) <0.001* 5475 (2.774-10.806) <0.001%
Histological subtype 551 : v ‘
Endometrioid 409 v Reference v
Serous 118 2667 (1.739-4.088) <0.001* 0.583 (0.271-1.252) 0.166
Mixed 24 2421 (1.036-5.655) 0.041% 1.820 (0.583-5.681) 0303
Histologic grade 540 |
GI&G2 218 Reference
G3 322 3.281 (1.907-5.643) <0.001* 1.725 (0.813-3.662) 0.155
Tumor invasion (%) 473 ‘
<50 259 Reference |
>=50 214 2.813 (1.744-4.535) <0.001* 1357 (0.718-2.565) 0347
Residual tumor 412
RO 374 Reference
RI 22 1.578 (0.630-3.955) 0331 1.631 (0.619-4.293) 0322
R2 16 5527 (2.879-10.612) <0.001* 1.963 (0.854-4.514) 0.112
CXCL9 expression 551 ‘ ‘
Low 276 Reference
High 275 0.546 (0.360-0.829) 0.004* 0385 (0.206-0.718) 0.003*

*P < 0.05.
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Conditions

Interventions

Number

First Posted

State

Status

RCC

Papillary Renal Cell
Cancer

RCC

RCC

Papillary RCC

Advanced RCC

Recurrent RCC

Advanced Solid Tumors

Advanced RCC
Metastatic RCC

RCC

Renal Clear Cell
Carcinoma
Renal Papillary Cell
Carcinoma

Solid Tumors

Advanced Solid Tumors

CRPC

CRPC

PCa

Urinary Bladder
Neoplasms
Ureteral Neoplasms
Urethral Neoplasms

foretinib

AZD6094

APL-101/Nivolumab

INC280/bevacizumab

Savolitinib/durvalumab/sunitinib

Drug: APL-101 Oral
Capsules

Erlotinib/Tivantinib

Axitinib/crizotinib

Cabozantinib

Cabozantinib

Savolitinib/MEDI4736/
Tremelimumab

INC280

Treatment with ARQ 197 in
combination with
sorafenib

Crizotinib/Enzalutamide

Tivantinib

Savolitinib/Durvalumab/
Tremelimumab

Crizotinib

Enrolled
June 30, 2006 74
April 30, 2014 111

September 5,

2
2018 0
September 22,
65
2015
October 28, 220
2021
September 27, -
2017
August 20,
2012 5
February 26,
2014 %
May 14, 2018 445
June 2013 658
January 2017 181
F 3
‘ebruary 29, 151
2012
September
2009 &
August 2014 24
January 11,
2012 =
December 12, 500
2017
September 27, 8

2016

All clinicaltrials can be downloaded from www.clinicaltrials.gov (accessed October 5, 2022).

Phase 2

Phase 2

Phase 1
Phase 2

Phase 1

Phase 3

Phase 1
Phase 2

Phase 2

Phase 1

Phase 2

Phase 3

Phase 2

Phase 1

Phase 1

Phase 1

Phase 2

Phase 2

Phase 2

NCT00726323

NCT02127710

NCT03655613

NCT02386826

NCT05043090

NCT03175224

NCT01688973

NCT01999972

NCT03428217

NCT01865747

NCT02819596

NCT01324479

NCT00827177

NCT02207504

NCT01519414

NCT03385655

NCT02612194

United
States

United
States
Australia
United
States

United
States

United
States

United
States

United
States

United
States

United
States

United
Kingdom

United
States

United
States

United
States
United
States

Canada

United
States

Completed

Completed

Terminated

Active, not
recruiting

Recruiting

Recruiting

Completed

Completed

Completed

Completed

Active, not
recruiting

Completed

Completed

Completed

Completed

Recruiting

Terminated
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Papillary RCC

RCC

RCC

RCC

PCa

PCa

PCa

PCa with
bone
metastasis

PCa

PCa with
bone
metastasis

PCa

PCa

PCa

PCa

PCa

PCa

Interventions

Anti-c-Met CAR-T
cells

Honokiol and
Rapamycin

Piperlongumine

Axitinib and crizotinib
foretinib

(GSK1363089)

