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Branched-chain amino acids (BCAAs), including valine, leucine, and isoleucine,
are crucial amino acids with significant implications in tumorigenesis across
various human malignancies. Studies have demonstrated that altered BCAA
metabolism can influence tumor growth and progression. Increased levels of
BCAAs have been associated with tumor growth inhibition, indicating their
potential as anti-cancer agents. Conversely, a deficiency in BCAAs can
promote tumor metastasis to different organs due to the disruptive effects of
high BCAA concentrations on tumor cell migration and invasion. This disruption
is associated with tumor cell adhesion, angiogenesis, metastasis, and invasion.
Furthermore, BCAAs serve as nitrogen donors, contributing to synthesizing
macromolecules such as proteins and nucleotides crucial for cancer cell
growth. Consequently, BCAAs exhibit a dual role in cancer, and their effects on
tumor growth or inhibition are contingent upon various conditions and
concentrations. This review discusses these contrasting findings, providing
valuable insights into BCAA-related therapeutic interventions and ultimately
contributing to a better understanding of their potential role in cancer treatment.
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1 Introduction

Cancer is one of the most critical problems related to human health, which affects
millions of people worldwide every year and leads to numerous deaths (1). Studies have
revealed that the metabolism of tumor and immune cells in the tumor microenvironment
(TME) plays a crucial role in cancer development and antitumor immune responses (2).
For instance, tumor cells utilize various metabolic pathways to produce biological
macromolecules that support their energy and proliferation (3, 4). On the other hand,
the concentration of nutrients in the TME affects the selection of the metabolic pathways
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and macromolecules by tumor cells to reach the optimum
conditions for their growth and survival. Among the
macromolecules used by tumor and immune cells, amino acids,
glucose, and fatty acids are essential for producing energy and
growth (5-7).

Recent studies have suggested that an imbalance in amino acids,
including essential and non-essential ones, may contribute to the
pathogenesis of various human disorders, including cancer (8).
Among these amino acids, branched-chain amino acids (BCAAs),
including leucine, isoleucine, and valine, are essential and cannot be
synthesized by the human body. Therefore, including BCAA-rich
proteins in the diet is necessary to support protein synthesis,
increase albumin levels, and prevent proteolysis (9, 10).
Interestingly, BCAAs have been found to inhibit tumor cell
migration and metastasis by reducing the expression of N-
cadherin (11). However, the role of BCAAs in cancer remains
controversial, as some studies have indicated that the catabolism of
these amino acids can enhance tumor growth and progression in a
dose-dependent manner (12). As a result, targeting the enzymes
involved in BCAA catabolism or utilizing BCAA-rich diets has
emerged as potential therapeutic interventions (13). Nonetheless,
due to the dual role of BCAAs in cancer, the implementation of
these therapeutic approaches may present challenges and
limitations (14).

This review delves into the role of BCAAs in cancer
pathogenesis, and therapeutic interventions involving the
inhibition of BCAA catabolism and the utilization of BCAA-rich
diets for cancer treatment are summarized. Additionally, the
achievements and limitations of these approaches are discussed,
providing a comprehensive analysis of BCAA-related strategies in
cancer treatment.

2 BCAA biology

The nine essential amino acids include valine, leucine,
isoleucine, histidine, lysine, tryptophan, methionine,
phenylalanine, and threonine (15). Among these crucial amino
acids, BCAAs (leucine, isoleucine, and valine) have an aliphatic side
chain and a branch composed of a central carbon bound to three or
more carbon atoms. BCAAs are non-polar aliphatic amino acids
consisting of a carboxylic acid group, an amino group, and an
isopropyl group on the side chains. Valine (HO2CCH(NH2)CH
(CH3)2) is an aliphatic and highly hydrophobic amino acid found
in the interior of globular proteins. Valine preserves mental
strength, promotes muscle growth, aids in tissue repair, and
provides energy support as a glycogenic essential amino acid. Soy,
fish, cheese, vegetables, and meats are rich sources of valine. L-
Valine is one of the twenty proteinogenic amino acids encoded by
GUC, GUU, GUA, and GUG codons (16).

Leucine (HO2CCH(NH2)CH2CH(CH3)2) is a hydrophobic
amino acid encoded by UUA, UUG, CUC, CUU, CUG, and CUA
codons. It is a critical component of astacin and ferritin subunits.
Leucine deficiency is rare because it is available in several foods (17).
Another BCAA, isoleucine (HO2CCH(NH2)CH(CH3)CH2CH3),
is synthesized from pyruvate by bacteria that utilize leucine
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biosynthesis enzymes. Isoleucine is encoded by the AUU, AUC,
and AUA codons and is found in seeds, nuts, meats, cheese, fish,
and eggs (18).

BCAAs belong to the proteinogenic amino acids category (19).
They play a role in several physiological and metabolic mechanisms,
such as promoting protein synthesis and degradation in skeletal
muscles and other tissues, hormone production, detoxification of
nitrogenous wastes, wound healing, initiating signaling pathways,
regulating gene expression, cell apoptosis and regeneration, insulin
resistance, and glucose metabolism (20-22). BCAAs can promote
glycogen sparing, and there is a close association between BCAAs,
brain levels of tryptophan, and serotonin (23). The oxidation of
BCAAs primarily occurs in skeletal muscles by specific enzymes,
enhancing fatty acid oxidation and preventing obesity. However,
other amino acids are catabolized in the liver (20). BCAAs also
participate in immune system processes. It has been revealed that
immune cells produce decarboxylase and dehydrogenase enzymes
responsible for breaking down BCAAs, thereby improving
lymphocyte growth and proliferation, dendritic cell (DC)
maturation, and boosting cytotoxic T cell activity (24, 25).

Cells sense the availability of intracellular concentrations of
BCAAs, such as leucine, to regulate ribosome biogenesis and
protein synthesis. Phosphorylated sestrin2, by binding to gator2,
negatively regulates the mammalian target of rapamycin complex 1
(mTORCI1) protein kinase, which is involved in cell growth. It has
been shown that sestrin is dephosphorylated after binding to
leucine, reducing its inhibitory effect on gator2. As a result, the
mTORCI1 pathway is activated and leads to cell growth (26, 27).
Another interesting interaction of leucine with mTORCI is
enhancing the acetylation of Raptor (a partner of mTORC1) by
leucine-derived acetyl-CoA, which improves growth signals (28).
Therefore, leucine can significantly promote cell growth by
activating the mTORC1 pathway (29). Evidence suggests that
uncontrolled activation of the mTOR pathway has been reported
in several human cancers. Therefore, increasing the concentrations
of BCAAs, especially leucine, may enhance the growth of tumor
cells (30).

3 BCAAs catabolism

As mentioned before, BCAAs can be catabolized by enzymes,
which affect the levels of leucine, isoleucine, and valine in an
overlapping manner (29). Since leucine is abundant in proteins,
the breakdown of exogenous proteins from foods or internal
sources such as muscles releases a large amount of this amino
acid (31). The final product of the oxidation of BCAAs varies
depending on their type because studies have shown that the carbon
precursors used for glucose production, which occurs
independently of acetyl-CoA, are only produced by the
catabolism of valine and isoleucine (29). Moreover, the
production of carbon derived from BCAAs during their
catabolism can provide the necessary fuel for the tricarboxylic
acid (TCA) cycle and oxidative phosphorylation, supplying
energy to the cells. Additionally, it has been shown that BCAA
catabolism can facilitate the synthesis of other amino acids and
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nucleotides through the de novo pathway, as well as proteins, by
affecting proteinogenic amino acids or enhancing nutritional cell
signals. The breakdown of BCAAs produces metabolites that can
potentially influence the epigenome. One notable example is the
generation of acetyl-CoA from BCAA catabolism (29). Acetyl-CoA
serves as a crucial supplier of acetyl groups for histone acetylation,
thereby influencing the epigenetic characteristics of cells by
affecting acetyl-CoA levels (32-34).

