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Abstract

Metabolic reprogramming fulfils increased nutrient demands and regulates numerous oncogenic
processes in tumors, leading to tumor malignancy. Branched-chain amino acids (BCAAs, i.e.,
valine, leucine, and isoleucine) function as nitrogen donors to generate macromolecules such as
nucleotides and are indispensable for human cancer cell growth. The cell-autonomous and non-
autonomous roles of altered BCAA metabolism have been implicated in cancer progression and
the key proteins in the BCAA metabolic pathway serve as possible prognostic and diagnostic
biomarkers in human cancers. Here we summarize how BCAA metabolic reprogramming is
regulated in cancer cells and how it influences cancer progression.
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BCAA metabolism---An emerging oncogenic metabolic pathway in cancer

Metabolism is the collection of life-sustaining biological activities, fueling organisms with
energy to drive cellular processes and providing the new cells with building blocks. Distinct
to normal non-proliferating cells, the malignant properties of cancer cells, including rapid
proliferation and aggressive invasion into normal tissues, require altered metabolism to meet
increased nutritional and biosynthetic demands [1, 2]. A comprehensive understanding of
how metabolic reprogramming engages in cancer development is beneficial for the
identification of prognostic biomarkers and therapeutic targets leading to the development of
better diagnosis and treatment.
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As one of the most fundamental bricks of cell structure, amino acid is largely needed to
support the synthesis of proteins for cell proliferation. Some amino acids can be synthesized
intracellularly while others lack their de novo biosynthetic pathways inside the cell and have
to be derived from the diet, therefore termed nonessential amino acids and essential amino
acids, respectively. Branched-chain amino acids (BCAAS), i.e., valing, leucine, and
isoleucine, belong to a group of essential amino acids. In addition to incorporation into
proteins directly, BCAAs can be also broken down to produce a number of metabolites such
as glutamate during the degradation process, thereby associating with other metabolic
pathways that are critical for tumorigenesis. The significance and essentiality of BCAA
metabolic reprogramming are recently highlighted in many types of human cancers [3-5],
including glioblastoma [6, 7], pancreatic ductal adenocarcinoma (PDAC) [8-10], leukemia
[11-13], non-small cell lung cancer (NSCLC) [14], breast cancer [15], ovarian cancer [16],
clear cell renal cell carcinoma (ccRCC) [17], bone sarcomas [18], endometrial cancer [19],
and hepatocellular carcinoma (HCC) [20]. Various models have been proposed to elucidate
the role of altered BCAA metabolism in tumor progression, stem cell maintenance, and drug
resistance, indicating that targeting BCAA metabolism is an appealing therapeutic approach
for the treatment of human cancers. Here we summarize regulation of BCAA metabolic
reprogramming in cancer cells and the mechanisms of altered BCAA metabolism-mediated
cancer progression.

The BCAA metabolic network

BCAA:s are imported into the cell by L-type amino acid transporters (LATs) [21-23] and
SLC25A44 is responsible for BCAA transport into the mitochondria [24]. Intracellular
BCAA:s are then converted to branched-chain a-keto acids (BCKAS) including a-
ketoisocaproate (KIC), a-keto-p-methylvalerate (KMV), and a-ketoisovalerate (KI1V) by
branched-chain amino acid transaminases (BCATSs), which meanwhile transfer the amino
group from BCAAs to a-ketoglutarate (a-KG) to produce glutamate (Fig. 1). BCAT has two
isoforms BCAT1 and BCAT2 encoded by their own genes and located in the cytosol and the
mitochondrion, respectively. BCAT?2 is ubiquitously expressed while the expression of
BCATL1 is restricted to certain organs, such as the brain [25]. The BCAT-catalyzed
transamination reaction is reversible, which enables the production of BCAAs by
reamination of BCKAs that may be derived from other tissues [12]. Monocarboxylate
transporter 1 was identified to mediate BCKA secretion into the extracellular space in
glioblastoma [26]. By doing so, the balance between BCAAs and BCKAs is finely
maintained in the cell. Apart from controlling BCAA and BCKA levels, BCAT is also
critical for homeostasis of intracellular a-KG and glutamate levels [13]. a-KG is a key
intermediate in the tricarboxylic acid (TCA) cycle and also an important co-substrate for a
group of a-KG-dependent dioxygenases that are involved in hypoxia response, metabolism,
and epigenetics [27, 28]. Glutamate contributes to a number of metabolic fates in
proliferating cancer cells, including protein synthesis and synthesis of nucleotides and other
nonessential amino acids [29, 30]. Therefore, BCAAS are the important nitrogen donors in
cancer cells.

