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Abstract

Metabolic pathways must be adapted to support cell processes required for transformation and 

cancer progression. Amino acid metabolism is deregulated in many cancers, with changes in 

branched chain amino acid metabolism specifically affecting cancer cell state as well as systemic 

metabolism in individuals with malignancy. This review highlights key concepts surrounding the 

current understanding of branched chain amino acid metabolism and its role in cancer.

Introduction

Metabolism is altered in disease, including cancer (Vander Heiden and DeBerardinis, 2017; 

Zhu and Thompson, 2019). Metabolic reprogramming can be important to sustain aberrant 

proliferation, particularly in contexts where nutrients are limiting (Dang, 2012; Vander 

Heiden et al., 2009; Ward and Thompson, 2012). Metabolites can also propagate signals that 

coordinate processes such as gene expression and nutrient utilization. Cancer cells in 

particular must adapt their metabolism to support biomass production, ATP generation, and 

maintain redox state, and disrupting these processes can interfere with both cell proliferation 

and tumor growth. Thus, understanding how cells use and sense nutrients provides an 

opportunity to exploit metabolic changes found in cancer and improve patient care.

A barrier to targeting metabolism for cancer therapy is identifying which specific cancers are 

dependent on a particular pathway. While dysregulated glucose metabolism is widely 

appreciated to be prevalent in many cancer types, an elevated demand for amino acids must 

also be met to support cell proliferation and cancer progression. Amino acid metabolism 

varies across tumors (Commisso et al., 2013; Mayers et al., 2016), suggesting that a better 

understanding of amino acid metabolism could be leveraged to effectively target 

metabolism.
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Some amino acids can be synthesized by mammalian cells, while other essential amino 

acids, must be derived from the diet (Reeds, 2000). However, many cancers also rely on 

access to non-essential amino acids from their environment and can obtain both essential 

and non-essential amino acids from many sources including scavenged protein (Finicle et 

al., 2018; Zhang and Commisso, 2019). Differences in how specific cancers obtain amino 

acids have been reported, and this choice can depend on both oncogenic signaling and where 

a tumor originates in the organism (Birsoy et al., 2014; Mayers et al., 2016; Muir et al., 

2017; Palm et al., 2015; Yuneva et al., 2012). Nevertheless, additional work is needed to 

better understand and exploit these metabolic differences for therapeutic development.

Branched chain amino acids (BCAAs) are one class of amino acids whose metabolism has 

been associated with specific cancer phenotypes. Altered BCAA metabolism can impact 

both cell intrinsic cancer properties and reflect systemic changes in metabolism associated 

with certain cancers. Thus, BCAA metabolism can both influence multiple cancer 

phenotypes and serve as a marker of disease pathology. Here we provide an overview of 

BCCA synthesis and breakdown, discuss both cellular and systemic regulation of BCAA 

metabolism, and review data for how BCAA metabolism is involved in cancer.

Overview of BCAA metabolism

The three BCAAs are leucine, isoleucine, and valine. As essential amino acids, BCAAs are 

not synthesized in humans, however, they are catabolized by highly reversible enzymes 

(Figure 1A). Many of the enzymes that act on these amino acids can use all three BCAAs as 

substrates and thus similarly affect levels of all three BCAAs. Consequently, changes in 

levels of one BCAA are accompanied by changes in levels of the other two BCAAs with the 

same directionality and magnitude, reflecting the similar chemical properties and 

metabolism of these amino acids.

BCAAs can be an important nutrient source. Leucine is among the most abundant amino 

acids in protein (Kamphorst et al., 2015), and as such is a major product of protein 

catabolism from the diet or from the breakdown of tissue protein stores. The end products of 

complete BCAA oxidation vary based on the specific amino acid; only isoleucine and valine 

are able to provide carbon precursors that can be used for synthesis of glucose, or any other 

molecule that is derived from a precursor other than acetyl-CoA. Nevertheless, in principle, 

BCAA catabolism can satisfy several requirements that are important for cancer cells 

(Figure 1). First, BCAAs breakdown can provide carbon for synthesis of other molecules. 

This also allows BCAA oxidation to fuel TCA cycle metabolism and oxidative 

phosphorylation to provide energy for cells. Second, they can supply nitrogen for de novo 

nucleotide and amino acid synthesis. Third, BCAA metabolism can alter the levels of 

metabolite-derived co-factors that influence the epigenome. Finally, these amino acids can 

affect protein synthesis, either by acting directly as proteinogenic amino acids, or by 

signaling the nutritional state of cells (Ananieva and Wilkinson, 2018).

