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BCKDK alters the metabolism of non-small cell lung cancer

Yanhui Wang'*, Jiawei Xiao'*, Wenna Jiang', Duo Zuo', Xia Wang?, Yu Jin', Lu Qiao', Haohua An',
Lexin Yang', Daphne W. Dumoulin’, Wolfram C. M. Dempke*, Sarah A. Best™*, Li Ren'

'Department of Clinical Laboratory, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center for Cancer, Key
Laboratory of Cancer Prevention and Therapy, Tianjin’s Clinical Research Center for Cancer, Tianjin, China; ’Department of Gastroenterology,
Tianjin Medical University Cancer Institute and Hospital, Tianjin, China; ‘Department of Pulmonary Diseases Erasmus MC, Erasmus MC Cancer
Institute, Rotterdam, The Netherlands; 4Department of Haematology and Oncology, University of Munich, Munich, Germany; ’Personalized
Oncology Division, The Walter and Eliza Hall Institute of Medical Research, Parkville, Australia; “Department of Medical Biology, The University
of Melbourne, Melbourne, Australia

Contributions: (I) Conception and design: Y Wang, L Ren; (II) Administrative support: W Jang, Y Wang; (IIT) Provision of study materials or patients:
D Zuo, X Wang; (IV) Collection and assembly of data: J Xiao, Y Jin; (V) Data analysis and interpretation: J Xiao, H An, L Qiao; (VI) Manuscript
writing: All authors; (VII) Final approval of manuscript: All authors.

*These authors contributed equally to this work.

Correspondence to: Li Ren. Department of Clinical Laboratory, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research
Center for Cancer, Key Laboratory of Cancer Prevention and Therapy, Tianjin’s Clinical Research Center for Cancer, Tianjin 300060, China.

Email: liren@tmu.edu.cn.

Background: Metabolic reprogramming is a major feature of many tumors including non-small cell lung
cancer (NSCLC). Branched-chain a-keto acid dehydrogenase kinase (BCKDK) plays an important role in
diabetes, obesity, and other diseases. However, the function of BCKDK in NSCLC is unclear. This study
aimed to explore the function of BCKDK in NSCLC.

Methods: Metabolites in the serum of patients with NSCLC and the supernatant of NSCLC cell cultures
were detected using nuclear magnetic resonance (NMR) spectroscopy. Colony formation, cell proliferation,
and cell apoptosis were assessed to investigate the function of BCKDK in the progression of NSCLC.
Glucose uptake, lactate production, cellular oxygen consumption rate, extracellular acidification rate, and
reactive oxygen species (ROS) were measured to examine the function of BCKDK in glucose metabolism.
The expression of BCKDK was measured using reverse transcriptase-polymerase chain reaction, western
blot, and immunohistochemical assay.

Results: Compared with healthy controls and postoperative NSCLC patients, increased branched-chain
amino acid (BCAA) and decreased citrate were identified in the serum of preoperative NSCLC patients.
Upregulation of BCKDK affected the metabolism of BCAAs and citrate in NSCLC cells. Knockout of
BCKDK decreased the proliferation and exacerbated apoptosis of NSCLC cells ex vivo, while increased
oxidative phosphorylation and, ROS levels, and inhibited glycolysis.

Conclusions: BCKDK may influence glycolysis and oxidative phosphorylation by regulating the
degradation of BCAA and citrate, thereby affecting the progression of NSCLC.
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Introduction

Lung cancer, especially non-small cell lung cancer
(NSCLC), is the most common cancer and the leading
cause of cancer-related death, accounting for over 1.7
million deaths worldwide in 2020 (1). Most patients are
diagnosed at an advanced stage, and early diagnosis and
treatment of NSCLC remain an unmet need (2).

