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Background: Non-small cell lung cancer (NSCLC) is a leading cause of cancer death. Branched-chain amino acid
(BCAA) homeostasis is important for normal physiological metabolism. Branched-chain keto acid dehydrogenase
kinase (BCKDK) is a rate-limiting enzyme involved in BCAA degradation. BCAA metabolism has been highlighted
in human cancers. The aberrant activation of mTORC1 has been implicated in tumor progression. RablA is a
small GTPase, an activator of mTORCI1, and an oncogene. This study aimed to reveal the specific role of BCKDK-
BCAA-Rab1A-mTORC1 signaling in NSCLC.

Methods: We analyzed a cohort of 79 patients with NSCLC and 79 healthy controls. Plasma BCAA assays,
immunohistochemistry, and network and pathway analyses were performed. The stable cell lines BCKDK-KD,
BCKDK-OV A549, and H1299 were constructed. BCKDK, RablA, p-S6 and S6 were detected using western
blotting to explore their molecular mechanisms of action in NSCLC. The effects of BCAA and BCKDK on the
apoptosis and proliferation of H1299 cells were detected by cell function assays.

Results: We demonstrated that NSCLC was primarily involved in BCAA degradation. Therefore, combining BCAA,
CEA, and Cyfra21-1 is clinically useful for treating NSCLC. We observed a significant increase in BCAA levels,
downregulation of BCKDHA expression, and upregulation of BCKDK expression in NSCLC cells. BCKDK promotes
proliferation and inhibits apoptosis in NSCLC cells, and we observed that BCKDK affected RablA and p-S6 in
A549 and H1299 cells via BCAA modulation. Leucine affected RablA and p-S6 in A549 and H1299 cells and
affected the apoptosis rate of H1299 cells.

In conclusion, BCKDK enhances Rab1A-mTORC1 signaling and promotes tumor proliferation by suppressing
BCAA catabolism in NSCLC, suggesting a new biomarker for the early diagnosis and identification of metabolism-
based targeted approaches for patients with NSCLC.

Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide
because of its high incidence and prevalence. Non-small cell lung cancer
(NSCLC) accounts for approximately 85% of lung cancers [1,2].
Nevertheless, it is gratifying that improved treatment has accelerated
progress against lung cancer and driven a record drop in overall cancer
mortality in recent years [3]. Thus, understanding the molecular
mechanisms underlying NSCLC for further knowledge and advanced
treatment options is urgently needed and accelerates progress against
cancer.

Branched-chain amino acids (BCAAs), such as valine, leucine, and
isoleucine, are essential amino acids for mammals. BCAA homeostasis
plays a pivotal role in normal physiological metabolism [4]. In the BCAA
catabolic pathway, BCAAs are reversibly metabolized by
branched-chain aminotransferase (BCAT) into branched-chain alpha--
ketoacids (BCKAs), followed by decarboxylation by the branched-chain
alpha-ketoacid dehydrogenase (BCKDH) complex in an irreversible re-
action, and metabolized into acetyl-CoA or succinyl-CoA. BCKDH, the
flux-generating step in BCAA degradation, is controlled by a pair of
enzymes, branched-chain keto acid dehydrogenase kinase (BCKDK) and
Mg2+/Mn2+-dependent 1 K protein phosphatase (PPM1K) through
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phosphorylation status modulation [5-7].

Metabolic reprogramming occurs in various diseases, including
cancer [8]. Altered BCAA metabolism is recently highlighted in many
human cancer types, including NSCLC, pancreatic ductal adenocarci-
noma (PDAC), leukemia, breast cancer, ovarian cancer, hepatocellular
carcinoma (HCC), and other tumors [9-14]. Many studies proved
leucine binds to sestrin2 to activate rapamycin complex 1 (mTORC1)
[15]. Aberrant activation of mTORC1 has been implicated in tumor
progression and is considered a potential target for cancer treatment
[16]. Altered BCAA metabolism in the aforementioned types of cancer
cells is strongly associated with the activation of mMTORC1 during tumor
progression. RablA is a small GTPase [17] recently identified as a
mTORC1 activator and oncogene [18]. Additionally, it was shown that
RablA plays a pivotal role in amino acid signaling to regulate mTORC1
in normal and cancer cells [19]. In this study, we investigated the spe-
cific role of the BCKDK-BCAA-RablA-mTORCI signaling pathway in
NSCLC.

