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Graphical Abstract | The mechanism of branched chain amino transferases (BCATs) in related diseases.There are two main subtypes of human branched chain amino transferase (hBCAT), including cytoplasmic BCAT (BCAT1) and mitochondrial BCAT (BCAT2). High expression of BCAT1 promotes gastric cancer, lung cancer, breast cancer, prostate cancer, glioma, hepatocellular carcinoma, urothelial cancer, melanoma, lymphoma, esophageal squamous cell carcinoma, head and neck squamous cell carcinoma, and nasopharyngeal carcinoma. It also aggravates liver disease, inflammatory disease, myeloid leukaemia, and Alzheimer’s disease. Low expression of BCAT1 exacerbates Parkinson’s disease. In contrast, high levels of BCAT1 protect the heart and help treat acute myocardial infarction. BCAT2 overexpression aggravates pancreatic ductal adenocarcinoma. Inhibiting the expression of BCAT can treat the above diseases. BCATs: branched chain amino transferases; hBCAT: human branched chain amino transferase; BCAT1: cytoplasmic BCAT; BCAT2: mitochondrial BCAT. “+” stands for promotion and “-” for inhibition.





Highlights

	BCAT plays a role in the tumor, Alzheimer’s disease, myeloid leukaemia and other diseases.

	The expression of BCAT in different cancers is heterogeneous.

	It is beneficial on regulating the level of BCAT for the treatment of cancer, inflammation, liver disease and other diseases.





1 Introduction

Branched-chain amino acid transferase (BCAT) are enzymes that catalyze the catabolism of branched-chain amino acids (BCAA), catalyzing the transamination of three BCAA to branched-chain keto acids (BCKA). The branched-chain ketoacid dehydrogenase complex catalyzes the oxidative decarboxylation of branched-chain ketoacids to generate branched-chain acyl-CoA intermediates, which are subsequently involved in different metabolic pathways (1). BCAA metabolism was also accompanied by the reversible amination of α-ketoglutarate (α-KG) to glutamate.

Many types of tumors induce metabolic reprogramming of cells to obtain the energy and nutrients that cells need to proliferate and survive indefinitely. A lot of studies have shown that BCAT was abnormally expressed in different types of tumors, and its expression is either too low or too high, such in breast cancer (BC), urothelial cancer (UC), prostate cancer (PC), lung cancer (LC) and other types of cancer ML (2–4). BCAT is the target of the proto-oncogene c-Myc. BCAT usually promotes cancer proliferation and invasion by activating the phosphatidylinositol 3-kinase (PI3K)/protein kinase B, (PKB; Akt)/mammalian target of rapamycin (mTOR) pathway and Wnt/β-catenin signaling (5). Furthermore, a first report of mutations in the human BCAT2 gene suggests that hypervalinemia and hyperleucine-isoleucinemia may in principle be caused by genetic alterations in the BCAT enzyme protein (6). Every year, new literature reported on the new discoveries of BCAT in diseases such as neoplastic diseases and metabolic diseases. These discoveries constitute a huge information network; involving multiple pathways and mechanisms. By summarizing the extensive literatures on BCAT, we found that BCAT plays different roles in different cancer types and was abnormally activated differently. Therefore, the present review makes a comprehensive summary of the role and mechanism of BCAT in different diseases in order to provide new research ideas for the treatment, prognosis and prevention of certain diseases.



2 Structure of BCAT

BCAT is classified as a folded type IV aminotransferase and is a pyridoxal 5’-phosphate (PLP)-dependent enzyme (7). Many PLP-dependent enzymes have been proposed as potential drug targets (8). BCAT usually binds to the cofactor PLP in a dimerized form (9). In addition, redox-active CXXC motifs are found in BCAT, which play roles in protein synthesis, energy metabolism and other pathways, such as glycolytic metabolism (10–12).

There are two main subtypes of hBCAT including BCAT1 and BCAT2. The protein sequence and molecular structure of BCAT1 and BCAT2 are shown in Figure 1, and the corresponding amino acid sequences are shown in the Supplementary Materials. BCAT1 is a cytoplasmic aminotransferase encoded by the BCAT1 gene located at 12p12.1 and expressed only in a few tissues, such as the brain, kidney and ovarian tissues (13, 14). BCAT2 is a mitochondrial aminotransferase encoded by the BCAT2 gene located at 19q13.33. It reversibly catalyzes the initial step of the degradation of BCAA to branched-chain acyl-CoA, expressed in many tissues, except mitochondrial protein expressing in all organs other than the liver (15, 16). The approximate distribution of BCAT in the human body is shown in Figure 2. Although they have similar substrate specificities, BCAT1 and BCAT2 have different amino acid sequences and exhibit different protein functions (7, 17). The data obtained in the Unified Protein Database and some literature reviews show that the amino acid sequences of BCAT1 and BCAT2 are different. BCAT1 and BCAT2 play different roles in diseases. For example, the expression of BCAT1 was significantly correlated with human epidermal growth factor receptor 2 (HER2+) and luminal B subtypes; the expression of BCAT2 was significantly correlated with luminal A subtypes. BCAT2 was overexpressed in MYC-induced tumors such as Burkitt lymphoma. However, BCAT1 was overexpressed in most cancers such as GC and BC and was involved in various regulatory mechanisms. BCAT2 was ubiquitously expressed in most tissues, whereas BCAT1 was expressed in highly specialized tissues, such as the ovary and the brain. In the brain, BCAT1 was presented in neurons, while BCAT2 was found only in vascular endothelial cells. In the brain, the transamination controlled by BCAT1 is a way of replenishing the glutamate pool and was involved in the release and synthesis of glutamate; while BCAT2 has not been observed to participate in the release of glutamate, some studies have found that it may be involved in glutamate production process (18). Their tissue-specific expression, their roles in different diseases, and their responses to different redox environments suggest that their proteins function differently. In addition, some reports indicated that the regulatory mechanisms and physiological functions of BCAT1 and BCAT2 were significantly different (19, 20).