Immediately after BCAA catabolism, BCKAs undergo irreversible decarboxylation
catalyzed by the branched-chain a-keto acid dehydrogenase (BCKDH) complex in the
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mitochondria (Fig. 1). The catalytic activity of the BCKDH complex is negatively
determined by its phosphorylation status, which is controlled by a pair of enzymes,
branched-chain keto acid dehydrogenase kinase (BCKDK) and Mg2*/Mn2*-dependent 1K
protein phosphatase (PPM1K) (Fig. 1). BCKAs are eventually metabolized into acetyl-
coenzyme A (acetyl-CoA) and succinyl-CoA that can fuel into the TCA cycle for energy
production. A recent report showed that about 1-3% of TCA intermediates are derived from
BCKA oxidation in PDAC [10]. But this finding was not supported by other studies, which
reveal no integration of the carbon flux of BCAAs into the intermediates in the TCA cycle in
cancer cells [8, 11, 14].

The regulation of BCAA metabolism in cancer

Reprogramming of BCAA metabolism is determined by altered expression and activity of
BCAA transporters and metabolic enzymes involved in the BCAA metabolic pathway. It has
been reported that BCAT is regulated by oncogenes and tumor suppressors in cancer cells,
leading to tumorigenesis (Table 1). The promoter region of BCAT1 harbors the binding sites
of several transcriptional regulators, including c-Myc [31-33], hypoxia-inducible factor
(HIF) [6], and SMADS [10]. Both the mRNA and protein levels of BCAT1 have been
demonstrated to be upregulated by HIF-1 in human glioblastoma cell lines and primary
glioblastoma spheres under hypoxic conditions [6]. Although both HIF-1a and HIF-2a. can
directly bind to the hypoxia response element at the first intron of BCAT1 gene, only
HIF-1a is functional in activating BCAT1 transcription [6]. Similarly, the BCAA transporter
LAT1 is also induced by HIF-1 and HIF-2 in human glioblastoma under hypoxia, while
HIF-2 is responsible for LAT1 expression in ccRCC cells [6, 34]. BCAT2 expression is not
affected by hypoxia or HIF in glioblastoma [6]. The metabolic tracing experiment showed
that hypoxia increases nitrogen transfer from BCAAs to glutamate, which is abolished by
knockout of HIF-1/2a, indicating that HIF is a key regulator of BCAA metabolic
reprogramming in human glioblastoma cells in response to hypoxia [6]. Musashi2 (MSI2),
which is abnormally activated in many human malignancies such as glioma and breast
cancer, was suggested to bind to MSI binding elements located in the 3’ untranslated region
of BCATL1 in human chronic myeloid leukemia cell line and positively regulates BCAT1
transcription [12]. Upon activation of transforming growth factor-p, SMAD?5 is translocated
into the nucleus and binds to the BCATI promoter to induce its expression in cancer-
associated fibroblasts from PDAC tumors [10]. The transcription factor sterol regulatory
element-binding protein 1 (SREBP1) was shown to activate BCAT2 transcription in
pancreatic cancer cells [35]. In addition, upregulation of BCAT2 expression is also
controlled by mutant KRAS oncogene at post-translational levels. The tyrosine kinase SYK
is downregulated in KRAS-mutant PDAC leading to reduced phosphorylation of tyrosine
228 on BCAT?2 protein, thereby reducing the ubiquitin E3 ligase TRIM21-mediated
ubiquitination and subsequent protein degradation of BCAT2 [8].

Several nuclear receptors were shown to control the expression of genes involved in BCAA
metabolism. Peroxisome proliferator-activated receptor -y (PPAR-y) coactivator 1la
(PGC-1a) is able to induce BCAT2 and BCKDHA expression but not BCKDK expression in
transgenic mice possibly through multiple nuclear receptors [36]. Transcription factors such
as PPAR-y and Kriippel-like factor (KLF) 4 were also shown by bioinformatics analysis to

Oncogene. Author manuscript; available in PMC 2021 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng et al.