Transamination is an essential phenomenon in the catabolism
of free BCAAs, carried out by the enzymes branched-chain amino
acid transaminase 1 (BCAT1) and BCAT2. BCAAs can undergo
transamination, and the transfer of nitrogen to o-ketoglutarate (ct-
KG) leads to the generation of glutamate and branched-chain keto
acids (BCKAs), including ketovaline (o-ketoisovalerate),
ketoleucine (o-ketoisocaproate), and ketoisoleucine (o-keto-f3-
methylvalerate). BCAT1 and BCAT?2, both highly active reversible
enzymes present in the cytosol and mitochondria, act upon all three
BCAAs and their corresponding BCKAs. Interestingly, to
regenerate 0-KG and BCAA, BCAT1 and BCAT2 transfer
nitrogen from glutamate back to a BCKA (29). Therefore,
nitrogen can be replaced quickly between BCAAs, glutamate, o-
KG, and BCKAs even in a minimum BCAAs catabolism state. A
multimeric enzyme complex called BCKA dehydrogenase
(BCKDH), which consists of E1, E2, and E3 subunits, catalyzes
the oxidative decarboxylation of BCKAs to generate acyl-CoA
derivatives, including isovaleryl-CoA, 2-methylbutyryl-CoA, and
isobutyryl-CoA in various cells and tissues. These acyl-CoA
derivatives are metabolized through distinct pathways.
Specifically, valine catabolism yields propionyl-CoA, leucine
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generates acetyl-CoA and acetoacetate, and isoleucine produces
acetyl-CoA and propionyl-CoA (35).

In mammals, the activity of BCKDH is irreversible.
Additionally, the absence of enzymes synthesizing BCKAs from
the de novo pathway makes it impossible to produce BCAAs in the
body (36).

4 BCAA catabolism and cancer

Recent investigations show that several human disorders, such
as cancer, can be associated with increased circulatory levels of
BCAAs (Figure 1). Furthermore, whole-body protein turnover and
dietary intake determine the plasma levels of BCAAs because the
gut is responsible for BCAA absorption and their release into the
blood circulation (37-39). In the conditions of need, BCAAs are
released from proteins and catabolized in the tissues that express
BCATS, such as skeletal muscles, leading to the production of
BCKA and its release into the bloodstream. Due to the expression
of BCKDH in the liver, circulatory BCKAs provide carbon for fatty
acid synthesis, ketogenesis, and gluconeogenesis (40).

Systemic glucose metabolism can be affected by BCAAs via the
regulation of insulin release and tissue sensitivity to this hormone
(41, 42). On the other hand, insulin, through regulating the BCKDH
enzyme in the liver, is involved in regulating BCAA catabolism.
Therefore, impairment in the normal function of the pancreas,
obesity, diabetes, and insulin resistance can affect BCAA breakdown
in skeletal muscles, liver BCKA breakdown, and plasma
concentrations of BCAAs (43). It has been reported that tumor
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cells may reprogram the systemic metabolism of BCAAs, leading to
cancer progression (29, 44). Glutamine is one of the essential amino
acids produced from BCAA catabolism and is a basic requirement
for numerous tumor cells (35). Tumor cells use BCAAs as fuel,
increasing the expression of BCAT1 and catabolizing them to
provide glutamine. Studies have reported that the increase in
BCATI1 enzyme levels is associated with tumor growth and
proliferation in various cancers, and inhibiting it in certain cases,
such as glioblastoma, leads to a decrease in tumor development
(45-47).

Interestingly, in Hepatocellular carcinoma (HCC), only the
levels of BCAT1/2 are upregulated, leading to chemoresistance,
while BCKDH and other enzymes involved in BCAA catabolism are
decreased (45, 48). In contrast, an investigation revealed that in
breast cancer, along with BCAT1, the expression of BCKDHA and
BCKDHB was upregulated, thus promoting tumor cell growth (49).
BCAT1 also can induce the mTORCI pathway to amplify
mitochondrial biogenesis and generate ATP, providing energy
and enhancing tumor cells’ growth and colony formation in
breast cancer (49). Upregulation of BCAT1 is also reported in
other human malignancies, such as ovarian cancer. An investigation
on ovarian cancer cells showed that suppressing BCAT1 can
downregulate involved genes in tumorigenesis and reduce ATP
levels generated by the TCA cycle (50). BCAAs are used as a
potential carbon source for the biogenesis of fatty acids to
facilitate cell proliferation (12). In pancreatic ductal
adenocarcinoma (PDAC), the concentrations of BCAA levels are
significantly elevated, which is associated with tumor growth and
development because BCAT2 is upregulated in PDAC, and the
inhibition of this enzyme is associated with suppressing PDAC
progression (51, 52).

Moreover, pancreatic stellate cells (PSCs) in PDAC regulate
BCAA metabolism. Assessment of serum and tissue BCAAs in
patients with PDAC revealed their levels significantly increased;
however, adding BCAA to PDAC cell culture medium in several
concentrations cannot affect tumor cell proliferation and migration.
This study showed that following coculture of aPSCs with PDAC
cells induced the proliferation of tumor cells by affecting the pattern
of proteins involved in the BCAA degradation pathway (53).

A significant upregulation of BCKDK was reported in patients
with colorectal cancer and was accompanied by an unpromising
prognosis. Preclinical studies on colorectal cancer demonstrated
that BCKDK activates MEK/ERK pathway, inducing tumorigenesis
(54, 55).

Leucine is a ketogenic amino acid that can be imported from the
circulation into the brain parenchyma (56). In this way, it can
provide the metabolic requirements of cancer cells in brain tumors
as an effective substrate and complement of glucose. Evidence
shows that brain tumor cells can eliminate leucine from their
milieu and augment their media with the metabolite 2-
oxoisocaproate. Moreover, enriched media with a high leucine
concentration produced 3-hydroxybutyrate and citrate, indicating
metabolic reprogramming of tumor cells. In human tumor samples
as well as cultured cancer cells, the expression of 3-methylcrotonyl-
CoA carboxylase was detected. This enzyme is involved in the
irreversible leucine catabolic processes (57). Accordingly, tumor
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cells can catabolize leucine and deliver its carbon atoms to the TCA
cycle. In addition, leucine contributes to the production of lipids
required for citrate to be withdrawn from the TCA cycle (57).

Serum metabolites in patients with non-small-cell lung cancer
(NSCLC) and NSCLC cell cultures supernatant were examined, and
findings showed that following upregulation of BCKDK, BCAA
concentration significantly increased. At the same time, citrate
levels were reduced in preoperative NSCLC patients than in
healthy subjects. Furthermore, knockout of BCKDK inhibited
tumor cell proliferation and induced apoptosis of NSCLC cells ex
vivo. The oxidative phosphorylation and ROS levels increased, and
glycolysis was repressed. These data indicated that BCKDK affects
oxidative phosphorylation and glycolysis via regulating BCAA and
citrate degradation, inducing NSCLC progression (58).

It has been revealed that liver cancer cells induce BCAA
catabolism in the absence of glutamine, increasing carbon and
nitrogen to generate nucleotide and enhancing the cell cycle and
cell survival. Under glutamine deficiency conditions, O-linked-N-
acetylglucosaminylation is increased, stabilizing mitochondrion
protein phosphatase 1K (PPM1K) protein, as well as increasing
BCKDHA dephosphorylation and BCAAs decomposition. An
upregulation of BCKDHA and dephosphorylated BCKDHA
induces tumorigenesis and is associated with poor prognosis in
patients with HCC (59).