2,3,5,6-
Tetrahydrobenzo[d]
thiazole Derivatives

PHA665752/Olaparib

cabozantinib

Heteronemin

Axitinib and crizotinib

SU11274

BMS-777607

Evodiamine

Quercetin

Curcumin

HGF RabMAb

Models

Cell lines and
mouse models

Cell lines and
mouse models

Cell lines

Mouse
models

Cell lines

Cell lines

Cell lines

Cell lines and
mouse models

Cell lines

Mouse
models

Cell lines

Cell lines

Cell lines

Cell lines

Cell lines

Mouse
models

Results
Anti-c-Met CAR-T cells significantly inhibited tumor growth.

The combination of rapamycin and honokiol can effectively down-regulate the
phosphorylation of Akt induced by c-Met in RCC cells, significantly inhibit tumor cell
proliferation.

PL inhibits tumor progression by rapidly reducing c-Met protein and RNA levels.

The combination of axitinib and crizotinib also significantly enhanced the antitumor
efficacy.

Fretinib inhibits PCa cell metastasis by promoting the reversal of EMT.

It showed high tumor suppressive activity.

Combination therapy has a synergistic effect on the growth inhibition of PCa cell lines.

Cabozantinib inhibited the growth of intraosseous tumors, decreased tumor-induced
osteolysis.

Heteronemin can effectively antagonize HGF/c-Met/STAT3 activation and tumor
proliferation in refractory PCa cells.

The combination of axitinib and crizotinib can significantly inhibit the bone damage of
tumor cells, thereby significantly reducing osteoblastic and osteolytic lesions.

The inhibition of c-Met by SU11274 can significantly inhibit the survival and
proliferation of tumor cells and enhance their radiosensitivity.

BMS-777607 treatment significantly inhibited the proliferation, clonality, migration and
invasion of PCa cells.

By inhibiting the activation of c-Met/Src/STAT3 signaling axis, it can inhibit the survival,
proliferation and angiogenesis of tumor cells.

Quercetin can reverse doxorubicin resistance in PCa cells by down-regulating c-Met
expression.

Curcumin can reverse HGF-induced EMT.

Anti-HGF RabMADb not only inhibited the growth of tumor cells, but also inhibited the
HGF-dependent proliferation of tumor cells.

Reference

J. 1. Mori
etal. (53)

A. Sabarwal
et al. (54)

K. Golovine
et al. (55)

E.
Ciamporcero
et al. (56)

B. Yin, et al.
(40)

R. M.
Mohareb
et al. (57)

Z. Wang
etal. (58)

C. Lee et al.
(59)

J.C. Wu
et al. (60)

J. Eswaraka
etal. (61)

H. Yu etal.
(62)

Y. Dai et al.
(63)

S. T. Hwang
etal. (64)

Y. Shu et al.
(65)

H.J. Hu
et al. (66)

Y. Yuetal
(67)
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The interaction protein of
AMBRA1

BECLIN1
DLC1

Mito-BCL-2

Parkin
Caspases
Calpains
TRAF6
ULK1

DDB1-CULLIN4 complex

ELONGIN B-CULLIN5 complex
ELONGIN C-CULLIN5 complex

RNF2
Catalytic subunit of PP2A

LC3
FAK/Src
IKKo
HUWEL
ALDHI1B1
Cyclin D
ATAD3A
Smad4
Cardiolipin
ERLIN1
SUGT1
mTORCI
CANX (calnexin)/GD3
WIPI1
WASH
Akap8/Cdk9

Binding sites on AMBRA1

aa 533-751
aa 1075-1077 and 1087-1089

The N-terminal and C-terminal region of
AMBRA1

The N-terminal region of Ambral
D482 site in AMBRA1

2

aa 618-623 and 681-686

The N-terminal and C-terminal region of
AMBRAI

The second AMBRA1 WD40 domain

The C-terminal region of AMBRA1
aa 735-1208

?

aa 275-281 and 1206-1212

aa 1012-1023

?