Materials and methods
Plasma and tissue samples

We analyzed a cohort of 79 patients with NSCLC and 79 healthy
controls (HCs) at Tianjin Medical University Cancer Hospital. The clin-
icopathological data of patients with NSCLC (n = 79) and HCs (n = 79)
are provided in Tables 1, 2. The mean age of the patients with NSCLC
was 57 (standard deviation [SD], 10 years); 35 were males, and 44 were
females. Classification according to the American Joint Committee on
Cancer (AJCC) 8th edition revealed that 79 tumors were stage I. The HCs
had a mean age of 51 (SD, 10 years); 35 were males, and 44 were fe-
males. This study was approved by the Ethics Committee of Tianjin
Medical University. Samples were obtained from all patients with
informed consent. Plasma samples were obtained from the Clinical
Laboratory, Tianjin Medical University Cancer Hospital. The blood
samples were centrifuged at 3500 rpm for 10 min, and then the super-
natants were collected and stored at —80 °C until nuclear magnetic
resonance (NMR) spectroscopy was conducted. Fresh lung cancer tissues
and paired adjacent non-tumor lung tissues were obtained from patients
who underwent surgery at the Tianjin Medical University Cancer Insti-
tute and Hospital.

NMR

NMR analysis of the plasma samples and cell supernatants was
conducted by ProteinT Biotechnology Co. Ltd. (Tianjin, China) following

Table 1
Demographics and clinicopathologic characteristics of samples from patients
with NSCLC.

Characteristics n=179

Age,M+SD(IQR), years 57410 (50-66)

Sex, n (%)

Male 35(44.3%)
Female 44(55.7%)
Tumor diameter, n (%)

<2cm 62(78.5%)
>2 cm 17(21.5%)
TNM stage, n (%)

1A 56(70.9%)
1B 23(29.1%)
Presence of lymph node metastasis, n (%)

Metastasis 6(7.6%)
No Metastasis 73(92.4%)
CEA,M(IQR) 2.58 (1.34-3)

Cyfra21.1,M(IQR) 2.11(1.44-2.52)

NSCLC, non-small cell lung cancer; TNM, tumor node metastasis; CEA, carci-
noembryonic antigen.
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Table 2
Characteristics of samples from healthy controls (HC).

Characteristics n=79

Age,M+SD(IQR), years 51+10(43-57)

Sex, n (%)

Male 35(44.3%)
Female 44(55.7%)
CEA,M(IQR) 1.84(1.3-2.2)

Cyfra21.1,M(IQR) 1.36(0.91-1.7)

CEA, carcinoembryonic antigen.

the Bruker Standard Operating Procedure for In Vitro Diagnostic Studies
(IVDr SOP). In detail, 300 pL buffer (phosphate buffer [PBS] pH 7.4,
containing TSP-D4; Bruker Corp., Billerica, MA, USA) was added to the
300 uL sample, then the mixture was transferred to a 5 mm NMR tube
and analyzed in an NMR (Bruker 600 MHz). The data were analyzed
using Bruker Topspin 3.6.0 software on NMRPC. BCAA was detected
using NMR.

Immunohistochemistry (IHC)

Paraffin-embedded sections were used for IHC staining. Sections
were incubated with the BCKDK antibody (Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) overnight, followed by incubation with a sec-
ondary antibody conjugated with horseradish peroxidase (Abcam,
Cambridge, UK). The nuclei were stained with hematoxylin. 3,3-dia-
minobenzidine (BOSHIDE) showed immunoreactivity. Representative
images were captured using an imaging microscope (Olympus).

Network and pathway analysis

Based on the SIMCA-P platform (Wu et al., 2010) (version 14.1,
Umetrics, Sweden), we performed principal component analysis (PCA)
and orthogonal partial least-squares discriminant analysis (PLS-DA) to
identify metabolic alterations across the NSCLC and non-NSCLC groups.
The variable importance in the projection (VIP) value was calculated for
each covariate, and VIP> 1 indicated relevance to group discrimination.
To explore the biological connections across potential metabolites, we
conducted enrichment and pathway analyses of metabolomic data based
on the Kyoto Encyclopedia of Genes and Genomes database using
MetaboAnalyst software (version 5.0).