Analysis of genes involved in BCAA catabolism in pancreatic
cancer showed that among dihydrolipoamide branched chain
transacylase E2 (DBT), 4-aminobutyrate aminotransferase
(ABAT), acetyl-CoA acetyltransferase 1 (ACATI), BCATI, and
BCAT2, which were correlated to poor prognosis, ABAT and
BCAT2 were hub genes with satisfactory prognosis values.
Moreover, the upregulation of BCAT2 was associated with
increased infiltration of stromal CD68" macrophage in the TME
of the high-risk group (60). Studies on breast cancer cell lines, such
as BCC and MCF-7, showed that these cells provide their required
energy via degrading BCAAs and can generate mevalonate by
leucine degradation. Additionally, metabolic flux analysis around
the mevalonate node demonstrated that high concentrations of
acetoacetate were produced from BCAA-derived carbon, and this
metabolite could be a potential source for lipid synthesis (61). These
data indicate that the degradation of BCAAs could be a potential
carbon/energy source for tumor cell proliferation and a potential
therapeutic target for cancer treatment.

Unexpectedly, an investigation found that the increased levels
of BCAA, by increasing dietary intake in mice or the genetic model,
inhibited tumor growth and breast cancer lung metastasis.
According to the survival analysis results, the expression of genes
involved in BCAA catabolism, such as PPMI1K, is robustly
correlated to tumorigenesis in patients with breast cancer.
Knockout of ppmik in mice led to the accumulation of BCAAs
due to impaired BCAA catabolism, increasing infiltrated NK cells
and inhibiting tumor growth in the studied animals without
affecting tumor cell proliferation and vasculature (11).

Metabolic diseases, such as type 2 diabetes mellitus and obesity,
could be associated with human malignancies, and adipose tissue is
actively involved in developing these disorders. Based on available
knowledge, white adipose tissue stores excess energy, whereas
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brown and beige adipose tissues (thermogenic fats) can convert
energy to heat and act as metabolic sinks of glucose, amino acids,
and fatty acids (62). In the TME, these activated thermogenic
adipocytes induce cancer development by providing fuel sources
and leading to chemoresistance (63). Therefore, there seems to be a
close relationship between adipose tissue and BCAA catabolism,
which can affect tumor metabolism and lead to cancer development
(64). Angiopoietin-like-4 (ANGPTL4) regulates lipids and BCAAs
metabolism and is involved in tumor metastasis and progression. A
study shows that ANGPTL4 is downregulated in osteosarcoma
(OS). There is a negative correlation between the ANGPTL4
expression and BCAA catabolism in OS cell lines and human
samples. Therefore, ANGPTL4 knockdown in OS cells leads to
accumulating BCAAs, activating the mTOR pathway, and boosting
OS cell proliferation and progression. Accordingly, targeting the
ANGPTL4/BCAA/mTOR axis could be a potential therapeutic
target to reduce OS development (65).

It has been discovered that BCATI is overexpressed at the
protein level in tumor cells and tissues isolated from patients with
metastatic lung cancer. Transcriptomic data analysis in the TCGA
database also demonstrated that upregulation of BCATI
transcription was associated with poor overall survival. This is
because high concentrations of BCAT1 depleted o-KG and
increased SOX2 expression. Since SOX2 is a transcription factor
in regulating stemness and metastasis of cancer cells, upregulation
of BACTI can induce tumor development (66).

In human blood malignancies, a study reported that BCAA
metabolism affects human leukemia cells to preserve their stemness
regardless of lymphoid or myeloid types. Analysis of human primary
acute leukemic cells showed that these cells could express BCAA

TABLE 1 BCAA-related therapeutic approaches for the treatment of cancer.
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transporters for BCAA uptake, BCAT1, and had higher levels of
cellular BCAA as well as 0-KG than CD34" hematopoietic stem
progenitor cells (HSPCs) as control (67). In xenograft leukemia
models, BCAA deprivation from the daily diet significantly
suppressed tumor cells’ self-renewal, expansion, and engraftment.
Moreover, suppressing BCAA catabolism in primary ALL or AML
cells lead to the inactivation of the polycomb repressive complex 2
(PRC2) function. PRC2 regulates stem cell signatures by preventing
embryonic ectoderm development (EED) and zeste homolog 2
(EZH2) transcriptions as PRC components (67).

Considering the dual role of BCAAs in inhibiting the growth of
tumor cells and tumor development, it appears that targeting
different components involved in the catabolic pathways of
BCAAs can be a merit in cancer therapy.

5 Therapeutic interventions

BCAAs play an essential role in the metabolism and biogenesis
of macromolecules, and as discussed, their catabolism can affect the
metabolism and behavior of tumor cells through different
mechanisms. This section discusses the BCAA-related therapeutic
intervention for treating various human malignancies (Table 1).

5.1 Targeted therapies

Evidence revealed that modulating the accumulation of BCAAs
can regulate tumor cell proliferation, tumor burden, and overall
survival. Dietary BCAA intake is also associated with cancer

Approach/drug Type of cancer Outcomes Ref
BCAT1 knockdown Malignant melanoma . I.nhil-)iting the pro]ifefation and migration of melanoma cells and decreasing 68)
Human study oxidative phosphorylation
BT2 HCC « Increasing the residuals of BCKDH in culture medium (55)
In vitro « Inhibiting BCKDK
« Downregulating BCKDK expression
« Reducing the intracellular concentrations of BCKAs
« Reducing the expression of genes involved in mitochondrial metabolism and
lect 1 tei
Silencing of BCKDK + TNBC electron complex protein _
.. . « Consuming oxygen and ATP generation (69)
doxorubicin In vitro . . -
« Intensifying apoptosis and caspase activity
Targeted « Inhibiting the proliferation of TNBC cells
Therapies « Upregulating sestrin 2 and simultaneously decreasing mTORCI signaling and
protein synthesis
BCKDK inhibition by SIRNA Breast and ovarian cancer | Decre'asing BCA/_\ levels '
+ paclitaxel cells « Inducing the antitumor effects of paclitaxel (70)
X
P In vitro « Deactivating the mTORC1-Aurora pathway
BCKDK knockdown with Ovarian cancer . . . . Lo
. . « Repressing ovarian cancer cell proliferation and migration (71)
shRNAs In vivo and ex vivo
Transfection of anti-BCKDK Non-small cell lung . Reducin'g the expression of BCKDK.
. cancer o Decreasing BCKDElow phosphorylation (72)
siRNA . s . . .
In vitro « Inhibiting the proliferation of the mentioned tumor cells
(Continued)
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TABLE 1 Continued

10.3389/fonc.2023.1220638

Approach/drug Type of cancer Outcomes Ref
» GO/G1 cell cycle arrest
« Upregulating P21
Pancreatic intraepithelial
lasi
Rich-BCAA diet ISL- Kml::g%is;l; dxl-Cre | Inducing tumor progression (73)
(KC) mice
Rich-BCAA diet Pancreatic cancer « A positive association between dietary BCAA intake and the risk of pancreatic 74)
Case-control study cancer
» Improving npRQ
« Increasing albumin levels
. . HCC « Improving the quality of life
Diet BCAA 1 tat; 8
. retary X supplementation Human study « Reducing the Child-Pugh score ®
interventions .
« Decreasing the recurrence rate
« Prolonging the overall survival
« Suppressing the growth of breast cancer cells and related lung metastases in
Breast i
High-BCAA diets reast caneet e . o )
In vitro/In vivo « Impairing tumor cell migration and invasion
» Downregulating N-cadherin
Postmenopausal breast
High-BCAA diets cancer o Decreased risk of Postmenopausal breast cancer (75)
Human study
CRC An inverse association between BCAA intake and the risk of sigmoid colon
High-BCAA diets A large case-control i 8 (76)
cancer risk
study
High-BCAA diets CRC o A positive ass?cia-tion betwee'n a higher dietary BCAAs intake and the risk of 77
Human study all-cause mortality in CRC patients

development in some malignancies. Moreover, reducing BCAA
catabolism via therapeutic tumor interventions could have
functional benefits (48). Based on the available studies, the
enzymes involved in the catabolism of BCAAs, such as BCATI,
BCAT?2, and BCKDK, could be potential therapeutic targets for
cancer treatment (35, 78). However, some studies reported that
BCATI1 and BCAT2 are not involved in human cancers such as
PDAC because these enzymes can not induce PDAC
tumor formation.