Figure 1 | The molecular structures of different types of BCAT protein sequences. Panel (A) shows the folded structures of human, rat and mouse BCAT 1 respectively, and their ligand maps, all of which depend on and bind to the cofactor PLP, and the binding ligands are all 4-METHYL VALERIC ACID (4MV). Panel (B) shows the folded structures of human, rat, and mouse BCAT2, respectively. Among them, the ligand that binds to human and mouse BCAT2 is 3-({(3R)-1-[(5-bromothiophen-2-yl)carbonyl]pyrrolidin-3-yl}oxy) -N-methyl-2’-[(methylsulfonyl)amino]biphenyl-4-carboxamide (EL1), and the ligand is shown in the figure. The ligand that binds to rat BCAT2 is 2-hydroxy-N-[(1R)-1,2,3,4-tetrahydronaphthalen-1-yl]acetamide (67Y), and the ligand is shown in the figure. All the structural diagrams are drawn on the mapping software SWISS-MODEL. The protein sequence of BCAT is input on the software to export the structural diagram.






Figure 2 | The distribution of BCAT in the human body. BCAT1 was present in brain, kidney and ovarian tissue. BCAT2 was expressed in all organs except liver, such as lung, brain, thorax, etc.





3 BCAT and cancer


3.1 BCAT1 and GC

GC is common among many cancer types and ranks among the top three causes of cancer-related death around the world (21). GC has a high mortality rate. Early GC has no obvious symptoms or non-specific symptoms, and the primary tumor is often diagnosed at an advanced stage.

Numerous studies have shown that GC is a highly angiogenic cancer (22, 23). In human tumor blood vessels, hypoxia-inducible factor-1 (HIF-1) and vascular endothelial growth factor (VEGF) are the main promoters of tumor angiogenesis. Activation of the PI3K/AKT/mTOR signaling pathway can induce the secretion of VEGF, thereby increasing the levels of other angiogenic factors, such as nitric oxide and angiopoietin, to regulate angiogenesis. The PI3K/AKT/mTOR pathway was closely related to the regulation of BCAT1 and participates in its regulatory mechanism as a downstream pathway of BCAT1. BCAT1 can activate the PI3K/AKT/mTOR pathway during the occurrence and development of GC, thereby promoting proliferation, invasion and angiogenesis (24). It is also shown in Figure 3.




Figure 3 | The role of BCAT in GC angiogenesis. BCAT1 activates the PI3K/AKT/mTOR signaling pathway during the growth of GC, and the activation of this pathway can induce the secretion of VEGF, HIF-1 and increase the levels of other angiogenic factors, thereby regulating angiogenesis. “+” means promotion, “-” means inhibition.



Evidence suggests that BCAAs act as nutritional signals to activate and regulate the PI3K/AKT/mTOR signaling pathway, as well as growth factors, by which BCAA affects glucose (Glu) and lipid metabolism, protein synthesis, and gut health (25). As an enzymatic protein in the synthesis and decomposition of BCAA, the transamination of amino groups by BCAA to their respective α-keto acids and glutamate was catalyzed by BCAT1 (26). In addition, Xu et al. (27) found that BCAT1 was positively correlated with Tumor Node Metastasis staging, local invasion, Lauren classification, tumor classification, lymph node metastasis, and distant metastasis of GC. The above findings indicate that BCAT1 seem to affect the proliferation, invasion and angiogenesis of GC from different pathways; and was involved in multiple aspects of the occurrence and development of GC. Evidence of these studies will be helpful research for the therapy of GC ideas.

It was well-known that by inhibiting the PI3K/AKT/mTOR pathway to reverse BCAT1-mediated tumorigenicity to achieve an effective therapeutic effect, the current inhibitors targeting this pathway have been put into early clinical trials. In summary, these findings present that BCAT1 acts as oncogenes in GC progression, and these findings will provide a very cutting-edge idea for the targeted therapy of GC in the future.



3.2 BCAT1 and BC

BC ranks among the most common cancers in the world, and it is also the leading type of cancer that causes cancer deaths in women (28). Based on receptor type, BC was categorized into four groups: HER2+, ER-(progesterone receptor) PR-HER2-, A/B (ER and/or progesterone receptor PR positive and triple-negative breast cancer (TNBC). Treatment and prognosis options vary depending on the oncogene. Due to their extreme aggressiveness, invasiveness, and scarcity of molecular therapeutic options, triple-negative BC and HER2+ have the poorest prognoses of all of them (29).

As many types of tumors grow, they reprogram BCAA metabolism to meet their own growth needs (2). Existing experiments have demonstrated that BCAT1 was required for BC growth and development by knockout of the BCAT gene; and was involved in the metastatic spread of BC cells (30). It was found that in terms of proliferation regulation, BCAT1 act as direct target of c-Myc, the activation promoter of metabolic reprogramming in BC. BCAT1 regulates the proliferation, migration and invasion of TNBC cells through the insulin-like growth factor 1 (IGF-1)/insulin PI3K/AKT pathway, inhibits the phosphorylation of extracellular signal-regulated kinase (ERK), and finally upregulates the levels of transcription factors Forkhead box O3 (FOXO3a) and Nuclear Factor erythroid 2-Related Factor 2 (Nrf2) (31, 32). BCAT1 also activates the PI3K/AKT axis by stimulating the insulin-like growth factor 1 receptor (IGF-1R) signaling pathway; while downregulating the renin-angiotensin system (RAS)/ERK pathway (32). In addition, BCAT1 was also involved in the mitochondrial synthesis of cancer cells. Studies have shown that BCAT1 enhance mitochondrial biogenesis by activating mTOR signaling, as well as the expression of Peroxisome proliferator-activated receptor γgamma coactivator 1 alpha (PGC-1α), nuclear respiratory factor-1 (NRF-1), Recombinant Transcription Factor A (TFAM), and β-F1- adenosine-triphosphate (ATP) ase (30). These involved pathways are strong evidence that BCAT1 promote cancer proliferation, and it is shown in Figure 4.