Page 4

be enriched in Bcat2and/or Bckdha genes in PGC-1a transgenic mice [36]. The
glucocorticoid receptor-KLF15 axis co-activates BCAT2 expression in rat muscle cells by
binding to its promoter [37]. Peroxisome proliferator-activated receptor-a (PPAR-a) is
suggested to activate the BCKDH complex by downregulating BCKDK in the rat liver [38].
On the other hand, BCAA-fed mice showed higher expression levels of PPAR-a and PPAR-
v in muscle, liver, and white adipose tissue [39, 40], indicating a feedback mechanism
between nuclear receptor and BCAA metabolism.

The transcription of BCAT1 is inhibited by DNA methylation at its promoter in isocitrate
dehydrogenase (IDH) mutant anaplastic astocytoma and glioblastoma, which is correlated
with BCAT1 downregulation [7]. Methylation of BCATI promoter is reduced in HCC
leading to increased BCAT1 expression [41]. Histone modifiers G9a and SUV39H1 catalyze
di- and tri-methylation of lysine 9 of histone H3 (H3K9) at the promoter of BCATI gene
leading to downregulation of BCAT1 in lung cancer cells [42]. Likewise, EZH2, the catalytic
subunit of the polycomb repressive complex 2 that causes H3K27 methylation, suppresses
the expression of BCAT1 in leukemia [11]. The transaminase activity of BCAT1 and BCAT2
is also inhibited by the oncometabolite /-2-hydroxyglutarate (2-HG), which is produced by
mutant IDH1/2 in glioma and competes with a-KG for binding [43]. Collectively, the
expression levels of BCAT and BCKDH are finely controlled by oncogenic factors and
tumor suppressors thus driving BCAA metabolic reprogramming (Table 1).

The mechanisms of altered BCAA metabolism-mediated cancer

progression

Recent studies reveal the cell autonomous and non-autonomous roles of altered BCAA
metabolism in cancer progression (Table 2). BCAA metabolic reprogramming produces the
intermediates that rewire other metabolic pathways and also alter mitochondrial functions
and gene expression, thereby promoting cancer cell proliferation.

BCAA catabolism and mTOR signaling pathway in cancer

Several studies implicated that low BCAA catabolism causes cancer progression [18, 20].
Elevated BCAA levels in plasma and tumor tissues, often accompanied by the reduction of
BCAA catabolism, have been observed in many types of human cancers (Table 2), including
HCC [20], breast cancer [15], leukemia [11, 12], early PDAC [44], and ccRCC [17]. BCAT1
catalyzes reamination of BCKAs possibly from blood circulation to enable these cancer cells
to accumulate BCAAS [12]. It has been reported that leucine binds to its sensor Sestrin2 to
activate the mechanistic target of rapamycin complex 1 (MTORC1) [45]. mTORC1 triggers
a cascade of signaling pathway through phosphorylating its downstream effectors, including
eukaryotic translation initiation factor 4E binding protein 1, p70S6 kinase, and SREBP, to
regulate autophagy and the synthesis of lipids, nucleotides and proteins [46]. The aberrant
activation of the mTOR signaling pathway resulting from genetic alterations or altered levels
of the upstream signal has been implicated in tumor progression and becomes a target for the
treatment of cancer [46, 47]. Indeed, increased BCAA levels in the aforementioned types of
cancer cells have been suggested to promote tumor progression via the activation of
mTORC1 (Fig. 1).
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BCAA metabolism and a-KG-dependent gene expression in cancer

As an amino acceptor, a-KG is deprived by high BCAT1 levels in a broad range of different
types of cancer cells, such as acute myeloid leukemia (AML), glioma, and breast cancer
[13]. Raffel S et al. showed that increased BCAA degradation by BCAT1 overexpression is
required for proliferation, survival, and stemness maintenance of leukemia stem cells from
in vitro cell culture and /n vivotumors in AML patients via the restriction on a-KG levels
[13].