Immunofluorescence staining

A549 cells of equal density were inoculated in 6-well plates. When
the cells reached 80% confluence, they were treated with MitoTracker
Red CMXRos. The cells were fixed with 4% paraformaldehyde. After
washing with PBS, the cells were blocked with 5% bovine serum albu-
min and incubated with an anti-BCKDK antibody (sc-374425; Santa Cruz
Biotechnology Inc.), followed by incubation with the corresponding
secondary antibody conjugated to fluorescein isothiocyanate (FITC;
Invitrogen). Nuclei were stained with DAPI (4, 6-diamino-2-phenylin-
dole, Invitrogen). Images were captured using a fluorescence imaging
module (Olympus).

Cell culture and treatment

The human NSCLC cell lines A549 and H1299 were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA).
A549 and H1299 cells were cultured in RPMI-1640 (BI, 01-100-1ACS)
supplemented with 10% fetal bovine serum (FBS, BI, 04-001-1ACS) at
37 °t in an atmosphere of 5% CO2. Leucine (7.5 mM) was prepared from
leucine powder (Sigma-Aldrich).
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Generation of stable cell lines

Lentiviruses purchased from GeneChem Corporation (Shanghai,
China) were used to generate stable cell lines. A549 and H1299 cells
were infected with lentivirus in the presence of polybrene (5 pg/mL,
Sigma-Aldrich). At 48 h after infection, cells were selected using puro-
mycin (1 mg/mL; Sigma-Aldrich).

Protein extraction and western blot analysis

A549 and H1299 cells were seeded in 6-well plates. When the cells
reached 80% confluence, they were exposed to leucine (7.5 mM) for 15
min, 30 min, 1 h, 2 h, and 4 h, respectively. Stable A549 and H1299 cell
lines were analyzed. The cells were lysed in radioimmunoprecipitation
assay buffer (R0020, Solarbio) supplemented with a protease inhibitor
cocktail and phosphatase inhibitor mixture. The total protein concen-
tration was measured using a bicinchoninic acid protein assay kit. The
proteins were heated at 97°C for 5 min, separated by 10-15% SDS-
PAGE, and transferred onto polyvinylidene fluoride membranes (Milli-
pore, USA). The membranes were then incubated with specific primary
antibodies and corresponding secondary antibodies. Protein bands were
visualized using an enhanced chemiluminescence reagent kit (Milli-
pore). The following antibodies were used: anti-BCKDK (E-12) (sc-
374425; Santa Cruz Biotechnology), anti-phospho-S6 (Ser235/236)
(D57.2.2E; Cell Signaling Technology), anti-S6 (54D2; Cell Signaling
Technology), and anti-RablA (G-10) (sc-377201; Santa Cruz Biotech-
nology). The mean optical densities of the bands were quantified using
ImageJ acquisition and analysis software.

Cell proliferation assay

Cell proliferation was detected using the CCK-8 and colony forma-
tion assays. CCK-8 assay: BCKDK KD and BCKDK OV H1299 cells were
seeded in 6-well plates and incubated for 1-5 days. CCK-8 was added to
the cells, and after 1 h of incubation, absorbance was detected at 570 nm
on a microplate reader. The absorbance values on days 1, 2, 3, 4, and 5
were normalized to the data from day O to create a proliferation curve.

For colony formation assay, BCKDK KD and BCKDK OV H1299 cells
were seeded in 6-well plates. The cells were cultured until the number of
cells in most single clones was greater than 50. After cloning, the cells
were washed once with PBS, and 1 mL of 4% paraformaldehyde was
added to each well and fixed for 30-60 min. Next, 1 mL of crystal violet
dye solution was added to each well, and the cells were incubated for
10-20 min, washed several times with PBS, dried, and photographed
using a digital camera.

Cell apoptosis assay

H1299 cells were seeded into 6-well plates. When the cells reached
80% confluence, they were exposed to leucine (7.5 mM) for 15 min, 30
min, 1 h, 2 h, and 4 h, respectively. Apoptosis of BCKDK KD and BCKDK
OV H1299 cells was measured. An annexin V-FITC/PI apoptosis assay
kit (ZETA LIFE, San Francisco, CA, USA) was used to assess the apoptotic
rates according to the manufacturer’s instructions. Apoptotic cells were
detected by flow cytometry (Bricyte E6, Mindray, Inc., Shenzhen,
China).