The alteration of tumor metabolism is closely related
to the occurrence and progression of tumors (3). Tumor
metabolism is generally characterized by increased
lactic acid levels and decreased glutamine levels in blood
circulation, and key enzymes in the metabolism of
these substances have emerged as potential therapeutic
targets (4). The advancement of metabolomics technology
has led to the discovery of new and valuable differentially
abundant metabolite (5-9), such as branched-chain
amino acids (BCAAs). Elevated circulating levels of
BCAAs have been linked to type 2 diabetes mellitus (10),
insulin resistance (11) and Huntingtons disease (12). The
importance of BCAA metabolic rewiring has been recently
identified in multiple human cancer types (13-16). In the
KRAS-mutant NSCLC mouse model, the uptake of BCAA
by NSCLC cells increased (17).

The second rate-limiting irreversible step of BCAA
catabolism is catalyzed by the branched-chain a-keto acid
dehydrogenase (BCKDH) complex (18). The branched-
chain a-keto acid dehydrogenase kinase (BCKDK)
phosphorylates and inactivates the Ela (BCKDHA) subunit
of this complex to suppress the catabolism of BCAAs (19).
BCKDK regulates BCKDH and adenosine triphosphate
(ATP)-citrate lyase, which catalyzes the cleavage of citric
acid into oxaloacetate and acetyl-coenzyme A (CoA) (20).
BCAAs are strongly associated with dysregulated glucose
and lipid metabolism (21). Current research believes that
BCKDK is an oncogene. In colorectal cancer, BCKDK
promoted tumorigenesis through activation of the MEK/
ERK pathway (22). Furthermore, in hepatocellular
carcinoma, BCKDK phosphorylation promoted metastasis
and proliferation via the ERK signaling pathway (23).
However, the importance of BCKDK in regulating the
BCAA pool and its impact on NSCLC growth and survival
merits investigation.

Here, we identified increased BCAA concomitant
with decreased citric acid in the plasma of preoperative
NSCLC patients. BCKDK expression was elevated in
NSCLC and positively associated with the poor survival of
patients. Knockout of BCKDK decreased the proliferation
and colony formation of A549 and H1299 cell lines.
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Furthermore, knockout of BCKDK inhibited glycolysis and
promoted oxidative phosphorylation (OXPHOS). Thus,
BCKDK may promote tumor progression by regulating
glycolysis and tricarboxylic acid (TCA).

We present the following article in accordance with
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/tlcr-21-885).

Methods
Participants

This study enrolled 55 patients who presented with
histologically confirmed NSCLC at Tianjin Medical
University Cancer Institute and Hospital (Tianjin, China)
from July 2020 to October 2020. The healthy control group
comprised 55 healthy individuals who underwent health
screening. Healthy controls showed no abnormalities in
blood tests, endoscopic examination, diagnostic imaging,
or medical interviews. All procedures performed in this
study involving human participants were in accordance
with the Declaration of Helsinki (as revised in 2013). The
study was approved by ethics board of Tianjin Medical
University Cancer Institute and Hospital (No. bc2019114)
and informed consent was taken from all the patients.

Fasting blood samples were collected from the patients
before and after operation, and blood samples were
collected from the patients in the hospital between 8 am
and 9 am. Serum was obtained by centrifuging the blood
samples at 3,500 rpm for 10 min at 4 °C. Aliquots of the
plasma were 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 6 patients who underwent
surgery in the Tianjin Medical University Cancer Institute
and Hospital between October 2019 and July 2020. None of
the patients received any treatment, including radiotherapy
or chemotherapy, The stage of lung cancer was determined
in accordance with the American Joint Committee on
Cancer (AJCC) staging manual, 8" edition.

Detection of metabolites by NMR

Serum samples and cell supernatants were prepared
and determined at ProteinT Biotechnology Co. Ltd.
(Tianjin, China) in accordance with the Bruker Standard
Operating Procedure for In Vitro Diagnostic Studies
(IVDr SOP). Briefly, the 300 pL serum sample (thawed
at room temperature) was mixed with 300 pL buffer
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(phosphate buffer pH 7.4, containing TSP-D4; Bruker
Corp, Billerica, MA, USA), and the resulting 600 pL
mixture was transferred to a 5 mm NMR tube for analysis.
Detection was performed on a 600 MHz NMR Avance
IIT HD spectrometer equipped with a BBI probe and
SampleJet autosampler, which was adjusted at 6 °C during
detection (Bruker Biospin, Rheinstetten, Germany). Each
sample was automatically tuned and homogenized prior to
collection. Free induction decays were presented in spectral
form after Fourier transform and automatically phased and
baseline-corrected in Topspin software (Bruker Biospin,
Rheinstetten, Germany) as Bruker IVDr. The metabolite
concentration is expressed as mmol/L.