Figure 4 | BCAT inhibits the phosphorylation of ERK and upregulates the levels of transcription factors FOXO3a and Nrf2 during the development of BC. BCAT1 also activates the PI3K/AKT axis by stimulating the IGF-1R signaling pathway, while downregulating the RAS/ERK pathway. In addition, BCAT1 also activates mTOR signaling and the expression of PGC-1α, NRF-1, TFAM and β-F1-ATPase, all of which can promote the proliferation, migration and invasion of BC cells. “+” means promotion, “-” means inhibition.



Interestingly, the mechanisms of action of BCAT1 and BCAT2 differ in different subtypes of BC, and the expression of BCAT1 was significantly associated with HER2+ and luminal B subtypes; and BCAT2 was significantly associated with luminal A subtype; this finding will be strong support for gene-targeted therapy of different subtypes of BC. In addition, studies have demonstrated that BCAT1 is an independent predictor of TNBC prognosis (33). In conclusion, the role and mechanism of BCAT1 in BC provide a basis for its use as a metabolic imaging biomarker in BC. Although related targeted drugs have not been developed, the BCAT1 gene knockout mouse experiment is feasible, so BCAT1 targeted therapy is a promising strategy for BC.



3.3 BCAT2 and PDAC

PDAC is a prevalent cancer diagnosis and is a highly aggressive malignant tumor. It was highly aggressive with no specific symptoms, and had a poor prognosis, resulted in high mortality. Currently, there were limited options for surgical treatment of PDAC, so it was necessary to find its therapeutic targets.

Like other cancers, PDAC induces metabolic reprogramming to meet the needs of its cell proliferation when it occurs, by reprogramming a large amount of synthetic fat and other substances that can provide energy. During cancer growth and survival, the expression of some enzymes changes significantly, such as lipogenic enzymes, malic enzymes, and BCAT, and studying the mechanisms of these enzyme changes, may provide some insights for targeted therapy of pancreatic ductal cancer hope. Studies have found that the carbon source of fatty acid synthesis in an important dependent pathway of pancreatic ductal cancer cells comes from BCAA metabolism (34). Numerous research data show that BCAT2 was overexpressed in PDAC. Lee et al. (34) experimentally demonstrated that BCAT2 gene knockout resulted in a significant reduction in free fatty acid levels in pancreatic ductal cancer cells. In addition, gene knockout of BCAT2 can reduce the oxygen consumption rate of cells, reduce the utilization of some non-essential amino acids and nucleotides, and also affect mitochondrial respiration and reduce BCAA metabolism. These effects can effectively inhibit the malignant proliferation of PDAC cells (35). Furthermore, BCAT2 expression, which was required for collateral lethality caused by deletion of PDAC malic enzyme, was significantly downregulated in pancreatic cancer with increased malice two gene deletion (35, 36). It was exciting news to suggest that there may be new therapeutic directions in the loophole of collateral lethality, but the exact mechanism remains to be further studied.

In addition, BCAT2 has been found to be acetylated on lysine 44 and utilize the ubiquitin-proteasome pathway to accelerate its degradation, resulting in decreased BCAA catabolism, thereby inhibiting pancreatic tumor growth (37). This was an undiscovered mechanism, and the conclusions from these studies suggest that BCAT was promising as a new target for pancreatic ductal cancer gene therapy.

A recent study reveals that BCAT1 was involved in BCAA metabolism loopholes in connective tissue PDACs that were synthetically lethal and cancer-destructive when co-targeting the matrix-BCAT1 and cancer branched-chain alpha-keto acid dehydrogenase (BCKDH) complexes sexual assault (38).

In conclusion, during the growth and proliferation of pancreatic ductal cancer cells, BCAT2 was involved in different pro-proliferative pathways, and inhibition of malignant tumor proliferation by gene knockout of BCAT2 may confer this strategy for targeted therapy of pancreatic ductal cancer. What is worth affirming is that, at present, some patients have alleviated the development of cancer by targeting BCAT2 gene therapy; and achieved specific results.



3.4 BCAT and ML

Leukaemia is a life-threatening blood and bone marrow malignant disease caused by abnormal white blood cells in the human body. The oncogenic transformation of hematopoietic stem cells produces leukaemia stem cells (LSCs), divided into acute leukaemia and chronic leukaemia (39, 40). Acute leukaemia is an uncommon malignancy in childhood. Currently, leukaemia was mainly treated clinically through drug intervention and chemotherapy induction. However, the multi-drug resistance generated during the treatment will cause the tumor to recur. It is imperative to find a treatment plan to solve this problem.


3.4.1 BCAT1 and chronic myeloid leukaemia (CML)

Studies have reported that the expression level of BCAT1 increases during the growth and development of BC-CML. BCAT1 synthesizes BCAA from substrates BCKA and glutamate through reversible amination, increasing the pool of BCAA and promoting the proliferation of CML cells. In addition, the study found that the BCAT1 transcript was specifically associated with musashi RNA binding protein 2 (MSI2), a member of the Musashi RNA-binding protein family, and the binding of both parties can regulate the translation of BCAT1 and the activation of mammalian target of rapamycin 1 (mTORC1), which affects the MSI2-BCAT1 axis in the growth and development of CML (41).

These findings support the conclusion that BCAT1 can predict the disease outcome of patients. The use of BCAT1 inhibitors can inhibit the development of the disease, which is of great help for the early diagnosis, intervention and treatment of ML, making targeted therapy of CML a promising solution.