Role of BCAA in sensing nutritional status

Cells sense intracellular amino acid availability and use this information to coordinate 

nutrient availability with processes such as ribosome biogenesis and protein synthesis 
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(Figure 1B). Intracellular leucine is sensed via binding to Sestrin2, a negative regulator of 

mammalian target of rapamycin complex 1 (mTORC1), a protein kinase that is an important 

regulator of cell growth (Wolfson et al., 2016). When leucine binds Sestrin2, it disrupts the 

association between Sestrin2 and Gator2, a positive regulator of mTORC1 activity, to enable 

kinase activation (Wolfson and Sabatini, 2017; Wolfson et al., 2016). Moreover, leucine 

derived acetyl-CoA can positively regulate mTORC1 through acetylation of its interacting 

partner, Raptor (Son et al., 2019). Thus, leucine plays a central role in amino acid sensing by 

mTORC1, and mTORC1 signaling can also influence lipid and nucleotide synthesis, 

providing a link between amino acid sensing and other anabolic processes (Ben-Sahra and 

Manning, 2017). Despite the well characterized role of leucine in regulating the mTORC1 

pathway, inappropriate activation of the pathway is widely observed in cancer. This is 

applicable to a wide range of tumors, including those that experience both nutrient excess 

and nutrient limitation (Sullivan et al., 2019).

Reactions for BCAA breakdown

In cells, free BCAA can undergo transamination and transfer nitrogen to α-ketoglutarate 

(αKG) to produce glutamate and their respective branched chain ketoacids (BCKAs; alpha-

keto-beta-methylvalerate (KMV, ketoisoleucine), alpha-ketoisocarproate (KIC, ketoleucine), 

and alpha-ketoisovalerate (KIV, ketovaline)) (Figure 1A). This reaction is catalyzed by the 

compartment specific BCAA transaminases, BCAT1 and BCAT2. BCAT1 is present in the 

cytosol, while BCAT2 is localized to the mitochondria. BCAT1 and BCAT2 are both highly 

active and reversible enzymes that act on all three BCAAs and their corresponding branched 

chain keto acids (BCKAs). Therefore, the BCAT enzymes can transfer nitrogen from 

glutamate back to a BCKA and regenerate the BCAA and αKG. Thus, nitrogen exchanges 

rapidly between the BCAAs, BCKAs, glutamate, and αKG in cells even when net 

catabolism of BCAAs is minimal, complicating methods to trace BCAA-derived nitrogen in 

cells and tissues (Harper, 1984).

BCKAs are also exchanged with the circulation as part of normal physiology but can be 

further catabolized by some cells/tissues using the multimeric branched chain ketoacid 

dehydrogenase enzyme complex (BCKDH). BCKDH is comprised of three subunits (E1, 

E2, and E3) that are important for enzyme catalysis (Figure 1A). The E1 subunit is subject to 

regulation by branched chain ketoacid dehydrogenase kinase (BCKDK) and protein 

phosphatase, Mg2+/Mn2+ dependent 1K (PPM1K). The relative activity of BCKDK and 

PPM1K alters the phosphorylation state of E1 to modulate an inhibitory phosphorylation of 

BCKDH E2 and affect flux through the pathway (White et al., 2018). Of note, the BCKDH 

reaction is essentially irreversible in mammalian cells, and it is the fact that animals lack 

enzymes to synthesize BCKAs de novo that renders BCAAs essential amino acids 

(Shimomura et al., 2006).

Systemic BCAA metabolism

The interactions between BCAAs and systemic metabolism are not completely understood, 

but clues can be gleaned from recent studies showing that increased levels of BCAAs in 

circulation can be associated with cancer as well as metabolic disease in patients. At the 

organismal level, BCAA metabolism involves multiple tissues, and levels of BCAAs in the 
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plasma can vary based on both dietary intake and whole-body protein turnover (Brosnan and 

Brosnan, 2006; Mayers et al., 2014) (Figure 2A). Most amino acids are catabolized in the 

liver, but BCAT is not expressed in the liver and thus BCAAs are a notable exception. A 

consequence of this is that BCAAs absorbed in the gut have access to the circulation, and 

levels of BCAAs in diet have a direct impact on blood levels (Brosnan, 2003; Harper, 1984). 

Excess amino acids, including BCAAs, are stored in protein. Liver and skeletal muscle 

protein serve as major amino acids reservoirs for mammals and are accessed during periods 

of fasting. Following liberation from protein, catabolism of BCAA begins in many 

peripheral tissues, including skeletal muscle, that express BCAT enzymes. This results in net 

BCKA generation and release into circulation. The liver is a site of circulating BCKA 

metabolism, because even though this tissue lacks BCAT expression to initiate BCAA 

breakdown, it has active BCKDH to access BCKA carbon for gluconeogenesis, ketogenesis, 

or fatty acid synthesis (Neinast et al., 2018). The abundance of leucine in protein may 

explain in part why this particular amino acid is sensed by mTORC1, and the fact that levels 

of this amino acid in blood fluctuate based on food intake could be an extension of this 

principle for BCAAs to also serve as markers of organismal nutritional status.