Statistical analysis

All data are expressed as the means + standard deviation from at
least three independent experiments. Comparisons were assessed by
two-way Student’s t-test using GraphPad Prism software (version 7). The
level of statistical significance was set at 0.05. Receiver operating
characteristic (ROC) curves were drawn using the pROC package in the
R software, and diagnostic efficacy was assessed using ROC curves. The
optimal cutoff value for each biomarker was determined when the
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specificity was 95% in the training set to find a cutoff that is helpful for a
definitive diagnosis. Kaplan-Meier survival plots and hazard ratios with
95% confidence intervals and log-rank P values were calculated and
plotted in R using the Bioconductor packages.

Results
The metabolic profile of NSCLC patients differs from that of HCs

We analyzed a cohort of patients with NSCLC (pre- and post-
operative) and healthy controls. For a comprehensive observation of
the metabolic profiles, PCA and PLS-DA were performed on the
respective NMR data of the sera. The PCA and PLS-DA results are shown
in Fig. 1. The metabolic profiles of the pre-operative patients could be
distinguished from those of the healthy control in the PCA score plot
(Fig. 1A). In the PCA models, the metabolic profiles of the pre-operative
group could be differentiated from those of the post-operative (Fig. 1D).
For a deeper metabolomic study of NSCLC, PLS-DA was conducted to
explore metabolic alterations across the NSCLC and non-NSCLC groups.
Multivariate analysis in the PLS-DA model showed a specific separation
of metabolomic features between the plasma of patients with NSCLC and
non-NSCLC (Q2 = 0.58, R2 = 0.52; Fig. 1B). The specificity and reli-
ability of the patient classification were revealed in the validation model
using a permutation test (R2 = 0.142, Q2 = —0.268; Fig. 1C). Multi-
variate analysis in the PLS-DA model showed a specific separation of
metabolomic features between the plasma of patients with NSCLC and
the post-operative NSCLC group (Q2 = 0.358, R2 = 0.127, Fig. 1E). The
specificity and reliability of patient classification were revealed in the
validation model using a permutation test (R2 = 0.118, Q2 = —0.117,
Fig. 1F). These results indicated that the metabolic profiles of patients
with NSCLC differed from those of healthy controls.

NSCLC is primarily involved in BCAA degradation

Through univariate ANOVA analysis, we identified significant vari-
ation across the plasma of patients with NSCLC and the non-NSCLC
group in n metabolites (higher in 30 but lower in six features for the
plasma of patients with NSCLC) (Fig. 1G). In addition, significant vari-
ation in n metabolites was observed across the plasma of patients with
NSCLC and the post-operative NSCLC group through univariate ANOVA
analysis (higher in 18 but lower in 18 features for the plasma of patients
with NSCLC) (Fig. 1H). A set of differential substances (glutamine,
phenylalanine, citric acid, lactic acid, ornithine, and BCAAs) was ob-
tained by taking the intersection of these two sets of differential sub-
stances; their trends were the same. Further functional pathway analysis
revealed that the differentially expressed metabolites in NSCLC were
primarily involved in BCAA degradation (Fig. 1I).