3.4.2 BCAT1 and acute myeloid leukaemia (AML)

It was found that BCAT1 was overexpressed in LSCs of AML. The primary mechanism was that in the BCAA-BCAT1-αKG pathway, BCAT1 stabilized the α protein required for the maintenance of LSCs by regulating the level of intracellular α-KG, limited the activity of α-KG-dependent Recombinant Egl Nine Homolog 1 (EGLN1), reduced the activity of tet methylcytosine dioxygenase 2 (Tet2), these various oncogenic drivers were all designed to promote the rapid growth of malignant tumors (42). Studies have confirmed that when the BCAT1 gene was knocked out, the intracellular α-KG level could be increased, resulted in EGL-1-mediated HIF1 Deoxyribonucleic acid (DNA) protein degradation, which directly leads to cell growth defects and hinders the development of the disease. In addition, the redox-active CXXC motif of BCAT1 had novel antioxidant effects in AML and was involved in the pathogenesis of AML (43). The antioxidant effects of BCAT1 CXXC may contribute to the buffering of intracellular ROS levels in AML cells, thereby affecting disease progression.

In addition, studies on EZH2-deficient leukaemia found that BCAT1 was abnormally activated in EZH2-deficient cancer-initiating cells. The activated BCAT1 cooperated with increased Glu to promote the transamination of BCKA, maintaining the cellular BCAA pool (44). In addition, one study reported that curcumin reduced α-KG levels by inhibiting BCAT1 expression and the mTOR pathway, and finally induced apoptosis in cytarabine-resistant ML cancer cells (45).

In summary, BCAT1 was one of the driving factors of carcinogenesis; and was a critical factor involved in the metabolic process of leukaemia growth and development; for the treatment of leukaemia, BCAT1 gene therapy can be targeted, such as BCAT1 inhibitors, BCAA-BCAT1-α-KG pathway target therapy for isocitrate dehydrogenase (IDH) Wilms Tumor (WT) TET2 WT AML patients with impaired leukaemia stem cell function, etc. These findings can broaden the treatment of leukaemia.




3.5 BCAT and other cancers

In addition to the cancers mentioned above, BCAT has also been involved in various other types of cancer. It has been reported that BCAT1 was involved in the proliferation and invasion of epithelial ovarian cancer (46). In the process of ovarian carcinogenesis, gene knockout of BCAT1 can inhibit many oncogenes in the body. The pathways that provide energy and nutrients to cancer cells are also inhibited, such as lipid metabolism, tricarboxylic acid cycle (TCA) cycle, protein synthesis, etc., prolonging the survival time of patients.

In addition, a study reported that BCAT1 as a microRNA (miR)-98-5p target gene promotes cell growth and antagonizes the effect of repressed TMPO-AS1 on colorectal cancer cells (47).

Furthermore, BCAT was also related to the occurrence of UC. Studies have reported that BCAT1 was overexpressed in UC and has implications for the regulation of amino acid metabolism in urinary bladder urothelial cancer (UBUC), which is extremely important for the proliferation, spread and invasion of cancer cells. This indicates that BCAT1 are important in the tumor progression of upper tract urothelial cancer (UTUC) and UBUC (48).

Additionally, a recent study showed the role of mitochondrial BCAT in lymphoma treatment. Deleting the mitochondrial BCAT gene can lead to a considerable accumulation of BCAA that cannot be used for energy or amino acid synthesis, which can ultimately delay the growth of lymphoma tumors (49). This study revealed that mitochondrial BCAT could inhibit tumor development by regulating the concentration of BCAA and it was a therapeutic target that has never been discovered.

Esophageal squamous cell carcinoma (ESCC) was associated with BCAT1. Some studies have reported a fundamental axis in the growth and development of ESCC, namely the methyltransferase 1 (DNMT1)/miR-124/BCAT1 axis. The study found that DNMT1 (Catalytic enzymes involved in the transfer of methyl groups in DNA to specific CpG structures) by mediating the low expression of the tumor suppressor mechanism of h samir-124 3p, targeting its related gene BCAT1, promotes esophagus squamous cells, including the reproduction, spread and invasion of cancer cells (50). Inhibition of DNMT1 and, or BCAT1 activity may inhibit tumor development by blocking this proliferative pathway.

Melanoma is a deadly skin cancer with an extremely high mutation rate (51). Tumor immunotherapy has a low response rate and is prone to drug resistance. Luo et al. (52) proposed that high levels of BCAT1 promote oxidative phosphorylation by increasing the production of acetyl-CoA, thereby enhancing the proliferation and migration of malignant melanoma cells. These studies suggest that BCAT1 as a therapeutic target for malignant melanoma is a novel and promising therapeutic strategy.

In addition, studies have found that high levels of BCAT1 were related to the proliferation and migration of head and neck squamous cell carcinoma (HNSC) cells. It has been reported that in HNSC cells, BCAT1 regulates Glu uptake, and co-regulates the signal transduction of glucose transporters (Glut) family protein glucose transporters 1 (GLUT1) together with the c-Myc gene, thereby regulating the process of cell proliferation and invasion (53). In addition, the mechanism of BCAT1 and c-Myc gene co-regulating the proliferation and invasion of cancer cells was also found in nasopharyngeal carcinoma (NPC). Liu et al. (54) identified a clinically meaningful axis in NPC therapy, the Flotillin 2 (FLOT2)/miR-33b-5p/c-Myc/BCAT1 axis. This study clarified that FLOT2 promotes the high expression of BCAT1 and promotes the development of NPC cells. However, the specific mechanism of BCAT1 in NPC remains to be studied.

In conclusion, BCAT are promising targets for some cancer gene therapy. However, there are still few studies on the role of BCAT in developing these cancers. More specific research was needed to use BCAT as tumor therapy targets and effectively put them into clinical treatment. Only by accurately exploring the mechanism of action of BCAT in tumor development, the crux of the disease can be eliminated.