Consequently, the origin tissue is a critical factor in how tumors
meet their metabolic needs (79). Based on these findings, perhaps
the inhibition of these enzymes may not be effective in some
cancers. Nonetheless, analysis of samples from patients with
malignant melanoma and mouse malignant B16 melanoma cell
lines showed that BCAT1 was overexpressed in both sample types.
Moreover, BCAT1 knockdown inhibited the proliferation and
migration of melanoma cells and decreased oxidative
phosphorylation (68). These findings show that BCAT1 can be a
suitable therapeutic target in treating human cancers such as
malignant melanoma. It has been revealed that the cytosolic
BCAT isoform could be associated with human epidermal growth
factor receptor 2 (HER2)-positive tumors, while its mitochondrial
isoform is highly expressed in estrogen (ER)-positive tumors.
Therefore, targeting BCAT enzymes should consider their
isoforms in various cancers with different phenotypes (80).

Evidence has shown that targeting BCKDK with small-molecule
and allosteric inhibitors could be effective in suppressing tumor cell
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development. The mechanism of action of these inhibitors is
binding to BCKDK, prompting movements within the N-terminal
domain helix, and finally detaching BCKDK from BCKDH and
degrading BCKDK (55, 81). (S)-o-chlorophenylpropionate and 3,6-
dichloro-1-benzothiophene-2-carboxylic acid (BT2) are BCKDK
allosteric inhibitors (82, 83). However, BT2 is more effective than
(S)-ct-chlorophenylpropionate, and has greater metabolic stability.
After treatment with BT2, BCKDH activities increased in the
culture medium of primary hepatocytes (55). BCKDK also
activates the RAS/RAF/MEK/ERK pathway by phosphorylating
MEK, which promotes tumor cell proliferation (54). It has been
reported that, like genetic and pharmacological inhibition of
BCKDK, treating triple-negative breast cancer (TNBC) cells with
doxorubicin downregulated BCKDK expression, reducing the
intracellular concentrations of BCKAs. Additionally, silencing of
BCKDK in TNBC cells reduced the expression of genes involved in
mitochondrial metabolism and complex electron protein, as well as
the consumption of oxygen and ATP generation. BCKDK silencing
also induced apoptotic pathways. Silencing BCKDK in combination
with doxorubicin intensified apoptosis and caspase activity,
inhibiting TNBC cell proliferation. Suppressing BCKDK in TNBC
cells could also upregulate sestrin 2 while simultaneously decreasing
mTORCI signaling and protein synthesis. Thus, BCAAs flux
remodeling by BCKDK inhibition in TNBC could be a potential
therapeutic approach to hinder tumor growth and progression (69).
Another investigation showed that inhibition of BCKDK by siRNA
or chemical inhibitors could reduce BCAA levels and synergistically
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induce the antitumor effects of paclitaxel in breast and ovarian
cancer cells. However, BCKDK inhibition also deactivated the
mTORCI-Aurora pathway, overcoming M phase cell cycle arrest
stimulated by paclitaxel (70). In patients with ovarian cancer, a
higher level of BCKDK is associated with advanced pathological
grades. Moreover, BCKDK overexpression promotes ovarian cancer
cell proliferation and migration by inducing the MEK/ERK
pathway. Accordingly, BCKDK knockdown with shRNAs
repressed ovarian cancer cell proliferation and migration in vivo
and ex vivo (71). Transfection of anti-BCKDK siRNA into non-
small cell lung cancer cells, including A549, HCC827, and H1299,
reduced the expression of BCKDK, decreased BCKDElo
phosphorylation, and inhibited the proliferation of tumor cells in
these cancers. In addition, GO/G1 cell cycle arrest and an increase in
the expression of P21 occurred following the inhibition of BCKDK
(72). Ubiquitin-specific protease 1 (USP1), a human deubiquitinase,
plays a significant role in regulating the cellular responses to DNA
damage and controlling cell differentiation (84). BCAAs promote
the expression of USP1 protein, and USP1 can deubiquitylate
BCAT?2. Furthermore, suppressing USP1 can inhibit tumor cell
growth and proliferation as well as clone formation in PDAC mice
models. These outcomes indicate that targeting USP1/BCAT2 in the
BCAA metabolic pathway could be a therapeutic strategy for
treating PDAC (73).

5.2 Dietary interventions

The results of studies on different cancers show several
contradictions regarding the dietary intake of BCAAs as a
therapeutic approach. For instance, an experimental study on
LSL-Kras®"?P’*; Pdx1-Cre (KC) mice revealed that a BCAA-rich
diet stimulates the progression of pancreatic intraepithelial
neoplasia (73). A multicentric Italian case-control study also
reported a positive association between dietary intake of BCAAs
and the risk of pancreatic cancer (74). Supplementation of BCAAs
to 1594 HCC patients undergoing locoregional therapies, including
radiofrequency ablation, hepatic artery infusion chemotherapy, or
transarterial chemoembolization, could improve the non-protein
respiratory quotient (npRQ, which represents the ratio of
carbohydrate to fat oxidation), increase albumin levels, and
improve quality of life. Furthermore, BCAA supplementation
reduced the Child-Pugh score (a score used to evaluate the
prognosis of chronic liver disease), decreased the recurrence rate,
and prolonged overall survival (8). It is possible that supplement
therapy with BCAAs can help reduce the side effects caused by
conventional cancer therapies, such as chemotherapy, radiotherapy,
or surgery. In this regard, an investigation revealed that
administering BCAAs during the oncological surgical period led
to satisfactory outcomes in reducing post-operative morbidity from
ascites and infections (85). However, it should be noted that the
catabolism of this group of amino acids may potentially benefit
tumor growth, and further studies in this field are needed to
determine the optimal dosage as well as the specific types of cancer.

On the other hand, it has been reported that high-BCAA diets
can suppress the growth of breast cancer cells and lung metastases
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in mice. A high concentration of BCAAs in the culture medium
impaired the ability of breast cancer cells to migrate and invade,
likely due to the downregulation of N-cadherin. Additionally, a low
BCAA diet increased the colonization of tumor cells in the lung.
These data revealed that high BCAA diets effective in treating breast
cancer by suppressing tumor cell growth and metastasis (11).
Another study also found a significant association between higher
dietary intake of BCAAs and a decreased risk of postmenopausal
breast cancer (75). However, the evaluation of the association
between long-term dietary intakes of BCAAs and invasive breast
cancer risk showed no association between dietary intakes of total
or individual BCAAs and the risk of breast cancer (86).

A large case-control study on colorectal cancer patients showed
an inverse association between BCAA intake and the risk of sigmoid
colon cancer risk (76). These data are consistent with findings from
several large US cohorts that do not support the hypothesis of a
positive association between dietary BCAA intake and colorectal
cancer risk (78). Another investigation suggested positive
associations between higher dietary intake of BCAAs and the risk
of all-cause mortality in CRC patients (77). Considering the
contradictions in this area, further studies are needed to confirm
these results, identify underlying mechanisms, and caution should
be exercised when supplementing BCAAs in individuals with
cancer (87).