Individual cells and tissues must respond to systemic fluctuations in nutrient availability and 

levels of BCAAs can influence metabolism in ways that are independent of mTOR 

signaling. BCAAs can influence systemic glucose metabolism by regulating insulin 

secretion and the sensitivity of peripheral tissues to insulin, helping to coordinate amino acid 

and carbohydrate metabolism across tissues in an organism (Muoio, 2014; Newgard et al., 

2009). Metabolic characterization of mice harboring whole body deletion of mitochondrial 

Bcat2 suggests that suppression of BCAA breakdown and/or accumulation of excess BCAA 

affects protein turnover and glucose homeostasis (She et al., 2007a). BCAA breakdown is 

influenced by insulin levels and disruption of normal physiological functions of the pancreas 

could have overall consequences on BCAA breakdown by skeletal muscle and on circulating 

levels of BCAAs. While many studies compare the biological effects of BCAA metabolism 

on tumor growth, systemic BCAA metabolism might also be indirectly affected by tumors 

arising in various tissues.

Signaling and cross-talk between the pancreas, brain, and liver can modulate plasma BCAA 

levels (Shin et al., 2014). Expression of BCKDH in the liver is regulated by insulin effects 

on brain, arguing that insulin resistance accompanying obesity and diabetes can inhibit liver 

BCKA breakdown (Shin et al., 2014) and potentially affect BCAA metabolism in other 

tissues. It is unclear, at the organismal level, how plasma BCAA levels are maintained in a 

relatively tight range in animals (Neinast et al., 2019), particularly when levels vary based on 

disease states in a manner that can be detected in diverse human populations (Felig et al., 

1969; Mayers et al., 2014; She et al., 2007b; Wang et al., 2011). Whole body analysis of 

BCAA uptake and breakdown using isotopic tracers suggest tissue specific differences in 

BCAA metabolism may be involved as some tissues take up and transaminate BCAA 

rapidly, with BCAA oxidation occurring maximally in skeletal muscle. In contrast, BCAA 

contribution to protein is highest in tissues such as the liver, pancreas, and skeletal muscle 

(Neinast et al., 2019), and metabolic alterations in these tissues in disease states, including 

some cancers, may be responsible for the consistent changes in BCAA levels associated with 

human disease (Arany and Neinast, 2018).
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Insights into systemic BCAA metabolism from human genetic disorders

Systemic BCAA metabolism has historically been understood from studies of individuals 

with inherited or acquired deficiencies in enzyme or essential cofactors that are needed for 

breakdown of these amino acids. Blocking some steps in BCAA catabolism leads to toxic 

buildup of intermediates. For example, maple syrup urine disease (MSUD) is an autosomal 

recessive disease that is caused by mutations in one the three genes encoding components of 

the BCKDH complex: BCKDHA, BCKDHB, and DBT (Blackburn et al., 2017), resulting in 

impaired ability to breakdown BCKAs. Deficiency in BCKDH activity causes elevated urine 

and plasma BCAA (Han et al., 2018), and alterations in brain white matter (Klee et al., 

2013). It is thought a lack of BCKDH activity in the liver drives this phenotype based on the 

finding that transplantation of healthy livers can suppress plasma BCAA accumulation 

(Wendel et al., 1999). These findings illustrate the liver involvement in whole body BCAA 

metabolism.

Vitamin deficiency can also impact BCAA metabolism. Cobalamin (vitamin B12) is 

required for conversion of valine- and isoleucine-derived methylmalonic acid to succinyl-

CoA, which can subsequently be oxidized in the TCA cycle or serve as a precursor for 

gluconeogenesis. BCAA breakdown accompanies adipocyte differentiation and deficiencies 

in cobalamin leads to impaired BCAA breakdown and a differentiation block (Green et al., 

2016). Deficiency in cobalamin metabolism can also be noted in genetic diseases such as 

methylmalonic aciduria (Figure 2B). The enzyme methylmalonyl-CoA mutase, encoded by 

the gene Mut, catalyzes the conversion of methylmalonyl CoA (MMA-CoA) to succinyl-

CoA. In the disease methylmalonic aciduria, mutations in Mut leads to accumulation MMA-

CoA. Similarly, deficiencies in propionyl-CoA carboxylase (PCC), composed of two 

subunits encoded by genes PCCA and PCCB, causes a rare disease called propionic 

acidemia (PA). Enzyme insufficiency can result from mutations in either gene. PCC 

localizes to the mitochondria and catalyzes the conversion of propionyl-CoA to 

methylmalonyl-CoA. Increases in the levels of propionyl CoA can inhibit the urea cycle and 

alter glutathione levels within the cell (Richard et al., 2018). Plasma branched chain amino 

acid levels are lower in patients with PCCA or PCCB deficiency, particularly with age 

(Scholl-Bürgi et al., 2010). However, it is unclear whether this is a consequence of the 

BCAA free diet that is clinically recommended for affected individuals.