Upstream of the LIR motif of AMBRA1
2

?

?

?

2

2

aa 533-751 and 767-1269

the C-terminal region of AMBRA1
2

g

?

Function

Favoring the BECLIN1-Vps34 functional interaction

Inhibiting AMBRA1 and BECLIN1-VPS34 complex translocation to

ER

Harnessing AMBRALI at mitochondria and inhibiting autophagy

Local activation of class III PI3K around depolarized mitochondria

Cleavage at D482

Complete decomposition

Supporting ULK1 ubiquitylation by LYS-63-linked chains
Activating AMBRALI by phosphorylation

Limiting AMBRA1 protein abundance and promoting AMBRA1

degradation

Promoting the accumulation of the mTOR inhibitor DEPTOR

Negatively regulating the assembly and ubiquitin E3 ligase activity of

CRL5 complexes
Ubiquitinating AMBRAL at lysine 45

Facilitating the dephosphorylation and degradation of the proto-

oncogene c-Myc

Promoting mitophagy

Regulating adhesion and invasive migration
Promoting mitophagy

Promoting PINK1/Parkin-independent mitophagy
Inhibiting carcinogenesis

Regulating cell cycle

Promoting PINKI stability

Facilitating TGFf-driven metastasis

Promoting autophagosome formation

Driving autophagy initiation

Inhibiting the activity of CRL7 complexes
Inhibiting the activity of AMBRA1

Promoting autophagy

Promoting autophagy formation

Promoting AMBRA1 degradation by potentiating RNF2

Histone modifications and altered chromatin accessibility;
transcriptional regulation

Reference
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17)

(18)

(19)
(20)
(20)
(1)
(1)

(22)

(25)
(26,27)

(28)
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(31)
(31,32)
(33)
(34-36)
(37)
(38)
(39)
(40)

(41)
(39, 41)
(25)
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Main content

Distribution of the three isoforms of fascin

Fascin-1 expression and clinicopathological parameters of
aggressive tumors

Mechanism and results of fascin-1 upregulation

Fascin-1 functions and their structures

Biological effects of fascin-1 changes in vivo and in vitro
experiments

Expression of fascin-1 protein in tumor tissues
Transcriptional regulation mechanisms and signaling
pathways of fascin-1

The fascin gene family and its evolution
Distribution and role of the isoforms of fascin
The role of fascin-1 and fascin-2 in different diseases

Correlation of fascin-1 with clinicopathological parameters in
breast, colorectal, esophageal, gastric and lung cancers

The role of fascin-1 in the development, diagnosis and
treatment of five gastrointestinal tumors was collated

Regulatory mechanisms of fascin-1 expression
Role of fascin-1 in gynecological cancers

Biochemical and structural basis of fascin activation
Mechanisms of fascin up-regulation of expression and
transcriptional regulation

Mechanisms of fascin effects on cancer cells

The structure of fascin protein and the expression pattern
and function

Non-standardized functions of fascin proteins

Regulatory mechanisms of fascin

The role of fascin in tumorigenesis and embryo implantation

Article
Type

review

review

review

Systematic
review
review

review

review

review

review

Future prospects Ret.