6 Concluding remarks

In conclusion, extensive research has established the undeniable
role of BCAAs and the activated biological pathways they engage in
cancer. Activation of various enzymes in the catabolism of BCAAs
leads to the production of metabolites that indirectly contribute to
tumor growth and development. Therefore, targeting these enzymes
presents a promising therapeutic approach for cancer treatment.
However, the effectiveness of such interventions varies across
different cancers due to the presence of diverse isoforms of these
enzymes in distinct cancer phenotypes, posing challenges in treatment.

Contrastingly, supplement therapy with BCAAs has
demonstrated tumor growth inhibition in certain cancers while
showing no impact on others. Consequently, it is essential to
consider the contradictory data derived from different studies and
acknowledge the presence of numerous confounding factors that
influence the results. To obtain reliable and valid outcomes, it is
imperative to conduct studies with larger sample sizes and employ
rigorous measures to minimize the impact of confounding factors.
By doing so, we can comprehensively understand the complex
relationship between BCAAs, cancer, and potential
therapeutic interventions.

Author contributions

KJ: Conception, design, and inviting co-authors to participate.
EX, BJ and YC: Writing original manuscript draft. KJ and YC:
Review and editing of manuscript critically for important
intellectual content and provided comments and feedback for the

frontiersin.org


https://doi.org/10.3389/fonc.2023.1220638
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xu et al.

scientific contents of the manuscript. All authors contributed to the
article and approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA: Cancer |
Clin (2023) 73(1):17-48. doi: 10.3322/caac.21763

2. Patel CH, Powell JD. Immune cell metabolism and immuno-oncology. Annu Rev
Cancer Biol (2023) 7:93-110. doi: 10.1146/annurev-cancerbio-061421-042605

3. Jiang P, Du W, Wu M. Regulation of the pentose phosphate pathway in cancer.
Protein Cell (2014) 5(8):592-602. doi: 10.1007/s13238-014-0082-8

4. Amelio I, Cutruzzola F, Antonov A, Agostini M, Melino G. Serine and glycine
metabolism in cancer. Trends Biochem Sci (2014) 39(4):191-8. doi: 10.1016/
j.tibs.2014.02.004

5. Altman BJ, Stine ZE, Dang CV. From Krebs to clinic: glutamine metabolism to
cancer therapy. Nat Rev Cancer (2016) 16(10):619-34. doi: 10.1038/nrc.2016.71

6. Liu Q, Luo Q, Halim A, Song G. Targeting lipid metabolism of cancer cells: A
promising therapeutic strategy for cancer. Cancer Lett (2017) 401:39-45. doi: 10.1016/
j.canlet.2017.05.002

7. Chen Y, Li P. Fatty acid metabolism and cancer development. Sci Bull (2016) 61
(19):1473-9. doi: 10.1007/s11434-016-1129-4

8. Sideris GA, Tsaramanidis S, Vyllioti AT, Njuguna N. The role of branched-chain
amino acid supplementation in combination with locoregional treatments for
hepatocellular carcinoma: systematic review and meta-analysis. Cancers (2023) 15
(3):926. doi: 10.3390/cancers15030926

9. Kawaguchi T, Izumi N, Charlton MR, Sata M. Branched-chain amino acids as
pharmacological nutrients in chronic liver disease. Hepatology (2011) 54(3):1063-70.
doi: 10.1002/hep.24412

10. Bifari F, Nisoli E. Branched-chain amino acids differently modulate catabolic
and anabolic states in mammals: a pharmacological point of view. Br J Pharmacol
(2017) 174(11):1366-77. doi: 10.1111/bph.13624

11. ChiR, Yao C, Chen S, Liu Y, He Y, Zhang J, et al. Elevated BCAA suppresses the
development and metastasis of breast cancer. Front Oncol (2022) 12. doi: 10.3389/
fonc.2022.887257

12. Li J-T, Yin M, Wang D, Wang J, Lei M-Z, Zhang Y, et al. BCAT2-mediated
BCAA catabolism is critical for development of pancreatic ductal adenocarcinoma. Nat
Cell Biol (2020) 22(2):167-74. doi: 10.1038/s41556-019-0455-6

13. Lei M-Z, Li X-X, Zhang Y, Li J-T, Zhang F, Wang Y-P, et al. Acetylation
promotes BCAT2 degradation to suppress BCAA catabolism and pancreatic cancer
growth. Signal transduct targeted Ther (2020) 5(1):70. doi: 10.1038/s41392-020-0168-0

14. Dimou A, Tsimihodimos V, Bairaktari E. The critical role of the branched chain
amino acids (BCAAs) catabolism-regulating enzymes, branched-chain
aminotransferase (BCAT) and branched-chain o-keto acid dehydrogenase (BCKD),
in human pathophysiology. Int ] Mol Sci (2022) 23(7):4022. doi: 10.3390/ijms23074022

15. Akiyama T, Oohara I, Yamamoto T. Comparison of essential amino acid
requirements with A/E ratio among fish species. Fish Sci (1997) 63(6):963-70. doi:
10.2331/fishsci.63.963

16. Valine. (2023). Available at: https://pubchem.ncbi.nlm.nih.gov/compound/
Valine.

17. Leucine. (2023). Available at: https://pubchem.ncbi.nlm.nih.gov/compound/
leucine.

18. Isoleucine. (2023). Available at: https://pubchem.ncbi.nlm.nih.gov/compound/
isoleucine.

19. Sowers S. A primer on branched chain amino acids. Huntington Coll Health Sci
(2009) 5:1-6.

20. Monirujjaman M, Ferdouse A. Metabolic and physiological roles of branched-
chain amino acids. Adv Mol Biol (2014) 2014:1-6. doi: 10.1155/2014/364976

21. Babchia N, Calipel A, Mouriaux F, Faussat A-M, Mascarelli F. The PI3K/Akt
and mTOR/P70S6K signaling pathways in human uveal melanoma cells: interaction
with B-Raf/ERK. Invest Ophthalmol Visual Sci (2010) 51(1):421-9. doi: 10.1167/
i0vs.09-3974

22. Kuwahata M, Kubota H, Kanouchi H, Ito S, Ogawa A, Kobayashi Y, et al.
Supplementation with branched-chain amino acids attenuates hepatic apoptosis in rats

Frontiers in Oncology

10.3389/fonc.2023.1220638

Publisher’'s note

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

with chronic liver disease. Nutr Res (2012) 32(7):522-9. doi: 10.1016/
jnutres.2012.06.007

23. Fernstrom JD. Branched-chain amino acids and brain function. ] Nutr (2005)
135(6):1539S-46S. doi: 10.1093/jn/135.6.1539S

24. Nie C, He T, Zhang W, Zhang G, Ma X. Branched chain amino acids: beyond
nutrition metabolism. Int ] Mol Sci (2018) 19(4):954. doi: 10.3390/ijms19040954

25. Tajiri K, Shimizu Y. Branched-chain amino acids in liver diseases. World J
Gastroenterol: WG (2013) 19(43):7620. doi: 10.3748/wjg.v19.i43.7620

26. Wolfson RL, Chantranupong L, Saxton RA, Shen K, Scaria SM, Cantor JR, et al.
Sestrin2 is a leucine sensor for the mTORCI pathway. Science (2016) 351(6268):43-8.
doi: 10.1126/science.aab2674

27. Wolfson RL, Sabatini DM. The dawn of the age of amino acid sensors for the
mTORCI pathway. Cell Metab (2017) 26(2):301-9. doi: 10.1016/j.cmet.2017.07.001

28. Son SM, Park SJ, Lee H, Siddiqi F, Lee JE, Menzies FM, et al. Leucine signals to
mTORCI via its metabolite acetyl-coenzyme A. Cell Metab (2019) 29(1):192-201. e7.
doi: 10.1016/j.cmet.2018.08.013