Elevated circulating BCAAs in cancer

Elevations in circulating BCAAs occur early during pancreatic cancer disease progression in 

both humans and mouse cancer models and correlate with tissue wasting (Mayers et al., 

2014). The relationship between elevated circulating BCAAs and breakdown of protein in 

peripheral tissues can be explained by normal systemic BCAA metabolism. It appears that 

the breakdown of peripheral tissue protein in pancreatic cancer can exceed the systemic 

requirement for BCAAs leading to increased levels in blood (Holmstrom and Olive, 2014; 

Mayers et al., 2014).

Relevant to patients, the increase in circulating BCAAs has some predictive power for 

pancreatic cancer diagnosis, and may represent a marker that, in combination with other 

tests, can contribute to earlier diagnosis (Danai et al., 2018; Mayers et al., 2014). In addition, 

Sivanand and Vander Heiden Page 5

Cancer Cell. Author manuscript; available in PMC 2021 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



one underlying cause of peripheral tissue wasting in pancreatic cancer can be exocrine 

insufficiency caused by transformation of normal pancreatic tissue (Danai et al., 2018). This 

results in a starvation-like response in mouse models of pancreatic cancer that can be 

reversed by pancreatic enzyme replacement (Danai et al., 2018). Interestingly, reversing 

tissue wasting associated with exocrine insufficiency in mice with pancreatic cancer worsens 

outcomes, although muscle wasting is less affected by this intervention. Nevertheless, 

elevated BCAA levels in human plasma do not predict worse survival outcomes in patients, 

even though it is reflective of peripheral tissue loss (Danai et al., 2018). Other metabolic 

disorders such as obesity and type II diabetes are also associated with an increased risk of 

pancreatic cancer, and high levels of insulin and related growth factors can promote growth 

of some tumors (Zhang et al., 2019). These metabolic states are also associated with elevated 

BCAAs in plasma (Pothuraju et al., 2018; Wang et al., 2011), but the association between 

elevated BCAAs and pancreatic cancer is independent from an association with obesity or 

type II diabetes (Mayers et al., 2014). Instead, increased protein breakdown with release of 

BCAAs in excess of whole-body demand may also be present in obesity, diabetes, and/or 

other insulin resistant states, reflecting a systemic change in metabolism that is also found in 

pancreatic cancer. Regardless, these studies illustrate how changes in BCAA levels in 

circulation can be a marker of cancer and other disease states.

BCAAs as a fuel for cancer growth

BCAA metabolism is altered in many solid tumor contexts including melanoma, 

nasopharyngeal carcinoma, and breast cancer. In melanoma, oncogenic activation of Ras-

MEK signaling can sustain activation of mTOR; however, hyperactivation of Ras-MEK 

signaling fails to suppress mTOR when leucine is deprived resulting in attenuation of 

autophagy and enhanced cell death (Sheen et al., 2011). A recent study also identified a 

positive correlation between c-Myc overexpression and enhanced BCAT1 transcript levels, 

which supported cell invasion (Zhou et al., 2013). Finally, in breast cancer BCAT1 levels are 

elevated relative to normal breast tissue and promotes mitochondrial biogenesis in an mTOR 

dependent manner to support proliferation (Zhang and Han, 2017). While a general pro-

growth program is activated in response to mTOR signaling, in part due to elevated BCAA 

levels in this context, it is unclear mechanistically how BCAT1 expression drives enhanced 

mitochondrial biogenesis. One possibility from studies of breast cancer and hematopoietic 

cells is that elevated BCAAs can act via mTOR to regulate translation of a subset of mRNAs 

that encode mitochondrial subunits (Liu et al., 2017; Morita et al., 2013).

It has also been reported that in cardiac and skeletal muscle, elevated BCAA breakdown can 

support mitochondrial biogenesis (D’Antona et al., 2010). During animal aging, 

mitochondrial biogenesis influenced by BCAA metabolism is attenuated in endothelial nitric 

oxide synthase null mice, supporting a role for nitric oxide signaling in mediating these 

effects, but this specificity in enhancing mitochondrial mass and function was not observed 

in liver or adipose tissue, suggesting differential breakdown and/or regulation of BCAA in 

these tissues (D’Antona, et. al., 2016). These findings highlight that any effect of BCAA 

metabolism on mitochondrial biogenesis will vary based on the tissue. Under certain 

contexts BCAT1 can also synthesize BCAAs from available BCKAs (Gu et al., 2019; 

Hattori et al., 2017). Thus, BCAT1 may drive mitochondrial biogenesis at least in part via 
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regulation of mTORC1. Likewise BCAT1 supports growth of cancer cells in a glioblastoma 

model (Tönjes et al., 2013). In addition, loss of BCAT2 delayed tumor onset in mice 

challenged with lymphoma, arguing for a pro-tumorigenic role of BCAT2 enzyme in this 

cancer (Ananieva et al., 2018).