Combination of BCAA, CEA, and Cyfra21-1 is clinically useful in NSCLC

BCAA levels were higher in the cancerous tissues of patients with
NSCL compared to the cancerous and paraneoplastic tissues of patients
with NSCLC (Fig. 2A). To further evaluate the diagnostic performance of
BCAA, first, according to the analyses comparing BCAA with Cyfra21-1
expression in NSCLC (R: —0.07, p = 0.54, Fig. 2B) and BCAA with CEA
expression in NSCLC (R: —0.07, p = 0.54, Fig. 2C), BCAA was not
correlated with CEA and Cyfra21-1 after an analysis was performed
using ROC curves to assess the accuracy of the model. Tumor markers
(CEA, CYFRA 21-1) were measured in the sera of patients with validated
NSCLC and healthy subjects. The results of the validation group were
statistically analyzed according to whether they were diseased. ROC
analysis showed area under the curve (AUC) values (AUC = 0.705 for
BCAA and AUC = 0.644 for CEA) for single metabolic markers (BCAA,
sensitivity 52%, specificity 86.2%) and tumor markers (CEA, sensitivity
56%, specificity 72.4%; Cyfra21-1, sensitivity 56%, specificity 82.8%)
and AUC = 0.679 for Cyfra21-1, (Fig. 2D-F) were lower than the
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Fig. 1. PCA score plots, PLS-DA 3D score plots, validation plots of metabolic analysis results between LUAD and LUAD post-operative and between LUAD and normal
groups, and enrichment of pathways based on relevant metabolites. PCA score plots compared (A) LUAD and normal groups (D) LUAD and LUAD post-operative
groups. (B) PLS-DA score plot (two latent variables, R?Y = 0.846, Q? = 0.817) and (C) the 200-permutation plot validated LUAD versus normal groups. All
permuted R2 and Q2 values on the left were lower than the point on the right (R2 = 0.133, Q2 = —0.27). (E) PLS-DA score plot (two latent variables, R2Y = 0.358,
Q2 = 0.127), and (F) the 200-permutation plot validated LUAD versus LUAD post-operative groups. All permuted R2 and Q2 values on the left were lower than the
point on the right (R2 = 0.118, Q2 = —0.117). (G) Bar chart discriminating the components with significant increments (red bar, n = 30) or decrement (blue bar, n =
6) in LUAD versus normal groups. (H) Bar chart discriminating the components with significant increments (red bar, n = 17) or decrements (blue bar, n = 18) in
LUAD versus LUAD post-operative groups. (I) A total of 18 metabolic pathways were detected by MetaboAnalyst using pathway enrichment with differential sub-
stances common to both groups (LUAD versus normal and LUAD versus post-LUAD surgery).

combinations of these markers (AUC = 0.807 for BCAA+Cyfra21-1, Downregulated BCKDH and upregulated BCKDK were shown in tissues of
AUC = 0.761 for BCAA + CEA, AUC = 0.814 for BCAA + CEA + Cyfra21- patients with NSCLC and were related to prognosis in NSCLC
1, Fig. 2G-I), and the three combinations (BCAA + CEA + Cyfra21-1)

had the highest AUC values. Thus, there is a link between the metabolic As BCAA are clinically useful in NSCLC, we explored whether key
markers of tumor microenvironmental changes and tumor markers, and enzymes in the BCAA catabolic pathway play a role in NSCLC. As shown
combinations of these markers (BCAA, CEA, and Cyfra21-1) are clini- in Fig. 3A, BCKDH is a key enzyme in the BCAA catabolic pathway, and
cally useful for the differential diagnosis of NSCLC. BCKDK inhibits BCKDH activity. BCKDK inactivates the Ela (BCKDHA)
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Fig. 2. (A) Comparative results of BCAA content in 20 pairs of cancer and paracancerous tissues of patients with NSCLC using NMR experimental data. (B) Com-
parison of BCAA vs. CEA expression in NSCLC by analysis (R: —0.07, p = 0.54). (C) Comparison of BCAA vs. Cyfra21-1 expression in NSCLC by analysis (R: —0.07, p
= 0.54). (D-I) Receiver operating characteristic (ROC) curves that distinguish the ability of patients with non-small cell lung cancer from that of normal subjects. (D)
Scores of ROC curves for BCAA. (E) Scores of the ROC curve of Cyfra21_1. (F) Scores of the ROC curve of the CEA. (G) Scores of the ROC curve of BCAA combined
with Cyfra21_1. (H) Scores of ROC curves of BCAA combined with CEA. (I) Scores of ROC curves of BCAA combined with Cyfra21_1 and CEA.

subunit of this complex to suppress BCAA catabolism. A summary of the
enzyme transcript levels in the NSCLC and non-NSCLC groups showed
that BCKDH was downregulated in NSCLC (Fig. 3B). Immunohisto-
chemical results showed that BCKDK was upregulated at the protein
level in NSCLC tissues compared to that in adjacent tissues (Fig. 3C). We
investigated BCKDK and BCKDHA expression levels in NSCLC tissues
and normal adjacent tissues using the TCGA database, which consists of
515 NSCLC samples and 59 corresponding normal samples. We observed
that BCKDK expression was higher in cancer tissues than in adjacent
non-cancerous tissues (http://ualcan.path.uab.edu/cgi-bin/T
CGAExResultNew2.pl?genenam=BCKDK&ctype=NSCLC, P <0.01,