Cell lines and culture

The human NSCLC (A549 and H1299) and human
embryonic kidney cell line 293T (RRID: CVCL_0063) were
purchased from American Type Culture Collection (ATCC;
Manassas, VA, USA). 293T cells were grown in Dulbecco’s
Modified Eagle’s Medium (BI, Gaithersburg, MD, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco,
Waltham, MA, USA). A549 and H1299 cells were cultured
in Roswell Park Memorial Institute-1640 (RPMI-1640, BI)
supplemented with 10% FBS. All cells were grown at 37 °C
in a humidified atmosphere with 5% CO, and routinely
authenticated by observation of growth characteristics and
morphology.

Immunobistochemical staining

Paraffin-embedded sections were heated in an incubator
at 60 °C for 25 min, deparaffinized in xylene, rehydrated
using graded alcohol, and endogenous peroxidase quenched
using 0.03% H,O,. Epitopes were exposed using a 10 mM
citrate buffer, microwaved, and then blocked in 10% goat
serum. Sections were incubated with rabbit polyclonal anti-
BCKDK (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) overnight, followed by incubation with horseradish
peroxidase (HRP) secondary antibody (Abcam, Cambridge,
UK) and reacted with 3,3’-diaminobenzidine (DAB). After
hematoxylin counter-staining, the slides were visualized and
imaged under a microscope.

Plasmids, transfection, and generation of stable cell lines

BCKDK knockout (KO) lung cell lines were generated using
clustered regularly interspaced short palindromic repeat
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(CRISPR) genome editing as previously described (24).
The BCKDK single guide RNA (sgRNAs) were
designed using the CRISPR Design Tool (http://crispr.
mit.edu; Zhang Laboratory, Massachusetts Institute
of Technology, Cambridge, MA, USA) and purchased
from Sangon Biotech (Shanghai, China). The BCKDK
knockout plasmid was generated by cloning BCKDK
sgRNAs into lenti-CRISPR V2 vectors (Addgene,
Watertown, MA, USA). The sgRNA sequences are as
follows: 5'-CACCGGCCACCGACACACACCACG-3
5'-AAACCGTGGTGTGTGTCGGTGGCC-3".
Lentivirus was produced by co-transfecting 293T cells with
BCKDK knockout plasmid and packaging vectors (psPAX2
and pMD2G) using lipo3000 (Invitrogen, Carlsbad, CA,
USA). A549 and H1299 cells were infected with virus
supernatants with 10 pg/mL polybrene (Solarbio, Beijing,
China). At 12 h after the infection, change the medium,
continue culturing the cells for 24 h, and then, screen
the cells with a complete medium containing puromycin
(2 pg/mL) (Sigma-Aldrich, St. Louis, MI, USA) every day
for approximately 7 days to obtain a stable cell line. Assays
were performed with these stable cell lines.

Western blot

Whole-cell protein was extracted using
radioimmunoprecipitation assay lysis buffer (Solarbio,
Beijing, China). The cell lysates were incubated on ice for
30 min, and cell debris was removed by centrifugation at
12,000 rpm, 10 min. Protein samples were separated by 8%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and then transferred to PVDF membranes (Millipore,USA).
The membranes were blocked in 5% skimmed milk for
1 h and then incubated overnight at 4 °C with primary
antibodies against BCKDK (1:2,000, Santa) and GAPDH
(1:5,000, Abcam). After treatment with HRP secondary
anti-rabbit or anti-mouse antibodies (Santa Cruz, USA) for
1 h, imaging was performed using Amersham Imager 600
(GE Healthcare, Beijing, China).