Emerging evidence suggests that the regulation of BCAA catabolism can impact the biology 

of some cancers, and the tissue where a tumor arises is one factor that can influence whether 

a cancer utilizes BCAAs to fulfill their metabolic needs. For example, when PDAC and non-

small cell lung cancer tumors (NSCLC) are initiated by the same genetic perturbations in 

Kras and p53, they have differential requirement for BCAAs (Mayers et al., 2016). While 

NSCLC tumors actively catabolize BCAAs to help satisfy nitrogen requirements for 

nucleotide synthesis, PDAC tumors obtain nitrogen from other sources. The lack of BCAA 

catabolism in pancreatic tumors contrasts with normal pancreatic tissue, where breakdown 

of BCAA supports generation of TCA cycle intermediates (Neinast et al., 2019). This use of 

BCAAs by normal pancreatic tissue is consistent with BCAT2 activity being elevated in 

pancreatic exocrine cells relative to other tissues in the body (Sweatt et al., 2004). Likewise, 

leucine breakdown contributes carbon to acetyl-CoA in wild-type pancreatic acinar cells 

(Carrer et al., 2019). Mechanistically, how and when during the course of pancreatic 

tumorigenesis BCAA metabolism is lost remains an open question, although restoring 

BCAT activity has no effect on pancreatic tumor growth arguing that this metabolic activity 

is neither detrimental nor supportive of tumor growth in this cancer model (Mayers et al., 

2016).

Systemic metabolism dysregulation can impact cancer initiation and progression and is more 

prominent in some cancers, such as pancreatic cancer (Khalaf and Wolpin, 2019; Pothiwala 

et al., 2009). However, it is unclear whether the altered plasma BCAA levels in pancreatic 

cancer plays a direct causal role in the disease (Danai et al., 2018). Supplementing animals 

with increased leucine to bolster protein synthesis can enhance pancreatic tumor growth in 

some models (Liu et al., 2014), but increased dietary leucine has no effect in others models 

of pancreatic cancer (Mayers et al., 2016). Furthermore, the contribution of labeled BCAAs 

to pancreatic tumor tissue arising in an autochthonous mouse model is minimal, even in 

models where BCAAs are elevated in the circulation (Mayers et al., 2016). Disruption of 

both BCAT1 and BCAT2 also has no effect on pancreatic tumor growth despite impairing 

growth of lung tumors derived from a related autochthonous lung cancer model where 

circulating BCAAs are not elevated (Mayers et al., 2016). These data argue that increased 

BCAA levels in the blood do not necessarily reflect a cancer cell-intrinsic requirement for 

BCAA metabolism. Rather, it may be the lack of BCAAs consumption by tumors that 

contributes to the mismatch between BCAA release from protein breakdown in peripheral 

tissues and disposal of these amino acids from the circulation. The data also argue against a 

universal role for BCAA catabolism across all malignancies.

BCAA levels in blood are also elevated in mouse and human models of hepatocellular 

carcinoma (HCC) and in this cancer elevated BCAA levels correlate with mTOR 

hyperactivation (Ericksen et al., 2019). Intriguingly, this phenomenon is not observed during 

liver regeneration following partial hepatectomy even though proliferating hepatocytes also 

activate a rapid pro-proliferative mTOR signaling program that is coupled with cell cycle 
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progression (Espeillac et al., 2011). Unlike liver tumors, proliferating hepatocytes during 

liver regeneration do not suppress BCAA breakdown, suggesting that there is selection for 

suppression of BCAA breakdown in liver tumors (Ericksen et al., 2019). Nevertheless, oral 

administration of BCAAs in mice protects against development of HCC by halting the 

progression of non-alcoholic steatohepatitis (Takegoshi et al., 2017), highlighting that 

BCAAs can have different effects on cancer biology based on the mechanism leading to 

their elevation in circulation. It also suggests that the regulation of BCAA breakdown is 

context dependent and may play different roles in the same tissue in pathological versus 

physiological settings (Goto et al., 1977).

Defective BCAA breakdown downstream of BCAT can lead to excess accumulation of 

BCKAs. In glioblastoma excess BCKAs are excreted from the cancer cells, and targeting the 

export of BCKAs by inhibiting the mono-carboxylate transporter 1 (MCT1) impairs tumor 

growth (Silva et al., 2017). An attractive model is that this represents a symbiotic 

relationship between cancer cells and other cell types within the tumor microenvironment, 

such that the BCKAs are further oxidized by non-cancer cells. A metabolic crosstalk 

between cell types has been previously ascribed as one mechanism by which glutamate is 

exchanged between neurons and astrocytes in normal brain tissue for the synthesis of 

neurotransmitters (Daikhin and Yudkoff, 2000), and perhaps a similar crosstalk is at play 

involving BCAAs and their breakdown products in glioblastoma.

Role of BCAA in epigenetic regulation

Many histone and DNA modifications rely on metabolic substrates as co-factors. 