Fig. 3D) and lower in cancer tissues than in adjacent non-cancerous
tissues (http://ualcan.path.uab.edu/cgi-bin/TCGAExResultNew2.pl?ge
nenam=BCKDHA&ctype=NSCLC, P < 0.01, Fig. 3F). These results
indicate that NSCLC downregulates BCKDHA expression and upregu-
lates BCKDK expression. Furthermore, high expression of BCKDH and
low expression of BCKDK were associated with significantly better pa-
tient outcomes by allowing the efficient catabolism of BCAA, indicating
that BCKDK is related to the prognosis of NSCLC (Fig. 3E, G).
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in the TCGA datasets. p values were determined by the log-rank test. (F) Boxplot showing the relative expression of BCKDHA in normal and non-small cell lung cancer
samples. (G) Kaplan—-Meier analysis of non-small cell lung cancer patients with low (blue curve) and high (red curve) expression of BCKDHA in the TCGA datasets. p

values were determined by the log-rank test.

BCKDK promotes cell proliferation and inhibits apoptosis in NSCLC cells

We examined the role of BCKDK in NSCLC. Immunofluorescence
staining revealed that BCKDK was localized in the nucleus, mitochon-
dria, and cytoplasm of A549 cells, providing a basis for follow-up studies
(Fig. 4A). To ascertain the downstream signaling pathways of BCAA in
NSCLC, we selected A549 and H1299 cells with high and low BCKDK

expression, respectively. BCKDK was knocked down and overexpressed
in A549 and H1299 cell lines (Fig. 4C-F), indicating that stable cell lines
were successfully constructed. We explored the effect of BCKDK on
NSCLC cell function, and cell proliferation was detected using colony
formation and CCK-8 assays. Apoptotic activity was detected using
western blotting and flow cytometry. The colony formation assay
showed an increased number of colonies in OV-BCKDK H1299 cells
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Fig. 4. (A-B) Immunofluorescence analysis of BCKDK in A549 cells was performed by fluorescence microscope (original magnification: 200x). (C-D) The BCKDK
protein level of A549 BCKDK KD and BCKDK OV stable cell lines was measured using western blotting (n = 3 for each group). (E-F) The BCKDK protein level of
H1299 BCKDK KD and BCKDK OV stable cell lines was measured using western blotting (n = 3 for each group). (G-H) Colony formation assay of BCKDK OV and
BCKDK KD H1299 cells. (I) CCK-8 assay of BCKDK OV and BCKDK KD H1299 cells. (J-K) The caspase-3 protein level of BCKDK OV and BCKDK KD H1299 cells was
measured using western blotting (n = 3 for each group). (L) Apoptosis analysis of BCKDK OV and BCKDK KD H1299 cells. (M) BCAA assay of BCKDK OV and control
A549 cells was conducted (n = 3 for each group).
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(Fig. 4G-H). The CCK-8 assay showed a higher OD 450 value for OV-
BCKDK H1299 cells than for KD-BCKDK H1299 cells (Fig. 4I). As
described above, BCKDK promotes the proliferation of H1299 cells.
Caspase-3 expression was significantly lower in OV-BCKDK H1299 cells
than in KD-BCKDK H1299 cells (Fig. 4J-K). The apoptosis rates were
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2.22% and 1.60% in BCKDK-KD H1299 and BCKDK-OV H1299 cells,
respectively (Fig. 4L), indicating that the apoptosis of H1299 cells was
inhibited by BCKDK overexpression. Furthermore, compared to control
A549 cells, BCKDK-OV A549 cells showed increased leucine and valine
levels due to a reduction in BCAA catabolism. However, decreased
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Fig. 5. (A, E) The Rab1A protein level of A549 BCKDK KD and BCKDK OV stable cell lines was measured by western blotting (n = 3 for each group). (B, F) The RablA
protein level of H1299 BCKDK KD and BCKDK OV stable cell lines was measured by western blotting (n = 3 for each group). (C, G) The p-S6 and S6 protein levels of
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isoleucine levels were observed in BCKDK-OV A549 cells, indicating that BCKDK affected Rab1A and p-S6 in NSCLC cells and tissue

isoleucine may differ from leucine and valine in terms of BCAA catab-

olism (Fig. 4M). Thus, BCKDK promoted cell proliferation and inhibited To explore the detailed mechanism by which BCKDK is involved in