Cell proliferation assays

A549 and H1299 cells (1,000 cells per well) were seeded
in 96-well plates. After 24 h, each well was mixed with
20 pL of 0.5 mg/mL 3-(4,5-dimethylthiazo-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) reagent (Promega Corp., Madison, WI, USA).
The cells were incubated for 1 h, and then the absorbance
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was detected at 570 nm on a microplate reader (Bio-Tek
Instruments, Winooski, VT, USA). Absorbance values on
days 1, 2, 3, 4, and 5 were normalized to the data from day
0 to create a proliferation curve.

For inhibition assays, 2000 A549 and H1299 cells were
seeded in 96-well plates for 24 h and then treated with
fresh medium containing 200 pM BT?2 (allosteric BCKDK
inhibitor) for 24 or 48 h. M'T'S reagents were added to each
well at corresponding time points, and then incubation was
continued for 1 h. Absorbance was measured at 570 nm.

Colony formation assay

NSCLC cells were seeded into 6-well plates at a density of
500 cells per well, and exposed or not exposed to 200 pM of
BT?2. The medium was changed every 2 days. After masses
of more than 50 cells had accumulated, they were observed
under a microscope (Olympus, Tokyo, Japan). The colonies
were fixed with paraformaldehyde for at least 1 h, stained
with crystal violet for 15 min, photographed, and then
counted.

Cell apoptosis

NSCLC cells were seeded into 6-well plates. When 80%
confluence was reached, 200 pM of BT2 was added for
24 h. The cell culture supernatant was discarded. Cells of
each group were trypsinised and collected, washed twice
with 2 mL of 1x PBS on ice, and then resuspended in
1x10° cells/mL with 1x buffer. Then, 100 pL of cells
(approximately 1x10’ cells) from each group were added to
the flow tube. Each tube was mixed with 5 pL of Annexin
V-PE and 5 pL of 7-AAD. The tube wall was flicked by
hand to mix the cells, which were then incubated for 15 min
at room temperature in the dark. The cells were mixed with
400 pL of 1x buffer, and 1 h of flow cytometry was used for
testing.

Analysis of intracellular reactive oxygen species by flow
cytometry

NSCLC cells were seeded in a 6-well plate at a density of
4x10° cells per well. The next day, the cells were treated
with 200 pM of BT2. After treatment, the cells were
washed twice with PBS and then incubated with DCFH-DA
at a concentration of 5 pM for 10 min at 37 °C. The cells
were subsequently resuspended in PBS. FITC fluorescence
was assessed using the BD LSRII flow cytometer and
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FACSDiva software. Analysis was performed using Flow]Jo
Software (Version X; TreeStar, Ashland, OR, USA).

Oxygen consumption rate (OCR) and extracellular
acidification rate measurement (ECAR)

OCR and ECAR were measured using an XF24
Extracellular Flux Analyzer (Seahorse Bioscience, North
Billerica, MA, USA). The specific method has been
described previously (25). In brief, NSCLC cells were
seeded in 24-well plates at a density of 1,000 cells/well and
cultured overnight. Then, the temperature and pH are
equilibrated, that is, the cells are washed with OCR medium
or ECAR medium, and incubated in a CO,-free incubator
at 37 °C for 1 h. Operate according to the XF testing
procedure. ECAR was measured under baseline conditions
and after treatment with glucose (100 mM), oligomycin
(100 pM) and 2-deoxyglucose (2-DG; 500 mM). OCR was
measured under baseline conditions and after treatment
with Oligomycin (100 pM), FCCP (100 pM) and Rotenone/
Antimycin (50 pM). Values were normalized to 1x10* cell
counts. Values are presented as the mean * standard error.

Determination of extracellular lactate, BCAA, and citrate

Cell culture medium (2 mL) was collected from confluent
cells at 24 and 48 h post the corresponding treatment,
centrifuged at 1,200 rcf for 5 min and supernatant subjected
to NMR spectroscopy.

Statistical analysis

Statistical analyses were performed using SPSS software
version 21.0 (IBM Corp., Armonk, NY, USA). Data are
reported as the mean + standard deviation (SD). Bio-
chemical experiments were performed in triplicate, and
a minimum of 3 independent experiments was analyzed.
Statistical significance of differences was assessed by an
unpaired 2-tailed 7-test and U test. Statistical analyses and
data plotting were performed using R software (The R
Foundation for Statistical Computing).