Metabolites can also serve as signaling co-factors to alter the epigenome, and products of 

BCAA metabolism can impact gene expression in this way. For instance, breakdown of 

BCAAs can be a source of acetyl-CoA. Acetyl-CoA is the source of acetyl-groups for 

histone acetylation, and thus acetyl-CoA levels can impact the epigenetic landscape of cells 

(Campbell and Wellen, 2018; Kaelin and McKnight, 2013; Schvartzman et al., 2018). 

BCAA catabolism generates acetyl-CoA in the mitochondria. In order to affect epigenetic 

gene regulation, mitochondrial acetyl-CoA must be rederived within the cytoplasmic 

compartment. Acetyl-CoA is permeable to the nuclear pore; thus, extra-mitochondrial 

acetyl-CoA impacts nuclear-cytoplasmic acetyl-CoA pools that can then be used for protein 

and histone acetylation. There is evidence that different cells rely on different nutrients to 

support acetyl-CoA levels (Pietrocola et al., 2015), but what determines the relative 

contribution of BCAAs versus other nutrients in cells, and how this affects 

compartmentalized acetyl-CoA levels, is incompletely understood. Nevertheless, there is 

emerging evidence that the coordinated regulation of nuclear-cytoplasmic acetyl-CoA pools 

is affected by BCAA breakdown (White et al., 2018). Cytosolic acetyl-CoA is also the 

substrate for fatty acid synthesis, and suppression of BCKDK activity to enhance BCAA 

degradation using a pharmacological inhibitor can shift the source of acetyl-CoA in cells 

from glucose to fatty acids. Correspondingly, this is associated with decreased 

phosphorylation of ATP-citrate lyase (ACLY), a key enzyme that can modulate the nuclear-

cytoplasmic acetyl-CoA pool (Sivanand et al., 2018). These data illustrate that modulation of 

BCAA metabolism can impact the distribution of acetyl-CoA in cells. Additional work is 
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needed to determine how compartmentalized pools of metabolites are sensed and the 

signaling pathways that are engaged to control metabolite levels to affect epigenetic state.

Epigenetic changes can influence diverse cellular processes such as gene expression, cell-

cycle progression, and DNA repair. These changes can in turn alter metabolism in 

proliferating cells; however, there is also evidence for reciprocal regulation of epigenetics by 

BCAA metabolism. In certain cancers, most notably acute myeloid leukemia (AML), 

BCAT1 is highly expressed and contributes to disease progression. Because BCAT1 

catalyzes the transfer of nitrogen from BCAAs to αKG (Figure 1), this reaction consumes 

αKG allowing BCAT1 activity to affect αKG levels in AML cells (Raffel et al., 2017). 

Decreased αKG levels in this setting affects gene expression because αKG is an essential 

cofactor for the activity of multiple histone and DNA demethylases, including the Ten-

eleven Translocation (TET) and Jumonji Domain-containing Histone Demethylase (JHDM) 

family of demethylases (Lu and Thompson, 2012) (Figure 3). Thus, lower αKG levels can 

result in a hypermethylated phenotype that affects AML progression by influencing gene 

transcription and preventing cancer cell differentiation (Hattori et al., 2017; Raffel et al., 

2017).

Branched chain amino acids are essential and cannot be synthesized by mammals, and the 

output of the BCAT reaction favors BCKA and glutamate generation in most contexts 

(Hutson et al., 2005) (Figure 1). Historically, this has led to the conclusion that cells in 

tissues must derive BCAAs from the circulation. However, recent evidence suggests that the 

reversibility of this reaction enables some cells to synthesize BCAAs from glutamate and 

circulating BCKAs in pathological contexts such as chronic myeloid leukemia (Gu et al., 

2019; Hattori et al., 2017).

Because the BCAT reaction is rapid and reversible, the net production or consumption of 

BCAAs by these enzymes is likely mediated by substrate and product availability, although 

it remains possible other regulatory mechanisms have yet to be uncovered. Egl-9 family 

hypoxia inducible factor 1 (EGLN1) belongs to a class of αKG-dependent dioxygenases that 

regulates levels of hypoxia-inducible factor (HIFα) proteins in response to oxygen levels. In 

AML, it was reported that BCAT1-dependent alterations in αKG can regulate HIFα protein 

levels (Raffel et al., 2017). Moreover, low intracellular cystine levels can cause increases in 

HIF1α (Briggs et al., 2016). Since, cystine import into cells is coupled to glutamate export, 

modulation of glutamate levels by BCAT activity may also affect cystine levels and thus 

impact HIFα.