apoptosis in NSCLC cells. NSCLC, S6, p-S6, and RablA were evaluated using western blotting in
A549-KD, A549-0V, H1299-KD, and H1299-OV cell lines. Significantly
increased Rab1A and p-S6 levels were observed in BCKDK-OV A549 and
BCKDK-OV H1299 cells compared to those in the corresponding control
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Fig. 6. (A-E) The p-S6, S6, and Rab1A protein levels of BCKDK KD and control A549 cells treated with 7.5 mM leucine at different time gradients were measured
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cells. Reduced Rab1A and p-S6 levels were observed in BCKDK-KD A549
and BCKDK-KD H1299 cells compared to those in the corresponding
control cells (Fig. 5A-H). Furthermore, the expression of Rab1A and p-
S6 was higher in cancerous tissues than in adjacent tissues (http://ualca
n.path.uab.edu/cgi-bin/TCGAExResultNew2.pl?genena
m=RAB1A&ctype=NSCLC,http://ualcan.path.uab.edu/cgi-bin/
TCGAExResultNew2.pl?genenam=RPS6  &ctype=LUAD, P <0.001,
Fig. 5I-J). These results indicated that BCKDK affects Rab1lA and p-S6 in
NSCLC cells and tissues.

BCAA influenced RablA and p-S6 in A549 and H1299 cells

As previously shown, BCKDK overexpression in A549 cells increased
BCAA levels. In addition, the knockdown and overexpression of BCKDK
caused a decrease and increase in p-S6, and RablA, respectively. To
determine whether BCKDK regulates RablA and p-S6 by modulating
BCAA, we added 7.5 mM leucine to A549, BCKDK-KD A549, H1299, and
BCKDK-KD H1299 cells at different time gradients, and p-S6, S6, and
RablA were detected. Overall, there were increasing trends in p-S6 and
RablA in A549, BCKDK-KD A549, H1299, and BCKDK-KD H1299 cells
treated with 7.5 mM leucine at different time gradients. The time to start
increasing and the time to reach the highest level are shown in the
histogram (Fig. 6A-J). Thus, BCKDK overexpression increased BCAA
levels and regulated Rab1A and p-S6.

BCAA inhibited the apoptosis of H1299 cells

Apoptotic activity of H1299 cells treated with 7.5 mM leucine was
detected using flow cytometry. The apoptosis rate of H1299 cells after
7.5 mM leucine for 1 h was 1.40%, which was lower than that of H1299
cells (3.26%) that were not treated with leucine (Fig. 6K), providing
evidence that BCAA inhibited the apoptosis of H1299 cells.

Discussion

Lung cancer is the second most common cancer and the leading cause
of cancer-related deaths globally due to its high incidence and preva-
lence, imposing a heavy burden on human health worldwide. Lung
cancer is divided into NSCLC and small-cell lung cancer. NSCLC ac-
counts for approximately 85% of all lung cancers [1,2]. Compared with
20 years ago, advances in surgery, radiotherapy, chemotherapy,
molecularly targeted therapy, and immunotherapy have significantly
prolonged the lives of many cancer patients and greatly changed their
quality of life. However, cancer is difficult to cure due to its continuous
evolution, and the average 5-year survival rate for lung cancer is only
19% [20]. Thus, the discovery of new therapeutic targets through mo-
lecular biology research and development will be helpful.

Metabolic reprogramming occurs in diseases such as cancer. The
metabolic characteristics of cancer cells are useful for tumor diagnosis
and staging [8]. BCAA metabolism is involved in the development and
progression of multiple cancers, including NSCLC, PDAC, leukemia,
breast cancer, ovarian cancer, HCC, and other tumors [9-14]. Ericksen
et al. showed that suppression of BCAA degradation could promote
tumor development and progression in HCC [14]. BCAA regulates
multiple signaling pathways, such as protein synthesis, lipid synthesis,
cell growth, and autophagy [21]. Thus, the upregulation of BCAA in
patients with NSCLC could be interpreted as meeting the energetic and
proliferative needs of both the host and the tumor. However, relatively
few studies have investigated the role of BCAA catabolism in NSCLC.
Therefore, we focused on the BCAA degradation pathway in NSCLC. In
this study, we analyzed plasma metabolites in patients with NSCLC.
Functional pathway analysis revealed a strong correlation between
NSCLC and BCAA degradation. In addition, there is an obvious increase
in BCAA levels in the plasma of patients with NSCLC. We demonstrated
that NSCLC was primarily involved in the BCAA degradation. Consis-
tently, Xiaoli Zhang et al. demonstrated that circulating BCAA levels
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were higher in lung cancer patients than in healthy controls [22].
BCKDH, the rate-limiting enzyme for BCAA degradation, is controlled by
a pair of vital enzymes, BCKDK and PPM1K [5-7]. Thus, BCKDK is a key
enzyme involved in BCAA degradation. Furthermore, studies have
shown that overexpression of BCKDK promotes tumor growth and
metastasis [23-25]. In this study, we revealed that BCKDH levels
decreased and BCKDK levels increased in NSCLC through database
analysis. Consistently, upregulated BCKDK expression was detected in
NSCLC tissues by histochemical staining. These results correspond to an
increase in the BCAA levels in NSCLC. In addition, lower BCKDH and
higher BCKDK levels were correlated with shorter survival times in pa-
tients with NSCLC, showing that BCKDK is related to the prognosis of
NSCLC. In this study, we discovered that BCKDK promoted cell prolif-
eration and inhibited apoptosis in NSCLC cells. The combination of
BCAA, CEA, and Cyfra21-1 is clinically useful for the differential diag-
nosis of NSCLC. These findings suggest that BCKDK is a potential
biomarker for NSCLC diagnosis.