The mechanism of a-KG-mediated tumor malignancy engages a group of dioxygenases,
which use a-KG as a co-substrate and decarboxylate it into succinate in the reaction. a-KG-
dependent dioxygenases require the involvement of oxygen, Fe(ll), and ascorbate in addition
to the obligatory co-substrate a-KG, meaning that the abundance of a-KG has a direct
impact on the enzyme activity [13, 48]. This group of enzymes play important roles in
hypoxia signaling and shaping epigenetic landscapes, which are frequently dysregulated in
cancer cells [27, 48, 49]. As an example of a-KG-dependent dioxygenases, EGLN prolyl
hydroxylases catalyze hydroxylation on proline residues of HIF-a., which is necessary for
subsequent proteasomal destruction via the von Hippel-Lindau/cullin-2/Elongin-B/C
complex under normoxia [50, 51]. When O, availability markedly drops (hypoxia), a
hallmark of many solid tumors, HIF-a protein is stabilized and dimerizes with HIF-1p,
thereby stimulating the downstream targets to promote cancer progression [52-54]. Reduced
a-KG levels caused by increased BCAT1 activity in AML were shown to attenuate the
EGLN prolyl hydroxylase activity, hence causing HIF activation to induce HIF target gene
expression in order to help cancer cells survive even under normoxic conditions (Fig. 1)
[13].

Similarly, diminished intracellular a.-KG pools are likely to reduce the activity of another a-
KG-dependent dioxygenase, the ten-eleven translocation 2 (TET2) DNA demethylase as
well, which leads to DNA hypermethylation in AML with high BCAT1 activity (Fig. 1) [13].
This DNA hypermethylation phenotype is similarly observed in IDH mutant AML, where
the oncometabolite 2-HG generated by mutant IDH competitively binds to and inactivates
TET2 [13, 55, 56].

BCAA catabolism and glutamate in cancer

In addition to altering a-KG levels thus impacting oxygen sensing and DNA methylation
pattern, some cancer cells favor BCAA degradation as it provides precursors such as
glutamate for the biosynthesis of fundamental building blocks to sustain cancer cell
proliferation [7, 8, 14].

Glutamate is a co-product in the first step of BCAA catabolism when converting BCAA to
BCKA. BCAT1 expression is necessary for the release of glutamate in glioblastoma to
sustain cell growth [7]. BCAA-derived glutamate also supports the amino acid pools for
protein synthesis and the nucleotide pools for DNA synthesis (Fig. 1). The isotope tracing
studies in PDAC organoids and cell lines provide direct evidence that BCAAs are the
nitrogen donors for the synthesis of nucleotides and nonessential amino acids aspartate,
serine, and alanine via glutamate as the intermediate [8, 35]. Furthermore, analyzing the
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incorporation of dietary-derived isotope-labeled BCAA into mouse tissues also revealed that
BCAA uptake is increased in mouse lung tumors and then used for the synthesis of proteins
and nucleotides [14].

BCAA catabolism and reactive oxygen species (ROS) in cancer

Elevated BCAA levels have been shown to increase generation of mitochondrial ROS via
PI3K/Akt-mTORCI1 activation in peripheral blood mononuclear cells [57]. BCAA levels are
also increased in plasma and tumors from breast cancer patients but expression of BCAT1
suppresses mitochondrial ROS in human breast cancer cells [15]. A recent study showed that
BCAT1 mediates resistance of a tyrosine kinase inhibitor gefitinib in epidermal growth
factor receptor-mutant lung cancer cells via the production of glutathione (GSH) to attenuate
ROS accumulation [42]. Whether or not the increased levels of GSH stem from glutamate in
the course of BCAA catabolism remains to be determined.

The BCKDH-BCKDK-PPM1K complex and cancer progression

The BCKDH complex plays a crucial role in cancers through its metabolic and non-
metabolic activities (Fig. 1). Knockdown of the Ela subunit of the BCKDH complex
(BCKDHA) substantially inhibits PDAC cell proliferation /n vitro and in mice [9]. Although
BCKDHA knockdown has no significant impact on the levels of TCA cycle intermediates or
oxygen consumption rate, but significantly impedes fatty acid synthesis in PDAC cells [9].
Whether or not BCAAs are used as the carbon source for the biosynthesis of fatty acids in
PDAC remains to be investigated.