Overexpression of fascin-1 is expected to be a biomarker or therapeutic ~ (9)
target

Learn more about the function of fascin-1 in different human cancers (21)
and its related mechanisms

The potential of fascin-1 as a candidate target for tumor metastasis is (16)
increasing

Focusing research on the cancers of greatest relevance (30)
Fascin-1 is a promising diagnostic marker (31)
To further define the role of fascin-1 targeting as a potential therapeutic ~ (32)
route for gynecological cancer by establishing an animal model

Find out more about fascin’s new features (33)
Further clarification of the mechanisms by which fascin proteins exert (34)
non-standardized functions

Study the effect of fascin on trophoblast transcription and metabolism (35)
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erb name Chinese name
Mollugo stricto Linn. Carpetweed Jie Du Cao Apricotaceac Herba 20
Spreading Hedyotis Herba Hedyotis diffusa Bai Hua She She Cao Rubiaceae Herba 15
Rhizoma Curcumae Curcuma zedoaria E Zhu Ginger Rhizoma 10
Lobeliae chinensis Herba Lobelia chinensis Ban Bian Lian Campanulaceae Herba 15
Triorrycis Carapax Turtle nail Bie Jia Turtle Shell 10
Chinemys reevesii Tortoise shell Gui Jia Turtle Shell 10
Ostrea gigas Thunberg Oyster Duan Mu Li Oyster Shell 10
Aurantii Fructus Fructus aurantii Zhi Qiao Rutaceae Fruit 10
Radix Astragali Astragalus mongholicus Huang Qi Papilionaceae Root 15
Codonopsis Pilosula Codonopis Dang Shen Campanulaceae Root 10
Eucommiae Cortex Eucommia ulmoides Du Zhong Eucommia Bark 10
Sparganii Rhizoma Common burreed rhizome San Leng Sparganiaceae Hanin Rhizoma 10
Persicae Semen Peach kernel Tao Ren Rosaceae Seed 10
Radix Paeoniae Rubra Red peony root Chi Shao Ranunculaceae Root 15
Radix Glycyrrhizae Preparata Glycyrrhiza uralensis Fisch. Zhi Gan Cao Legurninosae Root and Rhizomes 5
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Relevance Between High Fascin-1 Expression and:

Type of Specimen Sample Methods Lymph Node Distant Reduced  Clinical Other Correlation Ref.

Cancer size Metastasis Metastasis ~ Survival stage Outcomes degree
NSCLC tissue 220 IHC unk + + + Ki-67 labelling ~ + (38)
index
tissue 49 THC + unk unk + lymphovascular ~ + (39)
invasion

age, gender, =
tumor size
histological
subtype
tissue 98 IHC + unk unk unk Ki-67 labelling ~ + (40)
index
TNM stage
gender, age, -
histological type

tissue 46 qPCR + + unk unk unk unk (37)
plasma 154 ELISA unk unk unk unk relapse + (41)
tissue 81 THC ¥ unk + + poor prognosis  + (42)
age, gender, -
tumor size

tumor grading
pleural effusion

plasma 110 ELISA unk unk unk + age, gender - (43)
smoking history
primary sites
differentiated
degree

tissue 84 THC + unk + + age groups + (44)

sexes, T staging -
pathological
classifications
tissue 61 THC + unk unk - tumor diameter + (45)
gender, age =
differentiated
degree
pathological
stage
pleural effusion
tissue unk THC + unk + unk tumor size + (46)
advanced
staging
tissue 128 THC + unk + unk TNM stage + (47)
‘WB
qQPCR

age, sex, tumor  —
size
differentiated
degree
smoking history
plasma 501 ELISA + + + unk gender + (48)
smoking history
histological
subtype
T status, N
status
M status, TNM
stage

age, tumor size  —

plasma 156 RT-PCR + + + + differentiated + (49)
WB degree
IHC N classification
M classification

age, gender -
smoking
T classification
LSCC plasma 150 IHC + unk + unk T-stage + (50)
histological
grade
tumor
recurrence
age, sex -
plasma 216 RT-PCR & - + + primary sites + (51)
WB histologic
THC differentiation
poor tumor
differentiation
poor prognosis
smoking status
age, sex, =
metastasis
plasma 30 IHC unk unk unk + tumor stage, + (52)
node stage
age, sex, =
location
plasma 40 qRT-PCR  + - + + age, T staging + (53)
‘WB N status,
THC differentiation
primary cancer
site
smoking status
sex =
0scC plasma 40 THC + unk + unk tumor staging, ~ + (54)
tumor size
differentiation