Furthermore, to confirm the function of BCKDK in NSCLC, stable cell
lines, including BCKDK-KD A549, BCKDK-OV A549, BCKDK-KD H1299,
and BCKDK-OV H1299, were used. BCKDK promotes proliferation and
inhibits apoptosis in NSCLC cells. Hence, the above results support the
tumor-promoting function of BCKDK and are consistent with previous
studies demonstrating that BCKDK overexpression promotes cell pro-
liferation and metastasis in colorectal cancer and HCC [23-25]. BCAA,
particularly leucine, activates the mTORC1 pathway [15,26]. mTORC1
is a central cell growth regulator that connects cellular metabolism and
growth [27] and is often activated in many types of cancer; thus, it has
become an attractive cancer therapeutic target [28,29]. RablA, a small
GTP-binding protein, regulates amino acid (AA) signaling in mTORC1
[17,18]. RablA overexpression promotes mTORC1 signaling and
oncogenic growth in an AA- and mTORCIl-dependent manner [18].
RablA plays a pivotal role in AA signaling and regulates mTORC1
expression in normal and cancer cells [19]. In this study, we examined
whether BCKDK knockdown and overexpression modulated Rab1A and
mTORC1 signaling in NSCLC. BCKDK knockdown and overexpression
caused the downregulation and upregulation of p-S6, a downstream
target kinase of mTORC1. The Rab1A results were consistent with those
for p-S6. Additionally, Rab1A and p-S6 expression levels were higher in
NSCLC tissues than in the adjacent tissues. These results suggested that
BCKDK knockdown suppressed RablA-mTORCI signaling in NSCLC
cells. These results are consistent with the cancer-promoting functions of
Rab1A and mTORC]1 in other researches [19,28,29]. Xue et al. showed
that BCKDK enhances the MAPK pathway through MEK rather than
BCAA catabolism in colorectal cancer [23]. Therefore, whether BCKDK
modulates RablA and mTORC1 expression through BCAA catabolism
remains unclear. We added 7.5 mM leucine into A549, BCKDK-KD A549,
H1299, and BCKDK-KD H1299 cells at different time gradients. As ex-
pected, RablA and p-S6 expressions were regulated by the addition of
leucine. Thus, BCKDK affected Rab1A and p-S6 in A549 and H1299 cells
through BCAA modulation. Further research revealed that Leu addition
reduced the apoptosis of NSCLC cells.

Therefore, we conclude that BCKDK modulates Rab1A-mTORC1
expression by modulating BCAA degradation in NSCLC. To our knowl-
edge, this study is the first to report that the loss of BCAA catabolism
enhances RablA-mTORCI1 signaling activity and promotes tumor pro-
liferation in NSCLC. Additional experiments are necessary to elucidate
the detailed molecular mechanisms.

Conclusions

This study showed that BCKDK enhances Rab1A-mTORCI signaling
by suppressing BCAA catabolism and promoting tumor proliferation in
NSCLC. In summary, we provide new findings on the molecular mech-
anism of NSCLC that may suggest a new biomarker for early diagnosis or
a way to identify metabolism-based targeted approaches for patients
with NSCLC, resulting in more favorable outcomes.
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