29. Sivanand S, Vander Heiden MG. Emerging roles for branched-chain amino
acid metabolism in cancer. Cancer Cell (2020) 37(2):147-56. doi: 10.1016/
j.ccell.2019.12.011

30. Sullivan MR, Danai LV, Lewis CA, Chan SH, Gui DY, Kunchok T, et al.
Quantification of microenvironmental metabolites in murine cancers reveals
determinants of tumor nutrient availability. Elife (2019) 8:e44235. doi: 10.7554/
eLife.44235

31. Kamphorst JJ, Nofal M, Commisso C, Hackett SR, Lu W, Grabocka E, et al.
Human pancreatic cancer tumors are nutrient poor and tumor cells actively scavenge
extracellular protein. Cancer Res (2015) 75(3):544-53. doi: 10.1158/0008-5472.CAN-
14-2211

32. Campbell SL, Wellen KE. Metabolic signaling to the nucleus in cancer. Mol Cell
(2018) 71(3):398-408. doi: 10.1016/j.molcel.2018.07.015

33. Kaelin WG, McKnight SL. Influence of metabolism on epigenetics and disease.
Cell (2013) 153(1):56-69. doi: 10.1016/j.cell.2013.03.004

34. Schvartzman JM, Thompson CB, Finley LW. Metabolic regulation of chromatin
modifications and gene expression. J Cell Biol (2018) 217(7):2247-59. doi: 10.1083/
jcb.201803061

35. Mann G, Mora S, Madu G, Adegoke OA. Branched-chain amino acids:
catabolism in skeletal muscle and implications for muscle and whole-body
metabolism. Front Physiol (2021) 12:702826. doi: 10.3389/fphys.2021.702826

36. Shimomura Y, Honda T, Shiraki M, Murakami T, Sato ], Kobayashi H, et al.
Branched-chain amino acid catabolism in exercise and liver disease. ] Nutr (2006) 136
(1):2508-3S. doi: 10.1093/jn/136.1.250S

37. Brosnan JT, Brosnan ME. Branched-chain amino acids: enzyme and substrate
regulation. J Nutr (2006) 136(1):207S-11S. doi: 10.1093/jn/136.1.207S

38. Mayers JR, Wu C, Clish CB, Kraft P, Torrence ME, Fiske BP, et al. Elevation of
circulating branched-chain amino acids is an early event in human pancreatic
adenocarcinoma development. Nat Med (2014) 20(10):1193-8. doi: 10.1038/nm.3686

39. Brosnan JT. Interorgan amino acid transport and its regulation. J Nutr (2003)
133(6):20685-72S. doi: 10.1093/jn/133.6.2068S

40. Neinast M, Murashige D, Arany Z. Branched chain amino acids. Annu Rev
Physiol (2019) 81:139-64. doi: 10.1146/annurev-physiol-020518-114455

41. Muoio DM. Metabolic inflexibility: when mitochondrial indecision leads to
metabolic gridlock. Cell (2014) 159(6):1253-62. doi: 10.1016/j.cell.2014.11.034

42. Newgard CB, An J, Bain JR, Muehlbauer MJ, Stevens RD, Lien LF, et al. A
branched-chain amino acid-related metabolic signature that differentiates obese and
lean humans and contributes to insulin resistance. Cell Metab (2009) 9(4):311-26. doi:
10.1016/j.cmet.2009.02.002

43. Shin AC, Fasshauer M, Filatova N, Grundell LA, Zielinski E, Zhou J-Y, et al.
Brain insulin lowers circulating BCAA levels by inducing hepatic BCAA catabolism.
Cell Metab (2014) 20(5):898-909. doi: 10.1016/j.cmet.2014.09.003

frontiersin.org


https://doi.org/10.3322/caac.21763
https://doi.org/10.1146/annurev-cancerbio-061421-042605
https://doi.org/10.1007/s13238-014-0082-8
https://doi.org/10.1016/j.tibs.2014.02.004
https://doi.org/10.1016/j.tibs.2014.02.004
https://doi.org/10.1038/nrc.2016.71
https://doi.org/10.1016/j.canlet.2017.05.002
https://doi.org/10.1016/j.canlet.2017.05.002
https://doi.org/10.1007/s11434-016-1129-4
https://doi.org/10.3390/cancers15030926
https://doi.org/10.1002/hep.24412
https://doi.org/10.1111/bph.13624
https://doi.org/10.3389/fonc.2022.887257
https://doi.org/10.3389/fonc.2022.887257
https://doi.org/10.1038/s41556-019-0455-6
https://doi.org/10.1038/s41392-020-0168-0
https://doi.org/10.3390/ijms23074022
https://doi.org/10.2331/fishsci.63.963
https://pubchem.ncbi.nlm.nih.gov/compound/Valine
https://pubchem.ncbi.nlm.nih.gov/compound/Valine
https://pubchem.ncbi.nlm.nih.gov/compound/leucine
https://pubchem.ncbi.nlm.nih.gov/compound/leucine
https://pubchem.ncbi.nlm.nih.gov/compound/isoleucine
https://pubchem.ncbi.nlm.nih.gov/compound/isoleucine
https://doi.org/10.1155/2014/364976
https://doi.org/10.1167/iovs.09-3974
https://doi.org/10.1167/iovs.09-3974
https://doi.org/10.1016/j.nutres.2012.06.007
https://doi.org/10.1016/j.nutres.2012.06.007
https://doi.org/10.1093/jn/135.6.1539S
https://doi.org/10.3390/ijms19040954
https://doi.org/10.3748/wjg.v19.i43.7620
https://doi.org/10.1126/science.aab2674
https://doi.org/10.1016/j.cmet.2017.07.001
https://doi.org/10.1016/j.cmet.2018.08.013
https://doi.org/10.1016/j.ccell.2019.12.011
https://doi.org/10.1016/j.ccell.2019.12.011
https://doi.org/10.7554/eLife.44235
https://doi.org/10.7554/eLife.44235
https://doi.org/10.1158/0008-5472.CAN-14-2211
https://doi.org/10.1158/0008-5472.CAN-14-2211
https://doi.org/10.1016/j.molcel.2018.07.015
https://doi.org/10.1016/j.cell.2013.03.004
https://doi.org/10.1083/jcb.201803061
https://doi.org/10.1083/jcb.201803061
https://doi.org/10.3389/fphys.2021.702826
https://doi.org/10.1093/jn/136.1.250S
https://doi.org/10.1093/jn/136.1.207S
https://doi.org/10.1038/nm.3686
https://doi.org/10.1093/jn/133.6.2068S
https://doi.org/10.1146/annurev-physiol-020518-114455
https://doi.org/10.1016/j.cell.2014.11.034
https://doi.org/10.1016/j.cmet.2009.02.002
https://doi.org/10.1016/j.cmet.2014.09.003
https://doi.org/10.3389/fonc.2023.1220638
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xu et al.