age, sex =

plasma 46 RT-PCR unk + unk tumor + (55)
THC recurrence

+

age, sex, =
differentiation
plasma 129 IHC + + unk + Size, histological + (56)
grading
age, sex, =
location
plasma 131 IHC + unk + unk tumor stage + (57)
1F differentiation
tumor
recurrence
poor prognosis
age, sex, =
location
tumor size

* [unk] = unknown; [+] = enhanced; [-] = no effect.
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Cancer Type

NSCC

NPC

Compound

G2

Sevoflurane
Sevoflurane

PCAIs

Thiostrepton

Experimental object

H1650, A549

H292, H23, LLC
BL6 mice, nude mice
A549

A549

NCI-H1299
C666-1, NP69

Outcomes

Inhibited cell growth and migration
Inhibited the expression of YAP1 and PFKFB3

Reduced the tumor burden
Improved the survival

Reduced Proliferation rate and hypoxia-induced migration ability
Down-regulation of HIF-1o. expression

Reduced Proliferation rate and migration ability
Reducing the levels of p38 MAPK phosphorylation

Decreased in cell invasion

Repressed the migration ability

Rets.

(60)
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Patient’s gender

Female

Caucasian

Patient’s race

African American

Male
ACC 2.160 [1.440, 3.115]
BLCA 11.096 [6.915, 15.234]
LGG 2715 [1.958, 3.517]
BRCA 14.854 [11.007, 20.960]
MBC NA
CESC NA
CHOL 3.974 [2.541, 4.809
COAD 10.946 [8.281, 15.304]
EC 13.478 [9.318, 18.591]
GBM 6.266 [4.127, 9.380
HNSC 11.727 [8.354, 17.417]
KICH 0.713 [0.490, 1.039
KIRC 1.531 [1.201, 2.080
KIRP 1.086 [0.805, 1.307
LAML 12.029 [7.987, 16.703]
LIHC 1521 [0.767, 3.078
LUAD 6.754 [3.387, 9.978
LUSC 10.037 [7.347, 13.488]
DLBC 14.949 [10.028, 18.396
MESO 3.471 [2.197, 5.092
ov NA
PAAD 3.088 [2:309, 4.330
PCPG 2.232 [1.500, 3.027
PRAD NA
MPC NA
READ 12.418 [9.769, 15.480]
SARC 6.335 [3.606, 10.140]
SKCM 10.083 [7.279, 13.636]
STAD 9.916 [6.402, 14.649]
TGCT NA
THYM 16.191 [9.817, 22.234]
THCA 1151 [0.909, 1.455]
ucs NA
UCEC NA
UVM 3.527 [2.671, 4.369]

2.077 [1.387, 3.555]
10.012 [7.591, 13.559]
2.822 [2.025, 3.809]
11.104 [7.406, 16.429]
NA

NA

2.828 [2.285, 4.032]
12.186 [8.168, 15.781]
13.347 [8.711, 20.808]

5.385 [3.586, 8.319]

10.535 [7.284, 14.372] o

0.808 [0.613, 0.988
1.516 [0.967, 1.908
1.418 [0.866, 2.211] o

9.235 [5.411, 13.433]

2.230 [1.119, 3.965

6.152 [3.876, 8.935] o
9.809 [6.082, 14.158]
13.696 [10.726, 17.277]
3.645 [1.534, 4.925)

NA

3.260 [2.034, 4.654]
2.235 [1.594, 3.312]
NA

NA

11.897 [8.643, 16.306]
7.742 [4.549, 11.598] o
9.837 [6.986, 13.754]
11.411 [7.529, 15.870]
NA