A recent study showed that BCAT1 is predominantly expressed in cancer-associated
fibroblasts but BCAT2 and BCKDH complex are primarily expressed in PDAC cells [10].
BCATL1 is responsible for BCKA production in cancer-associated fibroblasts, which is
excreted and uptaken by PDAC cells within the tumor microenvironment [10]. BCKA can be
reaminated to BCAA by BCAT2 in PDAC cells to support the de novo protein synthesis and
cell prolifieration [10]. Meanwhile, BCKA can be also oxidized by the BCKDH complex to
generate biomacromolecules in PDAC cells [10]. This cell non-autonomous pathway is very
critical for PDAC growth under conditions of BCAA deprivation (Fig. 2).

BCKDK is upregulated in colorectal tumors and its expression promotes colorectal tumor
growth and metastasis in mice [58, 59]. Xue P et a/. showed that BCKDK directly
phosphorylates MEK1 at serine 221 in colorectal cancer cells in vitro leading to activation of
MAPK signaling [58]. MAPK has a broad function in cancer cell proliferation and thus the
BCKDK-MEK1 axis may contribute to colorectal cancer development. BCKDK itself can
be phosphorylated at tyrosine residue 246 by Src, which enhances protein stability and
kinase activity of BCKDK [59]. Interestingly, phosphorylated BCKDK promotes epithelial-
mesenchymal transition (EMT) by regulating EMT genes, leading to metastasis of colorectal
cancer [59]. These studies implicate that BCKDK may be a possible target to treat colorectal
cancer.

Another study reported a critical role of the phosphatase PPM1K in hematopoiesis and
leukemogenesis. PPM1K deletion causes accumulation of the cellular BCAA levels but
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decreases glycolysis and quiescence of hematopoietic stem cells by reducing the ubiquitin
E3 ligase CDC20-mediated ubiquitination and degradation of MEIS1 and p21 [60].

BCAA metabolism and cancer immunity

Emerging evidences reveal that BCAA metabolic reprogramming could potentially affect
cancer immunity. BCKASs excreted from glioblastoma cells are taken up by tumor-associated
macrophages and then reaminated back to BCAAs in the /n vitro model (Fig. 2). Increased
exposure to BCKAs reduces the phagocytic activity of macrophages, indicating a possible
role of tumor-excreted BCKASs in cancer immune suppression [26]. The import of BCAAS
into Foxp3* regulatory T (Treg) cells through an amino acid transporter SLC3A2 helps
maintain the proliferative status of Treg cells to suppress the immune response [61]. BCAT1
has also been shown to be an immunosuppressive enzyme that downregulates glycolysis in T
cells [62]. Together, BCAA metabolic reprogramming plays a critical role in immune
suppression, which boosts cancer progression.

Dietary BCAA supplementation and cancer progression

As the most straightforward strategy to manipulate BCAA metabolism /in vivo, oral BCAA
supplementation has been studied in the past decade for its effect on liver cancer in animal
models and patients. Dietary BCAA supplementation can ameliorate fibrosis, suppress
tumor growth (or prevent HCC), and increase the survival of mouse and rat in models of
liver cirrhosis [63-65]. Over the years, clinical studies have suggested that oral BCAA
supplementation during radiotherapy or drug treatment including Sorafenib and
Levocarnitine can improve biochemical and amino acid profiles of HCC patients [66-68].
Dietary BCAA uptake has been shown to further prevent HCC recurrence after
radiofrequency ablation and supportive therapies and preserve liver function [69-72]. Long-
term BCAA supplementation can also prevent HCC and prolong survival of patients with
cirrhosis [73-75]. However, recent studies reported that dietary BCAA levels seem to have a
positive correlation with the development and growth of tumors such as liver cancer [20] and
PDAC [8] in mouse. Nonetheless, it still requires a comprehensive investigation whether
controlling dietary intake of BCAAs has a therapeutic benefit for certain types of human
cancers.

Concluding Remarks and Future Perspectives

Here, we summarize the recent research progresses about altered BCAA metabolism-
mediated tumorigenesis via diverse mechanisms (Fig. 1). Reprogramming of BCAA
metabolism alters the levels of important metabolites, including BCAAS, a-KG, glutamate,
and ROS, which are used to generate nutrients and building blocks, motivate the signaling
pathways, shape the epigenetic landscapes, and improve the capacity of drug resistance,
ultimately leading to cancer cell survival and rapid expansion.