44. Peng H, Wang Y, Luo W. Multifaceted role of branched-chain amino acid
metabolism in cancer. Oncogene (2020) 39(44):6747-56. doi: 10.1038/s41388-020-01480-z

45. Zheng YH, Hu WJ, Chen BC, Grahn THM, Zhao YR, Bao HL, et al. BCAT 1, a
key prognostic predictor of hepatocellular carcinoma, promotes cell proliferation and
induces chemoresistance to cisplatin. Liver Int (2016) 36(12):1836-47. doi: 10.1111/
liv.13178

46. Hattori A, Tsunoda M, Konuma T, Kobayashi M, Nagy T, Glushka J, et al.
Cancer progression by reprogrammed BCAA metabolism in myeloid leukaemia.
Nature (2017) 545(7655):500-4. doi: 10.1038/nature22314

47. Tonjes M, Barbus S, Park YJ, Wang W, Schlotter M, Lindroth AM, et al. BCAT1
promotes cell proliferation through amino acid catabolism in gliomas carrying wild-
type IDHI1. Nat Med (2013) 19(7):901-8. doi: 10.1038/nm.3217

48. Ericksen RE, Lim SL, McDonnell E, Shuen WH, Vadiveloo M, White PJ, et al.
Loss of BCAA catabolism during carcinogenesis enhances mTORCI activity and
promotes tumor development and progression. Cell Metab (2019) 29(5):1151-1165.
6. doi: 10.1016/j.cmet.2018.12.020

49. Zhang L, Han J. Branched-chain amino acid transaminase 1 (BCAT1) promotes
the growth of breast cancer cells through improving mTOR-mediated mitochondrial
biogenesis and function. Biochem Biophys Res Commun (2017) 486(2):224-31. doi:
10.1016/j.bbrc.2017.02.101

50. Wang Z-Q, Faddaoui A, Bachvarova M, Plante M, Gregoire J, Renaud M-C,
et al. BCAT1 expression associates with ovarian cancer progression: possible
implications in altered disease metabolism. Oncotarget (2015) 6(31):31522. doi:
10.18632/oncotarget.5159

51. Lieu EL, Nguyen T, Rhyne S, Kim J. Amino acids in cancer. Exp Mol Med (2020)
52(1):15-30. doi: 10.1038/512276-020-0375-3

52. Lee JH, Cho Y-r, Kim JH, Kim J, Nam HY, Kim SW, et al. Branched-chain
amino acids sustain pancreatic cancer growth by regulating lipid metabolism. Exp Mol
Med (2019) 51(11):1-11. doi: 10.1038/s12276-019-0350-z

53. Jiang W, Qiao L, Han Y, Zhang A, An H, Xiao J, et al. Pancreatic stellate cells
regulate branched-chain amino acid metabolism in pancreatic cancer. Ann Trans Med
(2021) 9(5):1-11. doi: 10.21037/atm-21-761

54. Xue P, Zeng F, Duan Q, Xiao J, Liu L, Yuan P, et al. BCKDK of BCAA catabolism
cross-talking with the MAPK pathway promotes tumorigenesis of colorectal cancer.
EBioMedicine (2017) 20:50-60. doi: 10.1016/j.ebiom.2017.05.001

55. East MP, Laitinen T, Asquith CR. BCKDK: an emerging kinase target for
metabolic diseases and cancer. Nat Rev Drug Discovery (2021) 20(498):10.1038. doi:
10.1038/d41573-021-00107-6

56. Murin R, Hamprecht B. Metabolic and regulatory roles of leucine in neural cells.
Neurochemical Res (2008) 33:279-84. doi: 10.1007/s11064-007-9444-4

57. Gondas E, Kralova Trantikova A, Baranovitova E, Sofranko J, Hatok J,
Kowtharapu BS, et al. Expression of 3-methylcrotonyl-CoA carboxylase in brain
tumors and capability to catabolize leucine by human neural cancer cells. Cancers
(2022) 14(3):585. doi: 10.3390/cancers14030585

58. Wang Y, Xiao J, Jiang W, Zuo D, Wang X, Jin Y, et al. BCKDK alters the
metabolism of non-small cell lung cancer. Trans Lung Cancer Res (2021) 10(12):4459.
doi: 10.21037/tlcr-21-885

59. Yang D, Liu H, Cai Y, Lu K, Zhong X, Xing S, et al. Branched-chain amino acid
catabolism breaks glutamine addiction to sustain hepatocellular carcinoma
progression. Cell Rep (2022) 41(8):111691. doi: 10.1016/j.celrep.2022.111691

60. Jiang Z, Zheng J, Liu J, Yang X, Chen K. Novel branched-chain amino acid-
catabolism related gene signature for overall survival prediction of pancreatic
carcinoma. ] Proteome Res (2021) 21(3):740-6. doi: 10.1021/acs.jproteome.1c00607

61. Mikalayeva V, Pankeviciate M, Zvikas V, Skeberdis VA, Bordel S. Contribution of
branched chain amino acids to energy production and mevalonate synthesis in cancer
cells. Biochem Biophys Res Commun (2021) 585:61-7. doi: 10.1016/j.bbrc.2021.11.034

62. Rui L. Brown and beige adipose tissues in health and disease. Compr Physiol
(2017) 7(4):1281. doi: 10.1002/cphy.c170001

63. Yin X, Chen Y, Ruze R, Xu R, Song J, Wang C, et al. The evolving view of
thermogenic fat and its implications in cancer and metabolic diseases. Signal Transduct
Targeted Ther (2022) 7(1):324. doi: 10.1038/s41392-022-01178-6

64. Blanchard P-G, Moreira RJ, Castro E., Caron A, Coté M, Andrade ML, et al.
PPARY is a major regulator of branched-chain amino acid blood levels and catabolism
in white and brown adipose tissues. Metabolism (2018) 89:27-38. doi: 10.1016/
j.metabol.2018.09.007

65. Lin S, Miao Y, Zheng X, Dong Y, Yang Q, Yang Q, et al. ANGPTL4 negatively
regulates the progression of osteosarcoma by remodeling branched-chain amino acid
metabolism. Cell Death Discovery (2022) 8(1):225. doi: 10.1038/s41420-022-01029-x

66. Mao L, Chen ], Lu X, Yang C, Ding Y, Wang M, et al. Proteomic analysis of lung
cancer cells reveals a critical role of BCATI1 in cancer cell metastasis. Theranostics
(2021) 11(19):9705. doi: 10.7150/thno.61731

Frontiers in Oncology

09

10.3389/fonc.2023.1220638

67. Kikushige Y, Miyamoto T, Kochi Y, Semba Y, Ohishi M, Irifune H, et al. Human
acute leukemia utilizes branched-chain amino acid catabolism to maintain stemness
through regulating PRC2 function. Blood Adv (2022) 7:3592-603. doi: 10.1182/
bloodadvances.2022008242

68. Zhang B, Xu F, Wang K, Liu M, Li J, Zhao Q, et al. BCAT1 knockdown-
mediated suppression of melanoma cell proliferation and migration is associated with
reduced oxidative phosphorylation. Am J Cancer Res (2021) 11(6):2670.

69. Biswas D, Slade L, Duffley L, Mueller N, Dao KT, Mercer A, et al. Inhibiting
BCKDK in triple negative breast cancer suppresses protein translation, impairs
mitochondrial function, and potentiates doxorubicin cytotoxicity. Cell Death
Discovery (2021) 7(1):241. doi: 10.1038/s41420-021-00602-0

70. Ibrahim SL, Abed MN, Mohamed G, Price JC, Abdullah MI, Richardson A.
Inhibition of branched-chain alpha-keto acid dehydrogenase kinase augments the
sensitivity of ovarian and breast cancer cells to paclitaxel. Br ] Cancer (2022) 128:1-11.
doi: 10.1038/s41416-022-02095-9

71. Li H, Yu D, Li L, Xiao J, Zhu Y, Liu Y, et al. BCKDK promotes ovarian cancer
proliferation and migration by activating the MEK/ERK signaling pathway. J Oncol
(2022) 2022:1-14. doi: 10.1155/2022/3691635

72. Bagheri Y, Saeidi M, Yazdani R, Babaha F, Falak R, Azizi G, et al. Evaluation of
effective factors on IL-10 signaling in B cells in patients with selective IgA deficiency.
Eur Cytokine Netw (2021) 33(1):1-12. doi: 10.1684/ecn.2021.0464

73. LiJ-T, Li K-Y, Su Y, Shen Y, Lei M-Z, Zhang F, et al. Diet high in branched-
chain amino acid promotes PDAC development by USP1-mediated BCAT2
stabilization. Natl Sci Rev (2022) 9(5):nwab212. doi: 10.1093/nsr/nwab212