Results

The metabolic profile of preoperative NSCLC patients
differs from bealthy controls

Tumors have distinctive metabolic characteristics compared
to healthy tissue. In order to investigate the metabolic
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Table 1 Demographics and clinicopathologic characteristics of
patients with NSCLC

Characteristics n=55
Age, mean + SD, [range], years 55+10 [29-71]
Sex, n (%)

Male 23 (41.8)

Female 33 (68.2)
TNM stage, n (%)

IA 53 (96.4)

B 2 (3.6)
Tumor diameter, n (%)

<2cm 46 (83.6)

>2 cm 9 (16.4)
Pathology type, n (%)

Squamous cell carcinoma 3(5.5)

Adenocarcinoma 51(92.7)

Other 1(1.8)
KPS performance status, n (%)

100 39 (70.9)

90 16 (29.1)

NSCLC, non-small cell lung cancer; KPS, Karnofsky
Performance Status; TNM, tumor node metastasis.

Table 2 Characteristics of samples from healthy controls (HC)

Characteristics Value (n=55)
Age, mean = SD, years 43+10
Sex, n (%)
Male 26 (47.3)
Female 30 (52.7)

properties of patients with early-stage NSCLC compared to
healthy individuals, we collected tumor and blood samples
from the two cohorts of patients. A total of 55 NSCLC
samples and 55 healthy control patients were included in
this study. The mean age of the patients with NSCLC was
55 years, and 41.8% were male. None of the patients received
any treatment. Of the total patients, 96.4% were classified as
stage 1A and 5.6% as stage 1B in accordance with the AJCC
eighth edition. The mean age of the healthy control group
was 43 years, and 47.3% were male (Tables 1,2).

Pairwise comparison was conducted between the healthy
controls and the early-stage NSCLC patients to identify
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distinct biomarkers that may be associated with early-
stage NSCLC among thousands of variables. The principal
component analysis (PCA) showed a clear separation in
serum metabolic phenotypes between the healthy controls
and NSCLC patients (Figure 1A4). Partial least squares-
discriminant analysis (PLS-DA) was performed to obtain
information between the different groups. The quality of the
PLS-DA model was assessed by the R,Y and Q’ values, which
determined the explanation ability and predictive capacity
of the model, respectively (Figure 1B). The cumulative
R,Y and Q’ values were 0.889 and 0.831, respectively. Ten
differential metabolic features were obtained using the
selection criterion of variable importance in the projection
(VIP) >1.0 and P<0.05 from Mann-Whitney-Wilcoxon test
with false discovery rate correction. Compared with the
healthy control group, the NSCLC group showed higher
levels of glutamic acid, formic acid, succinic acid, lactic acid,
ornithine, phenylalanine, valine, and BCAAs; and lower levels
of glutamine and citric acid (Zable 3).

The metabolic profile of preoperative NSCLC patients
differed from that of postoperative NSCLC patients

In order to confirm that the differential metabolites we
detected were indeed caused by tumors and not other factors,
we collected blood samples from patients before and after
surgery. PCA revealed obvious differences in serum metabolic
phenotypes between the pre-and postoperative NSCLC
patients (Figure 2A). Variables with significantly high VIP
(P<0.05) were combined. Eight metabolites were finally
identified as differential metabolites, including succinic acid,
lactic acid, ornithine, creatine, phenylalanine, and BCAAs,
which were all increased; and glutamine and citric acid, which
were decreased (Table 4). Among the differential metabolic
features detected in the serum, six differential metabolites
showed a strong overlap. The same pattern of changes was
found between healthy versus NSCLC and preoperative
NSCLC versus postoperative NSCLC (7able 5). The altered
metabolites were enriched in five significantly different
pathways related to NSCLC (Figure 2B). These pathways
were strongly associated with amino acids, indicating that
the altered amino acids in these pathways have potential as
candidate biomarkers for NSCLC.