Mutations in isocitrate dehydrogenase 1/2 (IDH1 or IDH2) represent another mechanism to 

cause global changes in histone and DNA modifications in select cancers, including AML 

and glioblastoma (Figueroa et al., 2010). Isocitrate dehydrogenase (IDH1 and IDH2) 

mutations result in a neomorphic activity to produce (R)-2-hydroxyglutarate (2HG) from 

αKG (Dang et al., 2009). Accumulation of excess 2HG is another way to inhibit αKG-

dependent histone and DNA demethylases, resulting in defective methylation patterns across 

the genome that can impact cellular function and differentiation in leukemia (Lu et al., 

2012). In glioblastoma, transcriptional activation of BCAT1 is observed in tumors harboring 

wild-type IDH1 (Tönjes et al., 2013). One proposed explanation for this is that mutations in 
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IDH1 affect αKG levels, limiting BCAA transamination and decreasing BCAT1 expression 

by promoting DNA hypermethylation at the BCAT1 promoter (Tönjes et al., 2013). 

However, the rate of 2HG production by mutant IDH is slow relative to many other cellular 

reactions that use αKG (Dexter et al., 2018), and mutant IDH does not change αKG levels 

in all settings (Dang et al., 2009; Ward et al., 2010), arguing other hypotheses may be 

needed to explain low BCAT expression in IDH mutant glioma. High 2HG can impair the 

activity of TET enzymes and contribute to the hypermethylated state. Another possibility is 

that cells with wildtype IDH1 are more reliant on BCAA metabolism. Breakdown of 

BCAAs via BCAT1 activity generates glutamate, and suppression of glutamate excretion by 

modulating BCAT1 activity reduces tumor burden (Tönjes et al., 2013). A relationship 

between IDH1/IDH2 and redox state has also been noted, where perturbation of glutamate 

levels enhances susceptibility to oxidative stress (McBrayer et al., 2018). This effect is 

driven at least in part by 2HG inhibition of BCAT1/2 activity, providing another explanation 

for why BCAT expression tracks with IDH mutant status in glioma (McBrayer et. al., 2018).

Another frequently dysregulated epigenetic modification in hematologic malignancies is 

histone H3-lysine 27 methylation (H3K27me), a repressive modification dependent on the 

histone methyltransferase EZH2 (Knutson et al., 2012). A recent report suggests that, in 

leukemia, BCAA metabolism is subject to epigenetic regulation of the BCAT1 promoter by 

EZH2 (Gu et al., 2019). In contrast to normal hematopoietic stem and progenitor cells where 

BCAT1 expression is epigenetically silenced, mutations or loss in EZH2 function reactivates 

BCAT1 and sustains BCAA metabolism in AML (Gu et al., 2019).

Role of BCAAs in therapeutic response

Exploiting synthetic lethal interactions between otherwise untargetable genetic events that 

drive cancer is a paradigm for cancer treatment (Kaelin, 2009), and perturbations in BCAA 

metabolism that are synthetic lethal with specific genetic mutations may be a strategy for 

therapeutic intervention.

Exploiting the links between BCAA metabolism and redox state: Maintaining the 

correct redox states is critical for cancer progression and can be affected by changes in 

BCAA metabolism. For example, pancreatic cancers frequently harbor deletions in the 

chromosomal region containing Smad4. There are two mitochondrial malic enzyme 

isoforms (ME2 and ME3) with redundant function that can affect redox balance in cells. Co-

deletion of ME2 along with Smad4 and genetic perturbation of the isoform ME3, to delete 

malic enzyme activity, was reported to modulate BCAT2 levels (Dey et. al., 2017). In this 

context, glutamate generation coupled to the enzymatic activity of BCAT2 was necessary to 

sustain nucleotide synthesis in pancreatic tumors.

How BCAA availability influences cell redox state is likely context dependent. For example, 

supplementation with BCAA promotes oxidative stress by enhancing reactive oxygen 

species production and leading to a pro-inflammatory phenotype of peripheral blood 

mononuclear cells (Zhenyukh et al., 2017). In contrast, in a rat model of liver disease, 

BCAA supplementation lowered overall levels of reactive oxygen species, accompanied by 

prolonged survival (Iwasa et al., 2013).
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Response to therapy—A dependence of cells on glutamine to proliferate in culture led 

to the development of inhibitors, such as CB-839, that target glutaminase (GLS; encoded by 

GLS1 and GLS2), which is currently in clinical trials to treat cancer (Gross et al., 2014). 

However, dependence on glutamine metabolism is affected by both genetic and 

environmental factors (Davidson et al., 2016; Muir et al., 2017), limiting the predictive 

power of cell culture models to identify a sensitive patient population. One potential way to 

identify a patient population that will be sensitive to targeting glutamine metabolism arose 

from studies of BCAA metabolism. Suppression of BCAT activity decreases glutamate 

biosynthesis with compensatory elevation in GLS activity, providing cells with an alternative 

source of glutamate (McBrayer et. al, 2018). The fact that IDH mutations are initiating 

lesions for some gliomas may create metabolic dependencies of these tumors on GLS. In 

support of this, IDH mutant glioblastoma tumors respond better in vivo a combination of 

GLS inhibition and radiation therapy (McBrayer et al., 2018; Seltzer et al., 2010).