4 BCAT and tumor resistance


4.1 BCAT1 and non-small cell lung cancer (NSCLC)

According to the 2021 Global Cancer Report released by the World Health Organization, lung cancer is the most common cancer around the world. NSCLC was a malignant tumor with a high mortality rate. Cancer cells proliferate from primary lung tumor and metastasize to other distant organs, and their malignant growth and metastasis characteristics lead to poor prognosis in NSCLC.

Mao et al. (55) found that BCAT1 was abundantly expressed in metastatic LC cells and regulates the proliferation and spread of cancer cells in the human body. By analyzing a large number of LC literature, we found that BCAT1 promotes the malignant progression of NSCLC from multiple induction pathways. First, C-Myc and cyclinD1 were important oncogenes in the occurrence and development of LC. BCAT1 expression activates Myc and cyclinD1 target genes. Secondly, the study found that the overexpression of BCAT1 up-regulates matrix metalloproteinase 7 (MMP7) and down-regulates E-cadherin in LC. In the process of tumor growth, MMP-7 plays the role in tumor invasion and metastasis. After the transferase up-regulated MMP-7, tumor invasion and metastasis proceeded more rapidly and smoothly. A large number of research data showed that the expression BCAT1 increased, and the expression of c-Myc, cyclinD1 and MMP7 also increased. Not only that, the highly expressed of BCAT1 activates Wnt/β-catenin signaling, and c-Myc, cyclinD1, and MMP7, which are positively regulated by BCAT1, are all targets of the Wnt signaling pathway (56). These pieces of evidence indicate that BCAT1 significantly promotes cell growth and invasion through activating the Wnt signaling pathway and its targets.

In addition, there was a positive response relationship between BCAT1 and poor prognosis in NSCLC. The transcription factor sex determining region Y-box2 (SOX2) was a regulator of cancer stem cell stemness and tumorigenicity, which helps cancer cells evade immune surveillance and resist apoptosis (57). It was well known that BCAT can catalyze the transamination of BCAA into α-KG. The primary mechanism of maintaining the expression of SOX2 is that the high expression of cytoplasmic BCAT reduces the level of α-KG, and the low level of α-KG will reduce the expression of miR-200c, a negative regulator of miR200 family members, thereby affecting the expression of SOX2. In addition, SOX2 regulates the epithelial-mesenchymal transition (EMT) of various cancer types through Wnt signaling, and it has been reported that BCAT1 can induce the EMT process in LC cells. These mechanisms and pathways indicate that the BCAT1 plays a significant role in promoting the rapid proliferation, and spread of LC cells and attacking normal cells to aggravate tumor growth.

In addition, studies have shown that BCAT1 was involved in the occurrence of tyrosine kinase inhibitor resistance in epidermal growth factor receptor LC (58). It was well known that cancer cells undergo metabolic reprogramming under epigenetic regulation, and BCAT1 enhances drug resistance mechanisms by mediating metabolic reprogramming of drug resistance mechanisms. Treatment targeting BCAT1 inhibition may be a potential therapeutic strategy.

These findings herald the important role of BCAT1 in LC. According to existing research reports, BCAT1 independently have a poor prognosis, indicating that BCAT1 can act as a non-small cell Clinical biomarker of malignant behavior in LC (56). In addition, the BCAT1-Wnt/c-Myc axis is a new targeted therapy direction and maybe a hidden strategy for the treatment of LC and its prognosis.



4.2 BCAT1 and PC

PC is a widespread malignant tumor. Due to its drug resistance and resistance to chemotherapy, the survival rate of advanced PC patients is still low. The current treatment regimen for patients with advanced PC is to eliminate androgens in the patient’s body. Still, the elimination of androgens is prone to more aggressive prostate tumor recurrence (59).

Billingsley et al. (5) found that BCAT was under expressed in PC tissues. Lower levels of BCAT lead to reduced levels of the hyperpolarized [1-13C]- α-ketoisocaproic acid (KIC) metabolite [1-13C]-Leucine, which has been disrupted by the hyperpolarized [1-13C]-KIC pathway. This finding provides a new idea for assessing prostate tissue. In addition, some studies reported that BCAT1 was a target gene of miR-218, and in this capacity, it was associated with the proliferation, spread and invasion of cancer cells. BCAT1 could increase cell drug resistance, and inhibit the expression of BCAT1 can inhibit tumor development. Inhibition of BCAT1 expression combined with cisplatin may be a potent treatment for PC (60).



4.3 BCAT and glioblastoma (GBM)

GBM is a malignant brain tumor with an extremely high recurrence rate due to its poor prognosis and few treatment options, resulting in a slight chance of survival. There are different subtypes of GBM, which are divided into wild-type and mutant based on IDH 1/2 mutation status. IDH1-wild-type GBM is the most progressive GBM type and the highest proportion of primary GBM subtypes; accounting for 90%.

One study discovered that BCAT1 was higher than normal tissue in IDH wild-type tumors using hyperpolarized 13C magnetic resonance spectroscopy (61, 62). Other studies have found that BCAT1 expression was associated with aggressiveness and poor prognosis in IDH1 wild-type gliomas using MR imaging features (63). This suggests that BCAT1 may be a biomarker for tumor subtype classification. Additionally, in previous research reports, BCAT1 has been widely recognized as a new target for the treatment of GBM (64).

Extensive literature has shown that there was significant heterogeneity in brain tumors and that the catabolism of glutamine and glutamate in brain tumors was associated with the proliferation of cancer cells. BCKA and α-KG transglutaminase were derived from BCAA transamination catalyzed by BCATs. GBM induces metabolic reprogramming that alters BCAA metabolism.