BCKDK was upregulated in NSCLC and associated with
poor prognosis in patients with NSCLC

BCKDK can phosphorylate BCKDHA and ATP citrate
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Figure 1 Screening of differential metabolites in the serum of preoperative NSCLC patients differed from healthy controls. (A) A
PCA model distinguished the metabolites in the serum of healthy controls and NSCLC patients; (B) score plot, cross validation, and a
permutation test of the PLS-DA model for NSCLC patients and healthy controls. NSCLC, non-small cell lung cancer; PCA, principal

component analysis; PLS-DA, partial least squares discriminant analysis.

Table 3 Metabolic profiles of preoperative NSCLC patients and healthy controls (PRE vs. HC)

Metabolites PLS-DA (VIP >1) P Median (PRE) Median (HC) FC (PRE/HC) Change
Glutamic acid 2.20 <0.001 0.20 0.00 N/A i
Formic acid 1.82 <0.001 1.15 0.00 N/A i
Succinic acid 1.47 <0.001 0.01 0.00 N/A i
Lactic acid 1.87 <0.001 9.40 2.80 3.36 1
Ornithine 1.18 <0.001 0.07 0.03 2.33 1
Phenylalanine 1.74 <0.001 0.10 0.05 2.00 i
Valine 1.05 0.01 0.27 0.24 1.10 i
BCAA 1.00 0.02 0.44 0.41 1.09 1
Glutamine 1.97 <0.001 0.51 0.73 0.69 1
Citric acid 1.31 <0.001 0.10 0.17 0.61 l

1, | respectively indicate the increase and decrease of metabolites in the PRE group compared with the HC group. NSCLC, non-small cell
lung cancer; BCAA, branched chain amino acids; PRE, preoperative NSCLC patients; PLS-DA, partial least squares discriminant analysis;
VIP, variable importance in the projection; HC, healthy controls; FC, fold change.
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Figure 2 Screening of differential metabolites in the serum of preoperative NSCLC patients differed from that of postoperative NSCLC

patients. (A) PCA model distinguished the metabolites detected by NMR in the serum of preoperative NSCLC patients and postoperative

NSCLC patients; (B) pathway enrichment analysis of different metabolites. NSCLC, non-small cell lung cancer; PCA, principal component

analysis.

lyase (ACLY), exerting opposing effects on both. Compared
with the healthy controls and postoperative NSCLC
patients, BCAA increased and citrate decreased in the
serum of preoperative NSCLC patients (Figure 34,3B).
Moreover, BCAA and citrate were not affected by other
factors (Figure 3C,3D). We hypothesized that patients
with NSCLC had an altered metabolism impacted by
BCKDK. To investigate this in an independent cohort,
the expression levels of BCKDK, BCKDHA, and ACLY in
NSCLC and adjacent tissues and their effects on prognosis
were examined in The Cancer Genome Atlas (TCGA)
database. The expression levels of BCKDK and ACLY
were increased in NSCLC tissue compared to adjacent
(Figure 3E,3F), with concomitant reduced expression of
BCKDHA (Figure 3G). The prognostic effects of BCKDK,
BCKDHA, and ACLY were compared by comparing the
overall survival of patients with NSCLC between the
low and high expression groups. Results showed that
the expression levels of BCKDK, ACLY, and BCKDHA
significantly influenced the survival of the patients with
NSCLC (Figure 3H-37). Immunohistochemical staining
further confirmed BCKDK to be overexpressed in NSCLC
tumor tissues (Figure 3K). These results indicate that
BCKDK is associated with NSCLC and may serve as an

© Translational Lung Cancer Research. All rights reserved.

indicator of poor prognosis.

Knockout of BCKDK impacts the metabolism of BCAA and
citric acid in NSCLC

To further investigate the role of BCKDK in NSCLC
BCAA and citric acid metabolism, we knocked-out
BCKDK in A549 and H1299 cells by CRISPR genome
editing technology. A549-sgN'T, A549-sgBCKDK, H1299-
sgN'T, and H1299-sgBCKDK cell lines were generated
(Figure 44). We measured the abundance of BCAA and
citrate in the cell culture supernatant with or without
knockdown of BCKDK by NMR detection. The content of
BCAA was lower and the content of citric acid was higher
in the supernatant of the cells with BCKDK knocked
out compared to control cells (Figure 4B,4C). BT2 is an
effective inhibitor of BCKDK (26). Similar to the genetic
knockout, the BT?2 inhibitor reduced the abundance of
BCAA decreased and increased citric acid in both A549 and
H1299 cells treated with BT2 (Figure 4D,4E).