17.015 [8.689, 24.395]
1.125 [0.864, 1.455]
NA

NA

3.560 [2.536, 4.515)

2231

11.015

2.735

10.437

1.989 [10.168, 17.492

2910
11.598
12.138

6.064
11456

0805

1531

1146
11212

1595

6244
10.206

14497
3542
8758 [
3129

2231

10.737
6.842
10.007
10.238
29.607
16.718
1.163

11.198

7.588

1.390, 3.711]
7.030, 14.989
1.990, 3.561]
7.070, 15.845,

NA

2433, 4.326
8.126, 15.879
8.808, 17.383

3.857, 8.802

7.887, 16.353
0.553, 1.407
1.136, 2.037]
0.829, 1.634
6.763, 15.770]
0.765, 3.765
3.647, 9.557
7.171, 14.188]

11.539, 21.021

1.894, 5.353
6.029, 13.150]

2.157, 4455

1.537, 2.994
NA

NA
7.725, 15.585]
3.729, 10.859]
7.102, 13.636]
5.997, 14.870]
23212, 39.737]
10.048, 23.417]

0.916, 1.493]

8.490, 14.231]
4.552, 12.102]

NA

NA
14.651 [11.802, 17.770] B
3.237 [2.105, 4.311]
11.542 (7.788, 15.827
NA
12.756 [8.265, 19.296
3.301 [3.052, 3.550
11.966 [8.560, 14.942

22.425 [22.238, 22.462

6.098 [2.366, 9.377

11.960 [9.482, 17.778
0.594 [0.386, 0.784] B
1.266 [0.969, 1.701
1.037 [0.777, 1.176
9.909 [5.793, 13.416

1.642 [1.206, 3.309

5.733 [3.336, 8.874
9.710 [7.445, 10.526,
NA

NA

9.034 [6.064, 13.746
2652 [2.015, 4.032]
2206 [1.983, 3.383]
NA
NA
12.892 (10.073, 15.358]
7.727 [6.016, 14.098]
NA
12,572 [9.556, 15.000]
30.064 [19.190, 39.444]
26.352 (22,602, 34.163] B
1.032 [0.760, 1.425]
11431 [8.476, 14.640]
7.768 [4.922, 11.781]

NA

NA
8.477 [5.535, 11.466] 18
3.036 [2.767, 3.395)
12.590 [9.344, 17.880]
NA
14.061 [10.571, 16.199]
4311 [3.265, 4.955
11.061 [6.619, 14.510]
14302 [10.490, 19.306] ¥
5.795 [5.398, 6.922
9354 [6.594, 14.329] y
1.974 [1.440, 2.508
1.872 (1338, 2.322

2.733 [1.195, 5.206

5.975 [5.644, 6.306
2.070 [1.059, 4.017] y

11.444 [7.171, 14.935) &

9.172 [8.640, 23.088
14.450 [9.019, 18.319]
NA
7.096 [5.892, 7.881] &
3.780 [3.302, 4.209]
2215 [1.347, 2.766]
NA
NA
NA
5721 [3.111, 8.869)
13.845 [10.336, 15.287)
9631 [6819, 15.231]
39.923 [32.859, 44.088]
9022 [5.272, 16.517] ¥8
1.163 [0.869, 1.509]

14.570 [11.129, 15.348]

5.634 [3.095, 13.703]

NA

All data were expressed using interquartile spacing. o: Male vs. Female, P<0.05; B: Caucasian vs. African American, P<0.05; y: Caucasian vs. Asian, P<0.05; 8: African-American vs. Asian, P<0.05;
MBC, Metastatic breast cancer; EC, Oesophageal carcinoma; LAML, Acute myeloid leukemia; PCPG, Pheochromocytoma and paraganglioma; MPC, Metastatic prostate cancer; UVM, Uveal

melanoma; NA, Not applicable.
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0 Venetoclax Resistance