Emerging evidence suggests that alterations in BCAA metabolism, when considered in 

combination with known genetic mutations, might be useful to stratify patient subsets for 

therapy. Epidermal growth factor receptor (EGFR) mutations are found in lung cancer, and a 

recent screen identified that BCAT1 transcripts are upregulated in response to EGRF 

inhibitors, resulting in enhanced capacity to tolerate oxidative stress (Wang et al., 2019). In 

breast cancer, elevated BCAT1 protein levels track with therapy resistance and reduced 

survival of patients treated with tamoxifen (Thewes et al., 2017), arguing that changes in 

BCAA metabolism may help stratify patients that are more or less likely to respond to 

specific treatments.

Conclusion

BCAA metabolism can impact diverse cellular processes ranging from protein synthesis to 

epigenetic regulation. Dysregulation of BCAA metabolism in cancer can contribute to 

disease progression by impacting these processes and/or acting as markers of disease state. 

Further characterization of BCAA metabolism at the organismal level can shed insight into 

how different tissues handle metabolic demands for amino acids and how this can influence 

tumor growth. Moreover, identifying requirements for BCAA breakdown in specific cancer 

types can inform how best to target the metabolism of these amino acids, as well as related 

metabolic pathways, to improve cancer treatment.
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Figure 1: Schematic depicting BCAA metabolism and signaling
A) Pathway illustrating how branched chain amino acids (BCAA) (leucine, isoleucine, and 

valine) are broken down, and the regulation of BCAA breakdown by BCKDH. Branched 

chain amino acid transaminase 1 and 2 (BCAT1/2) transfers nitrogen to α-ketoglutarate 

(αKG) to produce glutamine and the specified branched chain keto acid (BCKA). These 

keto acids are then metabolized by branched chain alpha-keto acid dehydrogenase complex 

(BCKDH), to produce a branched chain acyl-CoA (R-CoA) that can be further metabolized 

in several steps to the TCA cycle intermediates acetyl-CoA and/or succinyl-CoA (from 
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isoleucine and valine). BCKDH is comprised of three subunits; E1, E2, and E3, and activity 

of this enzyme is negatively regulated by phosphorylation as shown. Phosphorylation state 

of BCKDH is determined by the activities of branched chain keto acid dehydrogenase kinase 

(BCKDK) and PPM1K-protein phosphatase, Mg2+/Mn2+ dependent IK. B) Schematic 

showing how BCAA breakdown is related to signaling events and anabolic pathways that 

can play a role in cancer. ACLY, ATP-citrate lyase; OAA, Oxaloacetate.

Sivanand and Vander Heiden Page 18

Cancer Cell. Author manuscript; available in PMC 2021 February 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Systemic metabolism of BCAAs.
A) Dietary BCAA intake, as well as the balance between BCAA uptake and breakdown by 

tissues, combine to determine plasma BCAA levels. The liver is deficient in BCAT activity, 

and thus does not directly metabolize BCAAs. However, the liver can act on circulating 

branched chain keto acids (BCKAs), which are largely derived from the action of BCAT on 

protein derived BCAAs in skeletal muscle. This allows the liver to catabolize BCAAs or use 

them as a source of carbon to produce other molecules for the body such as fatty acids, 

glucose, and ketones. B) Deficiencies in the BCAA metabolism are responsible for inborn 
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errors of metabolism. The relationship between each enzyme deficiency involving BCAA 

catabolism and the related disease is shown. C) Systemic metabolic diseases including 

insulin resistance and diabetes, obesity, and some cancer can all lead to changes in plasma 

BCAA levels, although the mechanistic underpinnings of these alterations remain an 

ongoing area of investigation.
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Figure 3: BCAA metabolism can modulate the epigenome.
A) Alterations in α-ketoglutarate (αKG) levels, which can be affected by BCAA 

metabolism, can influence global histone and DNA methylation patterns (as well as cytosine 

methylation, not shown) via effects on αKG-dependent dioxygenase activity (Gut and 

Verdin, 2013). Metabolites can also affect transcriptionally regulated expression of enzymes 

involved in BCAA breakdown. Mitochondrial acetyl-CoA from BCAA catabolism can 

contribute to cytoplasmic and nuclear pools of this metabolite, which provides the acetyl 

group for histone acetylation. Phosphorylation of the BCKDH E1 subunit to increase BCAA 

breakdown can affect ATP-citrate lyase (ACLY) activity as another way to alter acetyl-CoA 
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levels in cells. 2-hydroxyglutarate (2-HG) produced by cancer associated mutations in 

isocitrate dehydrogenase (IDH1, shown; or IDH2, not shown) can also affect epigenetic 

regulation of gene expression, as well as inhibit the activity of BCAT1/2.
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