Knockout of BCKDK attenuates NSCLC proliferation

BCKDK has previously been shown to influence colorectal
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Table 4 Metabolic profile of preoperative and postoperative NSCLC patients (PRE vs. POST)

Metabolite PLS-DA (VIP >1) P Median (PRE) Median (POST) FC (PRE/POST) Change
Succinic acid 1.58 0.02 0.01 0.00 N/A 1
Lactic acid 1.43 0.00 9.40 2.80 2.09 1
Ornithine 1.29 0.04 0.07 0.03 1.75 i
Creatine 1.24 0.03 0.03 0.03 1.50 1
Phenylalanine 2,97 <0.001 0.10 0.05 1.43 1
BCAA 1.17 0.08 0.44 0.41 1.07 1
Glutamine 1.36 0.02 0.51 0.73 0.91 !
Citric acid 1.65 0.00 0.10 0.16 0.80 !

NSCLC, non-small cell lung cancer; BCAA, branched chain amino acids; HC, healthy control; PLS-DA, partial least squares discriminant
analysis; VIP, variable importance in the projection; PRE, preoperative NSCLC patients; POST, postoperative NSCLC patients; FC, fold

change.

Table 5 Differential metabolites showed overlap and the same pattern of change between healthy versus NSCLC patients and preoperative

NSCLC versus postoperative NSCLC patients

PRE vs. HC PRE vs. POST

Metabolite

FC P value FC P value
Glutamine 0.69 <0.001 0.91 0.02
Phenylalanine 2.00 <0.001 1.43 <0.001
Citric acid 0.61 <0.001 0.80 0.00
Lactic acid 3.36 <0.001 2.09 0.00
Ornithine 2.33 <0.001 1.75 0.04
BCAA 1.09 0.02 1.07 0.03
Succinic acid NA <0.001 NA 0.02

NSCLC, non-small cell lung cancer; BCAA, branched chain amino acids; HC, healthy control; PRE, preoperative NSCLC patients; POST,

postoperative NSCLC patients; FC, fold change.

cancer progression in a BCAA-independent manner (22),
while citrate exerts an antiproliferative effect (27). The
growth curves of A549-sgNT and A549-sgBCKDK cells or
H1299-sgNT and H1299-sgBCKDK cells were compared
to test whether BCKDK promotes cell proliferation in
NSCLC cells. Results showed that the growth of A549-
sgBCKDK and H1299-sgBCKDK cells was slower than
that of A549-sgN'T and H1299-Mock cells (Figure 5A,5B).
Similar results were observed in the cells treated with BT2
(Figure 5C,5D). The anchorage-independent growth was
next compared. The number of sgBCKDK (B12) colonies
was considerably lower than that of sgNT (DMSO)
(Figure SE,5F). In addition, BT2 and BCKDK knockout
resulted in enhanced cell apoptosis (Figure 5G,5H). These

© Translational Lung Cancer Research. All rights reserved.

results indicate that BCKDXK Inhibit apoptosis of NSCLC

cells.

BCKDK protect the NSCLC cells from apoptosis by
maintaining glycolysis and ROS

Glycolytic metabolism is critical in cancer cells to facilitate
proliferation and fast energy production (28). BCKDK
plays an important role in BCAA and citrate degradation,
key factors in this process. Thus, glycolysis and oxidative
respiration pathway activity was investigated in BCKDK
knockout NSCLC cells. The oxidative consumption
rate (OCR) was analyzed in NSCLC after treatment
with oligomyecin, p-trifluoromethoxy carbonyl cyanide

Transl Lung Cancer Res 2021;10(12):4459-4476 | https://dx.doi.org/10.21037/tler-21-885
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Adjacent tissue

BCKDK expression in NSCLC

Cancer tissue Adjacent tissue P value
Positive rate 82% 41% <0.001
Staining strength 3.7+ 1.8+ <0.01