A large number of previous research reports have presented that the expression level of BCAT1 plays a crucial role in the occurrence and development of IDH1 wild-type gliomas. BCAT1 was involved in hypoxia, apoptosis, angiogenesis and other processes in GBM (65). The upregulation of BCAT1 in hypoxic GBM is dependent on the hypoxia-inducible factors, participates in cellular metabolic reprogramming and promotes the malignant transformation of tumors (3). In addition, it has been reported that inhibition of BCAT1 in glioma cell lines prevents the proliferation and development of tumor cells by disturbing with tumor energy production and macromolecular synthesis, breakdown and metabolism of BCAAs, and reducing tumor glutamate excretion (66, 67). Besides, the inhibition of BCAT1 expression suppresses glutathione production, which disrupts tumor redox balance. In addition, BCAT1 also plays a role in resistance to tumor therapy. During treatment with bevacizumab, it was found that BCAT1 appears to induce drug resistance by promoting tumor proliferation and glutamate excretion (68). The high expression of BCAT1 enhances the drug resistance of bevacizumab, and inhibiting the expression of BCAI1 is more beneficial to the drug treatment of tumors, suggesting that BCAT1 inhibitor combined with drug therapy may be a potential therapeutic approach. In addition, up-regulation of BCAT1 expression increases glycolysis, providing favorable conditions for tumor proliferation.

In addition, several studies have investigated BCAT2 variant sequences in GBM by mass spectrometry, X-ray crystallography, and proteomic analysis. They have found altered kinetic characteristics after the BCAT2 T186R variant, which may be an indicator of GBM resistance to standard therapy potential factors of the drug (9, 69). BCAT2 T186R can serve as a precise drug target for GBM, but the specific mechanism needs to be further studied.

Furthermore, BCAT1 was associated with muscle wasting in gliomas. Studies have shown that BCAT1 knockout can impair muscle cell growth, reduce mTORC1 and S6K1 phosphorylation levels (PS6K1), and increase ROS synthesis levels (70). This suggests that the role of BCAT1 during muscle cell growth is to activate mTOR signaling and reduce the production of ROS, thereby promoting cell growth.

In conclusion, BCAT plays different roles in the malignant transformation and cell proliferation of glioma. BCAT is an excellent therapeutic target and prognostic factor. The development of its inhibitors may have good clinical potential.



4.4 BCAT and Hepatocellular carcinoma (HCC)

HCC is one of the most common cancers worldwide, and its poor prognosis contributes to its extremely high recurrence rate. The main treatment route for HCC is chemotherapy, which is prone to drug resistance. BCAAs are anti-angiogenic in HCC, and supplementation of BCAA in patients can inhibit the development of HCC (71, 72). As an enzyme related to the metabolism of BCAAs, BCAT1 has been shown to regulate the expression of autophagy-related genes in HCC by inducing mTOR-mediated autophagy, and enhancing autophagy in HCC, thereby reducing the sensitivity to chemotherapeutic drugs (52, 73, 74). In addition, BCAT1 was considered to be a direct target of MYC, and MYC overexpression directly activates the BCAT1 promoter, thereby promoting the growth and development of HCC cells. Studies have shown that BCAT1 can resist cisplatin-induced cell death, and inhibiting the expression of BCAT1 can partially block the autophagy response of cancer cells, thereby regulating the sensitivity of cisplatin and reducing tumor drug resistance. These results suggest that BCAT1 may become a clinical marker for HCC prognosis and a pharmacological target for cancer therapy (73).

Ferroptosis is an iron-dependent regulatory cell death type that is associated with a variety of diseases caused by ischemia, such as cancer, and can be used for tumor suppressor-related therapy (75). The development of HCC was closely related to the changes of glutamate levels. Studies have found that BCAT2, as a ferroptosis inhibitor, was involved in the drug-inactivated cystine-glutamate antiporter inhibitor-induced ferroptosis in HCC cells by regulating intracellular glutamate levels (76). Changes in BCAT2 levels were considered sensitive during ferroptosis combined with sorafenib and sulfasalazine treatment. BCAT2 may be involved in treatment as a weather vane for ferroptosis treatment, such as related BCAT2 inhibitors for some clinical treatments.



4.5 Common mechanisms of BCAT in tumors

Based on the above-mentioned mechanism of action of BCAT in tumors, we found that BCAT has a common mechanism of action in most tumors. Therefore, we summarize these common mechanisms here to make the “relationship network” between BCAT and tumor clearer.

Various types of tumors can induce cellular metabolic reprogramming, and BCAT, as a key enzyme in the metabolic process of BCAA, was involved in the metabolic reprogramming process. The signaling pathways involved in BCAT in tumor growth mainly include PI3K/AKT/mTOR pathway and Wnt/β-catenin signaling pathway. BCAT in most tumors activates mTOR signaling, such as GC, BC, GBM, ML, HCC. BCAT usually affects glycolysis, fat synthesis, mitochondrial function, BCAA metabolism and other aspects to affect the tumor growth process. For example, the way BCAT1 promotes GC proliferation is to activate the PI3K/AKT/mTOR pathway and induce the secretion of VEGF, thereby increasing the levels of growth factors such as nitric oxide and angiopoietin in vivo. The main way that BCAT1 promotes BC proliferation is to stimulate the IGF-1R signaling pathway, activate the PI3K/AKT axis, down-regulate the RAS/ERK pathway, activate mTOR signaling, and enhance mitochondrial production. Tumor types in which BCAT affects proliferation by regulating BCAA metabolism include PDAC, CML, AML, epithelial ovarian cancer, and lymphoma. For example, BCAT1 can synthesize BCAA from substrates BCKA and glutamate through reversible ammoniation, increasing the BCAA pool, thereby promoting CML growth. Activated BCAT1 cooperates with increased Glu to promote transamination of BCKA and maintain cellular BCAA pool levels, thereby affecting the development of EZH2-deficient leukemia.