It appears that the role of BCAA metabolic reprogramming in cancer progression highly
depends on the tissue-of-origin, genetic mutations, and tumor microenvironment. We also
need to bear in mind the complexity of the metabolic network in the cell, which may own
the compensatory pathways when BCAA metabolism is inhibited. For example, the decrease
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of BCAA-derived glutamate can be compensated by the increase of glutaminase activity,
which generates glutamate from glutamine [43]. Thereafter, a systematic analysis should be
applied to investigate BCAA metabolic reprogramming and its associated metabolic
pathways in cancer cells in order to develop more effective strategies to treat cancer. In
addition, many outstanding questions should be also investigated in the future (Box 1) to
fully understand the role of BCAA metabolism in cancer progression. Nevertheless, given
the great significance of BCAA metabolic reprogramming in cancer progression, the
metabolic enzymes engaged in BCAA metabolism could be potential therapeutic targets for
the treatment of human cancers.
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Box 1:

Outstanding questions

Why is BCAA contribution to the TCA cycle very low in cultured cancer cells
and adipocytes? Is this due to technical limitations in current metabolic
detection methods or because BCAA contributes to branched chain fatty acids
instead? Does BCAA contribute to the TCA cycle in tumor cells /n vivo?

What controls the utilization of BCAAs, the maintenance of the BCAA pool,
and the biosynthesis of macromolecules from BCAA metabolism in human
tumors? What is the mechanism that determines the fate of BCAASs in human
tumors?

How are the transamination and reamination activities of BCAT controlled in
cancer cells? How is the homeostasis of BCAAs and BCKAs maintained by
BCAT in cancer cells?

To what extent do cancer cells use the BCKAs in the cell or from circulation
to synthesize BCAAs?

Does BCAA metabolic reprogramming cooperate with other mechanisms to
promote tumor growth? Are there any other metabolic pathways that can
compensate to sustain cell survival when BCAA metabolism is inhibited in
cancer cells?

Can the BCAA-controlled diet be used to treat cancer?
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Figure 1. Role of BCAA metabolism in cancer progression.
BCAA:s (i.e, Val, valine; lle, isoleucine; Leu, leucine) are transported by LATS into the cell

and reversibly metabolized by branched-chain amino acid transaminases (BCATS), followed
by irreversible decarboxylation of branched-chain a-keto acids (BCKAs, i.e, KMV, a-keto-
B-methylvalerate; KIV, a-ketoisovalerate; KIC, a-ketoisocaproate) by the branched-chain
a-keto acid dehydrogenase (BCKDH) complex. The activity of the BCKDH complex is
determined by its phosphorylation status modulated by a pair of enzymes, branched-chain
keto acid dehydrogenase kinase (BCKDK) and Mg?*/Mn2*-dependent 1K protein
phosphatase (PPM1K). Along the BCAA metabolic pathway, BCAAs (especially Leu), a-
ketoglutarate (a-KG), glutamate (Glu), BCKDK, BCKDH, and PPM1K have been
demonstrated to play significant roles in cancer progression via various mechanisms, which
are highlighted in the colored boxes. The end products of BCAA catabolism, acetyl-
coenzyme A (acetyl-CoA) and succinyl-CoA, were shown to contribute to 1-3% of the
intermediates of the tricarboxylic acid (TCA) cycle, but their roles in cancers remain to be
investigated. EMT, epithelial-mesenchymal transition; mMTORC1, mechanistic target of
rapamycin complex 1; TET, ten-eleven translocation; GSH, glutathione; ROS, reactive
oxygen species.

Oncogene. Author manuscript; available in PMC 2021 March 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Peng et al.

Page 15

Figure 2. Theintercommunication of BCAA metabolism in the tumor microenvironment.
Within the tumor microenvironment, BCKA produced by a cell is excreted and utilized by

the adjacent cell. For example, cancer-associated fibroblasts excrete BCKA generated from
BCAA deamination, which can be uptaken by the neighboring PDAC cells, where BCKA is
either converted back to BCAA by BCAT?2 to support the de novo protein synthesis or
undergoes oxidation. In another case, glioblastoma cells can secrete BCKA into the
microenvironment, and then tumor-associated macrophages uptake BCKA and reaminate it
back to BCAA.
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Table 1.