74. Rossi M, Turati F, Strikoudi P, Ferraroni M, Parpinel M, Serraino D, et al.
Dietary intake of branched-chain amino acids and pancreatic cancer risk in a case-
control study from Italy. Br J Nutr (2022) 129:1-19. doi: 10.1017/S0007114522000939

75. Nouri-Majd S, Salari-Moghaddam A, Benisi-Kohansal S, Azadbakht L,
Esmaillzadeh A. Dietary intake of branched-chain amino acids in relation to the risk of
breast cancer. Breast Cancer (2022) 29(6):993-1000. doi: 10.1007/s12282-022-01379-5

76. Rossi M, Mascaretti F, Parpinel M, Serraino D, Crispo A, Celentano E, et al.
Dietary intake of branched-chain amino acids and colorectal cancer risk. Br ] Nutr
(2021) 126(1):22-7. doi: 10.1017/S0007114520003724

77. Long L, Yang W, Liu L, Tobias DK, Katagiri R, Wu K, et al. Dietary intake of
branched-chain amino acids and survival after colorectal cancer diagnosis. Int ] Cancer
(2021) 148(10):2471-80. doi: 10.1002/ijc.33449

78. Katagiri R, Song M, Zhang X, Lee DH, Tabung FK, Fuchs CS, et al. Dietary
intake of branched-chain amino acids and risk of colorectal cancerBranched-chain
amino acid intake and colorectal cancer. Cancer Prev Res (2020) 13(1):65-72. doi:
10.1158/1940-6207.CAPR-19-0297

79. Mayers JR, Torrence ME, Danai LV, Papagiannakopoulos T, Davidson SM,
Bauer MR, et al. Tissue of origin dictates branched-chain amino acid metabolism in
mutant Kras-driven cancers. Science (2016) 353(6304):1161-5. doi: 10.1126/
science.aaf5171

80. Shafei MA, Flemban A, Daly C, Kendrick P, White P, Dean §, et al. Differential
expression of the BCAT isoforms between breast cancer subtypes. Breast Cancer (2021)
28:592-607. doi: 10.1007/s12282-020-01197-7

81. Du C, Liu W-J, Yang J, Zhao S-S, Liu H-X. The role of branched-chain amino
acids and branched-chain o-keto acid dehydrogenase kinase in metabolic disorders.
Front Nutr (2022) 9. doi: 10.3389/fnut.2022.932670

82. Tso S-C, Gui W-J, Wu C-Y, Chuang JL, Qi X, Skvorak K]J, et al. Benzothiophene
carboxylate derivatives as novel allosteric inhibitors of branched-chain o-ketoacid
dehydrogenase kinase. J Biol Chem (2014) 289(30):20583-93. doi: 10.1074/
jbc.M114.569251

83. 3,6-Dichloro-1-benzothiophene-2-carboxylic acid. (2023). Available at: https://
pubchem.ncbi.nlm.nih.gov/compound/3_6-Dichloro-1-benzothiophene-2-carboxylic-
acid.

84. Olazabal-Herrero A, Garcia-Santisteban I, Rodriguez JA. Structure-function
analysis of USP1: insights into the role of Ser313 phosphorylation site and the effect of
cancer-associated mutations on autocleavage. Mol Cancer (2015) 14(1):33. doi:
10.1186/s12943-015-0311-7

85. Cogo E, Elsayed M, Liang V, Cooley K, Guerin C, Psihogios A, et al. Are
supplemental branched-chain amino acids beneficial during the oncological peri-
operative period: a systematic review and meta-analysis. Integr Cancer therapies
(2021) 20:1534735421997551. doi: 10.1177/1534735421997551

86. Tobias DK, Chai B, Tamimi RM, Manson JE, Hu FB, Willett WC, et al. Dietary
intake of branched chain amino acids and breast cancer risk in the NHS and NHS II
prospective cohorts. JNCI Cancer Spectr (2021) 5(3):pkab032. doi: 10.1093/jncics/
pkab032

87. Lee K, Blanton C. The effect of branched-chain amino acid supplementation on
cancer treatment. Nutr Health (2023) 34:02601060231153428. doi: 10.1177/
02601060231153428

frontiersin.org


https://doi.org/10.1038/s41388-020-01480-z
https://doi.org/10.1111/liv.13178
https://doi.org/10.1111/liv.13178
https://doi.org/10.1038/nature22314
https://doi.org/10.1038/nm.3217
https://doi.org/10.1016/j.cmet.2018.12.020
https://doi.org/10.1016/j.bbrc.2017.02.101
https://doi.org/10.18632/oncotarget.5159
https://doi.org/10.1038/s12276-020-0375-3
https://doi.org/10.1038/s12276-019-0350-z
https://doi.org/10.21037/atm-21-761
https://doi.org/10.1016/j.ebiom.2017.05.001
https://doi.org/10.1038/d41573-021-00107-6
https://doi.org/10.1007/s11064-007-9444-4
https://doi.org/10.3390/cancers14030585
https://doi.org/10.21037/tlcr-21-885
https://doi.org/10.1016/j.celrep.2022.111691
https://doi.org/10.1021/acs.jproteome.1c00607
https://doi.org/10.1016/j.bbrc.2021.11.034
https://doi.org/10.1002/cphy.c170001
https://doi.org/10.1038/s41392-022-01178-6
https://doi.org/10.1016/j.metabol.2018.09.007
https://doi.org/10.1016/j.metabol.2018.09.007
https://doi.org/10.1038/s41420-022-01029-x
https://doi.org/10.7150/thno.61731
https://doi.org/10.1182/bloodadvances.2022008242
https://doi.org/10.1182/bloodadvances.2022008242
https://doi.org/10.1038/s41420-021-00602-0
https://doi.org/10.1038/s41416-022-02095-9
https://doi.org/10.1155/2022/3691635
https://doi.org/10.1684/ecn.2021.0464
https://doi.org/10.1093/nsr/nwab212
https://doi.org/10.1017/S0007114522000939
https://doi.org/10.1007/s12282-022-01379-5
https://doi.org/10.1017/S0007114520003724
https://doi.org/10.1002/ijc.33449
https://doi.org/10.1158/1940-6207.CAPR-19-0297
https://doi.org/10.1126/science.aaf5171
https://doi.org/10.1126/science.aaf5171
https://doi.org/10.1007/s12282-020-01197-7
https://doi.org/10.3389/fnut.2022.932670
https://doi.org/10.1074/jbc.M114.569251
https://doi.org/10.1074/jbc.M114.569251
https://pubchem.ncbi.nlm.nih.gov/compound/3_6-Dichloro-1-benzothiophene-2-carboxylic-acid
https://pubchem.ncbi.nlm.nih.gov/compound/3_6-Dichloro-1-benzothiophene-2-carboxylic-acid
https://pubchem.ncbi.nlm.nih.gov/compound/3_6-Dichloro-1-benzothiophene-2-carboxylic-acid
https://doi.org/10.1186/s12943-015-0311-7
https://doi.org/10.1177/1534735421997551
https://doi.org/10.1093/jncics/pkab032
https://doi.org/10.1093/jncics/pkab032
https://doi.org/10.1177/02601060231153428
https://doi.org/10.1177/02601060231153428
https://doi.org/10.3389/fonc.2023.1220638
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Branched-chain amino acids catabolism and cancer progression: focus on therapeutic interventions
	1 Introduction
	2 BCAA biology
	3 BCAAs catabolism
	4 BCAA catabolism and cancer
	5 Therapeutic interventions
	5.1 Targeted therapies
	5.2 Dietary interventions

	6 Concluding remarks
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