In addition, BCAT, as a direct target of the target gene C-Myc, was also involved in tumor gene regulation. The mechanism by which BCAT1 and c-Myc genes co-regulate cancer cell proliferation and invasion have been found in many cancers, such as HNSC, NPC, LC and other tumor types. For example, in HNSC, BCAT1 and c-Myc gene co-regulate the signal transduction of GLUT1, thereby regulating the process of cell proliferation and invasion. The FLOT2/miR-33b-5p/c-Myc/BCAT1 axis was found in NPC, which is the axis jointly regulated by BCAT1 and c-Myc genes.




5 BCAT and other diseases


5.1 BCAT and Alzheimer’s disease (AD)

AD was a metabolic disease associated with people’s age that accounts for more than 60% of all dementias and was characterized by specific neuropathology and impairment of neurotransmitters in the brain (77). One pathogenesis of AD was the accumulation of excitatory neurotransmitter glutamate, which produces neurotoxicity and causes nerve cell death, thereby promoting the development of the disease.

BCAT is a critical enzyme in BCAA catabolism, and catalyzes the reversible amination of BCAAs to generate BCKAs and glutamic acid. Some studies have reported that the overexpression of BCAT in the brain of patients with AD changes the metabolism of BCAAs, and the content of glutamate in the brain of patient increases, which affects the synthesis of neurotransmitters and may cause neuronal toxicity (18, 77–79). In addition, some studies have detected that the accumulation of BCAAs in patients with AD may be caused by the down-regulation of BCAT1 in the brain. The down-regulation of BCAT1 will promote Tau protein phosphorylation. It is mTOR-dependent. That is, BCAT1 plays a role in promoting disease development by activating mTOR signaling (80). The discovery offers potential avenues for treating AD by restricting diets containing BCAA. A research group has demonstrated that the serum BCAT protein and its metabolite glutamate in AD patients were significantly different from those in standard control groups, indicating that BCAT may become the diagnostic pathology of early AD markers (81).

In addition, aggregate accumulation caused by autophagy imbalance is also one of the major causes of neurodegenerative diseases. Several studies have shown that BCAT1 regulates autophagy through the metabolism of BCAAs (82). Some studies have found that the increase of BCAT1 will increase autophagy, and the changes in BCAT1 levels are related to the changes in autophagosome synthesis markers such as LC3 and Beclin. Chain aminotransferases regulate binding to membranes through phosphorylation. Accompanied with reduced Protein Kinase C (PKC) activity, modulation of BCAT1-mediated autophagy may lead to the increased autophagosome synthesis, which may contribute to the accumulation of A-β. In conclusion, BCAT-induced autophagy regulates β-loading through the interdependence of the redox state and PKC phosphorylation, which have an impact on the development of AD (83).

In conclusion, BCAT plays a unique and essential role in early diagnosis and treatment of AD. It can be recognized as a blood marker for the early diagnosis and a potential therapeutic target. Specific clinical applications still need more in-depth research.



5.2 BCAT and Parkinson’s disease (PD)

PD is a neurodegenerative disease that causes movement disorders and is more common in older age groups. The main pathological features of the disease are neurodegeneration and loss of substantia nigra neurons, leading to motor dysfunction. The pathogenesis of most PD phenotypes is still unclear, and there is a lack of targeted treatment strategies. Studies have found that the expression of BCAT1 in the substantia nigra of patients with sporadic PD was reduced. The reduction of BCAT1 increases mitochondrial respiration and neuronal damage in vivo, resulting in neurodegeneration (84, 85). Changes in the levels of BCAT1 were consistent with age-related changes in PD. This is a potential metabolic pathway, and this discovery provides a new idea for PD treatment strategies, but there are still few studies in this direction. How to eliminate the symptoms of PD patients and cure the disease through this pathway still needs to be more profound research.



5.3 BCAT and acute myocardial infarction (AMI)

AMI is a disease with high mortality and morbidity. During the onset, the supply of oxygen and heart blood flow will be drastically reduced, causing myocardial cell damage, and resulting in death. 5-oxo-ETE is a critical metabolite in the process of AMI. The activation of its receptor OXE-R induces an increase in the level of 5-OXO-ETE, which aggravates myocardial injury and promotes myocardial cell apoptosis. Studies have shown that BCAT1, a downstream effector of Oxe-R, plays a significant role in exacerbating cardiomyocyte apoptosis. Elevated levels of BCAT1 can protect against ischemic myocardial injury, and inhibition of Oxe-R can activate the BCAT/mTOR signaling pathway and protect the heart (86). This suggests that targeting BCAT1/BCAT2 is a promising therapeutic direction for the therapy of AMI.



5.4 BCAT and Diamond-Blackfan Anemia (DBA)

DBA is a rare congenital disorder and the first human ribosomal disorder characterized by endogenous erythroid hypoplasia (87). Most DBA patients carry ribosomal protein (RP) gene mutations, including RPS19 or RPL11 gene mutations and other gene mutations.

BCAT1 is one of the critical enzymes in the breakdown and production of leu, and leu can improve the anaemia phenotype produced by RPS19 deletion. The study found that BCAT1 in DBA patients has reduced transcript levels and impaired protein translation, and BCAT1 mRNA selectively minimizes the load on cell multimers of DBA patients. In addition, BCAT1 protein expression in the K562 erythroleukemia cell line. The expression level was increased, but the expression was low in hematopoietic stem and progenitor cells, lacking the nuclear factor I family transcription factor Nfix (88). These findings suggest that changes in BCAT1 levels can affect cell proliferation, which in turn affects disease progression, possibly through changes in leu biosynthesis and erythropoiesis.