1 MLL-Rearranged
Leukemia

2 Myelodysplastic Syndrome

3 Novel Therapy

4 FLT3 Mutation

5 Normal Acute Myeloid
Leukemia

6 Hematopoietic Disorder

7 Clonal Hematopoiesis

8 TET2 Mutation

9 Glioma Cell

10 IDH Mutation

11 DNA Methyltransferase
Inhibitor

12 Acute Myeloid Leukemia

Terms

venetoclax resistance; acute myeloid leukemia stem cell; BCL-2 inhibitor venetoclax; different face; intriguing clinical success

‘MLL-rearranged leukemia; writers eraser; histone orthography; new epigenetic therapy; attractive target

myelodysplastic syndrome; acute myeloid leukemia; de novo; acute myeloid leukemia patient; NPML-mutated AML

novel therapy; targeting epigenetic modification; epigenetic therapy combination; new metabolic therapeutic target;
microenvironment-derived metabolite

FLT3 mutation; refractory acute myeloid leukemia; FLT3 inhibitor; overcoming resistance; targeted therapy

normal acute myeloid leukemia; intermediate-risk acute myeloid leukemia therapy; determining risk; personalizing therapy;
treatment strategy

hematopoietic disorder; pre-leukemic phase; signaling pathway; targeting novel; resistant acute myeloid leukemia

clonal hematopoiesis; therapy-related myeloid neoplasm; myelodysplastic syndrome; high-throughput sequencing; acute
myeloid leukemia

TET2 mutation; unfavorable overall survival; stem cell; AML study group; clinical analysis
glioma cell; IDH mutation; mutant IDH I; isocitrate dehydrogenase mutation; pre-leukemic stem cell
IDH mutation; clonal architecture; evolutionary dynamics; IDH 2 inhibition; cancer development

myelodysplastic syndrome; DNA methyltransferase inhibitor; epigenetic therapy; hypomethylating agent; predicting response

myelodysplastic syndrome; acute myeloid leukemia; molecular testing; genetic mutation; molecular pathogenesis
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Acute myeloid leukemia

mTORCI blocker

Natural killer cell
Cancer stem cell

Reduced-intensity
conditioning

Chronic myelomonocytic
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Chronic myeloid
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Cancer therapy
Myeloid leukemia cell
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genomics
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Terms

CAR-T cell; multiple myeloma; robust antitumor potential; CD7-positive malignancies; nanobody exhibit
acute myeloid leukemia; FLT3 inhibition; FLT3 inhibitor; acute promyelocytic leukemia; possible strategies

mTORCI blocker; Hedgehog pathway inhibition; other BCL-2 family member protein; mTORC cascade inhibitor; anti-
leukemic role

natural killer cell; adoptive cell therapy; hematologic malignancies; promising therapeutic target; cellular therapy
cancer stem cell; essential role; acute myeloid leukemia; myelodysplastic syndrome patient; cancer therapy

reduced-intensity conditioning; acute myeloid leukemia; cancer stem cell; pediatric acute myeloid leukemia; allogeneic stem
cell transplantation

chronic myelomonocytic leukemia; ITD-positive acute myeloid leukemia; FLT3 inhibitor; mutant kinase; elderly high-risk
myelodysplastic syndrome

chronic myeloid leukemia; targeting mTOR; death knell; CD33-targeting drug; drug resistant lung cancer

acute myeloid leukemia; cancer stem cell; cancer therapy; emerging role; targeting cancer stem cell
myeloid leukemia cell; ultra-deep amplicon; monitoring therapy responses; leukemic subclone level; self-renewal activity
acute myeloid leukemia; cancer stem cell; novel agent; antibody-drug conjugate; refractory acute myeloid leukemia

acute myeloid leukemia; cancer stem cell; using functional genomics; complementary mechanism; next-generation cancer
treatment

variant form; chronic myeloid leukemia cell; stem cell population; lung adenocarcinoma cell; mitochondria-associated
cysteine-rich protein augments tumorigenicity

epigenetic therapy; cancer stem cell; cancer therapy; aberrant microRNA expression; microRNA-143 target

myelodysplastic syndrome; pediatric AML; regulatory T cell; treatment efficacy prediction; MDS progression