Regulation of proteins in the BCAA metabolic pathway

Regulator Target Expression fate Mechanism Reference
HIF-1/2 LAT1 (SLC7A5) Upregulation Direct binding to the promoter Zhang et al. 2020 Elorza et al. 2012
c-Myc BCAT1 Upregulation Direct binding to the promoter Zhou et al. 2013, Zheng et al. 2016, Xu
etal. 2016
HIF-1 BCAT1 Upregulation Direct binding to the promoter Zhang et al. 2020
MSI2 BCAT1 Upregulation Direct binding to 3’ untranslated region Hattori et al. 2017
SMAD5 BCAT1 Upregulation Direct binding to the promoter Zhu et al. 2020
KRAS BCAT2 Upregulation Blocking SYK-induced Y228 Li et al. 2020
phosphorylation to inhibit ubiquitination and
protein degradation of BCAT2
PGC-la BCAT2 Upregulation Possibly through multiple nuclear receptors Hatazawa et al. 2014
PGC-la BCKDH Upregulation Possibly through multiple nuclear receptors Hatazawa et al. 2014
SREBP1 BCAT2 Upregulation Direct binding to the promoter Dey et al. 2017
Mutant IDH BCAT1 Downregulation Promoter methylation Tonjes et al. 2013
G9%a BCAT1 Downregulation H3K9 methylation Wang et al. 2019
SUV39H1 BCAT1 Downregulation H3K9 methylation Wang et al. 2019
EZH2 BCAT1 Downregulation H3K27 methylation Guetal. 2019
R-2-HG BCAT1 Inactivation Direct inhibition of enzyme activity McBrayer et al. 2018
R-2-HG BCAT2 Inactivation Direct inhibition of enzyme activity McBrayer et al. 2018
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Alterations of BCAASs and proteins involved in BCAA metabolism in human cancers and their effects on

tumor progression

Cancer type BCAA Protein levels Effect on cancer Reference
levels progression
PDAC N.D. BCAT1 !, BCAT2 1 in tumors; BCAT1 1, BCAT2 ! in Tumor growth Zhu et al. 2020
stroma
*inpancreas BCAT2 1 Tumor growth Li etal. 2020
t SLC7A5, BCAT2 * Tumor growth Lee et al. 2019
{ BCAT2 *; BCAT1, BCKDH ¥ No effect of BCAT  Mayers et al. 2016
1 in plasma N.D. N.D. Mayers et al. 2014
Leukaemia 0 BCAT11 Tumor growth Guetal. 2019
N.D. BCAT11 Tumor growth Raffel et al. 2017
0 BCAT1 1 Tumor growth Hattori et al. 2017
0 BCAT1, PPM1K, BCKDHA, DBT BCKDH1B 1 in Tumor growth Liu et al. 2018
HSPCs; BCKDK | in MNCs.
HCC 0 BCAT1, BCAT2, BCKDH | Tumor growth Ericksen et al. 2019
N.D. BCAT11 Tumor growth Zheng et al. 2016
ccRCC 1 N.D. Tumor growth Qu et al. 2020
Bone sarcomas N.D. BCAT1 1 in Osteosarcoma; BCAT2 1 in Chondrosarcoma  N.D. Martin et al. 2020
Endometrial cancer  N.D. BCAT11 N.D. Wang et al. 2018
Breast cancer 0 BCAT1, BCAT2, PP2CM, BCKDH * N.D. Zhang and Han. 2017
NSCLC 0 SLC7A5, BCAT1, BCAT2, p-BCKDH * Tumor growth Mayers et al. 2016
Ovarian cancer N.D. BCAT11 Tumor growth Wang et al. 2015
Glioblastoma N.D. BCAT1 1 Tumor growth Tonjes et al. 2013

1, increase. ¥, decrease. N.D., not determined. p, phosphorylation. HSPCs, hematopoietic stem/progenitor cells. MNCs, mononuclear cells.
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