5.5 BCAT and other metabolic diseases

Non-alcoholic fatty liver disease (NAFLD) is a metabolic disease caused by the excessive fat accumulation in liver cells. Because the clinical course of patients with NAFLD varies, there is a significant bottleneck in accurately predicting the development direction of the disease. Research shows that BCAT1 was overexpressed in people with the disease. The highly expressed BCAT1 can convert a large amount of α-KG into glutamate during the metabolic process, resulted in excess glutamate, which leads to the imbalance of α-KG and glutamate in the body (30). This is an important process in liver metabolic disorders, suggesting the feasibility of BCAT1 as a genetic target for this disease.

Insulin resistance (IR), a disorder of Glu metabolism in the body, is one of the most common metabolic complications of obesity and a predictor of type 2 diabetes (T2D) (89). Targeting IR can prevent the malignant development of T2D. Many research reports that change in the metabolic process of BCAAs and the levels of related metabolic enzymes and metabolites are related to IR (71, 90). Increased circulating BCAAs in obese or diabetic patients are positively associated with IR. One study showed that KIC required the push of BCAT2 in inhibiting insulin-stimulated Glut and activated mTORC1 activity, and elevated levels of BCAA and BCAT induced Glut IR in skeletal muscle/muscle cells (91). Studies have shown that the depletion of BCAT2 in cells can effectively attenuate the uptake and utilization of Glu in IR-stimulated myotubes, and the depletion of BCAT2 can eliminate the pro-inflammatory effect of the pro-inflammatory factor KIC (92). In addition, one study showed that BCAT2 was associated with differentiating muscle cells into myotubes, and IR was partly associated with muscle atrophy (11). These findings suggest the potential to treat IR by interfering with BCAT2 levels.

Inflammatory disease (ID) is a defense response of the human body against the invasion of pathogens. It was a common clinical-pathological process. ID can develop into a series of diseases, including cancer. One pathogenesis of chronic ID was the activation of human macrophages stimulated by pro-inflammatory factors, which increases the levels of IRG1 and itaconic acid in vivo. Studies have shown that BCAT was overexpressed in macrophages of ID, and BCAT1 regulates macrophage activation through redox-mediated mitochondrial function (93, 94). This was reflected in that inhibiting the expression of BCAT1 could effectively reduce oxygen consumption and glycolysis, and reduced the content of IRG1, itaconic acid and α-KG, thereby reduced the symptoms of inflammation. In addition, inhibition of BCAT1 expression can effectively alleviate the symptoms of sepsis-induced reduction in muscle protein synthesis in systemic inflammation (95). These studies suggest that BCAT1 may be a potential target for targeted therapy of macrophage-dependent ID by indicating BCAT1.




6 Others


6.1 Influence of BCAT on Chinese hamster ovary (CHO)

CHO cells can produce therapeutic glycoproteins, and the catabolism of BCAAs affects protein synthesis, resulting in low protein production. A study aimed at interfering with BCAT1 and BCAT2 genes by targeting the CRISPR/Cas9 system to explore their possible effects on the expression of recombinant proteins in CHO cells. The experimental results showed that the interference of BCAT1 can promote the cell growth of T2_6 cells producing cherry. In contrast, the interference of BCAT2 only slightly reduced the growth of T2_6 cells, and this effect was cell line and clone dependent (96). This suggests that targeting the BCAT gene has practical significance for recombinant protein synthesis in CHO cells.

Furthermore, a study that metabolically engineered CHO essential amino acids found that endogenous BCAT1 knockout completely abolished the production of inhibitory byproducts in the BCAA catabolic pathway, improving CHO cell growth and productivity (97).

In addition, studies have reported that BCAT1 mediates the self-renewal and pluripotency of mouse embryonic stem cells through Rasal1 and Ras- mitogen-activated protein kinas/ERK signaling pathways (98). These findings have unusual implications for the pathological research and clinical treatment of the disease.



6.2 BCAT inhibitors

There is very few research on BCAT inhibitors. Currently, the most commonly used BCAT inhibitor in clinical practice is gabapentin. Gabapentin can inhibit the growth of HCT116 cells and express very low BCAT1 (99). One study showed that combining information from high-throughput screening of HITS and extensive structure-based design can translate HITS into potent BCAT2 inhibitors that could potentially be used to treat obesity (100). The different binding modes of BCAT2 were found through fragment screening, which provided a lot of new ideas for the development of BCAT2 pharmacological inhibitors (101).




7 Conclusion

BCAT is one of the critical enzymes in the catabolism process of BCAA, with a redox-active CXXC motif. It plays an essential role in energy formation and conversion, protein and nucleotide synthesis. At the same time, BCAT was also involved in glycolysis, angiogenesis and other processes. In the metabolic reprogramming of tumors, this review aims to make a comprehensive summary of the role and BCAT in different diseases. In order to find breakthroughs in disease treatment, the mechanisms of action, signaling pathways, and therapeutic targeting axes of BCAT in these diseases are comprehensively summarized in Table 1. In conclusion, BCAT may be a target for the treatment and prognosis of various diseases, such as LC, BC, AD, IR, etc., which indicates that BCAT gene-targeted therapy will be a promising strategy. In addition, the changes in BCAT1 levels are statistically different in different tumors, and its overexpression in pan-cancer has very obvious prognostic significance (102). There are no clear results so far on the abnormal expression of BCAT in different cancers, and the results found by different researchers are contradictory, which needs to be further studied in the future. Currently, some BCAT-targeted preparations have been put into clinical trials, but the specific mechanism and efficacy still need further research. In addition, the expression levels of BCAT in different disease types are different due to the different metabolic mechanisms of cancer. When studying disease-related treatment plans, the corresponding research directions should be carried out according to the different mechanisms of BCAT. Metabolite biomarkers play an important role in early disease diagnosis, prognosis prediction and targeted treatment. As a potential target for many disease types, BCAT research will make invaluable contributions to human medicine.


Table 1 | The mechanism of action, signaling pathway and therapeutic targeting axis of BCAT in these diseases.
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