OPS/images/fonc.2022.957370/table2.jpg
Rank Title

Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel
Genomic classification and prognosis in acute myeloid leukemia

The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia
Genomic and epigenomic landscapes of adult de novo acute myeloid leukemia

Acute myeloid leukemia

Prognostic relevance of integrated genetic profiling in acute myeloid leukemia

Midostaurin plus chemotherapy for acute myeloid leukemia with a FLT3 mutation

Diagnosis and management of acute myeloid leukemia in adults: recommendations from an international expert
panel, on behalf of the European LeukemiaNet

Enasidenib in mutant IDHZ relapsed or refractory acute myeloid leukemia

DNMT3A mutations in acute myeloid leukemia

Citation
Counts

470

461

434

420

290

272

209

178

171

166

Cluster
D

DOI

10.1182/blood-2016-
08-733196

10.1056/
NEJMoal516192

10.1182/blood-2016-
03-643544

10.1056/
NEJMoal301689
10.1056/
NEJMral406184
10.1056/

NEJMoal 112304
10.1056/
NEJMoal614359
10.1182/blood-2009-
07-235358

10.1182/blood-2017-
04-779405

10.1056/
NEJMoal005143





OPS/images/fonc.2022.957370/fonc-12-957370-g003.jpg
RESEARCH & EXPERIMENTAL MEDICINE

BIOTECHNOLOGY & APPLIED MICROBIOLOGY

BIOCHEMISTRY & MOLECULAR BIOLOGY

pace, v. 5.8.R3 (64-bit)
me 4, 2022 at 6:29:45 PM CST
bibliometric analysis\AML therapyltotal data\data
(Slice Length=1)
index (k=8), LRF=3.0, LIN=10, LBY=5, e=1.0
5)

Pruning: Pathfinder

Modularity Q=0.8543

Weighted Mean Silhouette $=0.9613
Harmonic Mean(Q, $)=0.9046

LARS BULLINGER

a/_ (]

n»m GANSER

WosS: D:\bibliometric analysis\AML therapyltotal data\data
Timespan: 2012-2021 (Slice Length=1)

Selection Criteria: g-index (k=8), LRF=3.0, LIN=10, LBY=5, e=1.0
Network: N=227, £=243 (Density=0.0095)
Largest CC: 158 (69%)

Nodes Labeled: 1.0%

Pruning: Pathfinder

Modularity Q=0.8543

Weighted Vean Silhouette $=0.9613
Harmonic Mean(Q, $)=0.90:

Ll fIlJ;{t;l study
-

«ARS BULLINGER

PHARMACOLOGY & PHARMACY
ONCOLOGY

IMMUNOLOGY

HEMATOLOGY

CHEMISTRY

CELL BIOLOGY

.

\

#3,myelodysplastic syndrome.

.

'GUIDO MARCUCCI

\ /AMER M ZEIDAN

[ROSS L LEVINE,
MARTIN'S TALLMAN

“_(gsuIbo marcuccl

FARNAD RAVANDI
mnm KDNQPLEVA
 WGUILLERMO GARCIAMANERO
cuuRwEv o nmmno

NAGDP KANTAR.IIAN

\l\

h— .
{ROSS il LEVINE "
\.;

#0 leukemic transformation
- 4 .

«FARHAD'RAVANDI

" @UILLERMO GARCIAMANERO
#2 clonal hematopoiesis

®
e d‘IAGOP'KAINTARJIAN

]
«COURTNEY D DINARDO

06 04

0.3

T
0.2

centrality

T T
0.1 2000 3000

Publications

o
=
8
8