Figure 3 BCKDK is upregulated in NSCLC and associated with poor prognosis of patients with NSCLC. Serum levels of BCAA (A) and
citrate (B) in healthy controls and NSCLC patients. Correlation of BCAA (C) and citrate (D) with other clinical indicators. The expression
levels of BCKDK (E), BCKDHA (F), and ACLY(G) in NSCLC tissue were measured using TCGA database. (H-J) The expression levels of
BCKDK, BCKDHA, and ACLY in NSCLC tissue were measured using the KM-Plot database. (K) IHC staining of BCKDK in NSCLC.
Representative images are shown (x200, scale bar =40 pm). *, P<0.05; **, P<0.01. BCAA, branched chain amino acids; ACLY, ATP citrate
lyase; BCKDK, branched chain keto acid dehydrogenase kinase; BCKDHA, BCKDK phosphorylates and inactivates the Ela; TCGA, The

Cancer Genome Atlas; IHC, immunohistochemistry; NSCLC, non-small cell lung cancer.

phenylhydrazone, and antimycin A, using the Seahorse
Flux analyzer. BCKDK knockout increased the OCR
in both A549 and H1299 cells (Figure 6A4,6B). The
glycolytic extracellular acidification rate (ECAR) was also
calculated after serial treatment of glucose, oligomycin,
and 2-deoxyglucose. Conversely to the increased oxidative
respiration rate, ECAR was remarkably decreased in A549-
sgBCKDK and H1299-sgBCKDK cells (Figure 6C,6D).
BT2 also increased OCR and decreased ECAR in A549
and H1299 cells (Figure 6E-6H). Extracellular glucose
analysis suggested that BCKDK knockout inhibited
glucose consumption in A549 and H1299 cells (Figure 6I).
The level of extracellular lactate was also measured as
an agent indicator of glycolysis, and showed a significant
decrease in A549 and H1299 cells with BCKDK knockout
(Figure 67) or inhibition (Figure 6K,6L). Furthermore, by
assessing reactive oxygen species (ROS) in the cells, we find
a significant increase with BCKDK knockout or inhibition
in A549 and H1299 cells (Figure 6M,6N).

Discussion

Cellular metabolic reprogramming is a common and
important feature observed in cancer. Several studies in
recent years have analyzed tumor-related metabolic markers,
including sugars, lipids, and amino acids, by detecting the

© Translational Lung Cancer Research. All rights reserved.

body fluids of patients with tumors (29-31). However, the
mechanism of metabolic changes and their impact on the
development and progression of cancer remain poorly
understood (13). Our study revealed that six metabolites
in plasma samples of preoperative NSCLC patients were
significantly altered compared with healthy controls and
postoperative NSCLC patients. Glutamine, phenylalanine,
citric acid, lactic acid, ornithine, and BCAAs showed
significant changes before and after surgery in patients
with NSCLC, suggesting their association with tumor
metabolism. BCKDK, the upstream kinase that regulates
BCKDHA and ACLY, was highly expressed in NSCLC
tumor tissue and was associated with poor prognosis. The
role of BCKDH complex and BCAT subtypes (BCAT'1 and
BCAT?) has been widely explored in different cancers, but
the role of BCKDK is limited and has not been reported
in NSCLC. Our data show that knockout of BCKDK in
NSCLC cell lines A549 and H1299 inhibited glycolysis,
increased ROS generation, and increased cell death. These
results suggest that BCKDK regulates cellular metabolism
which directly impacts cell survival.

Since the discovery of the Warburg effect, many rate-
limiting enzymes involved in glucose and lipid metabolism
have become the focus of tumor metabolism research. These
enzymes include hexokinase-2, pyruvate kinase M2 (32),
isocitrate hydrogenase (33), and ACLY (34), which are
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Figure 4 BCKDK affected the metabolism of BCAA and citric acid in NSCLC cell lines. (A,B) CRISPR-Cas9 was used to knock out
BCKDK expression in A549 and H1299 cells. Knockout efficiency was confirmed through western blot and qRT-PCR; (C,D) knocking
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potential targets for cancer therapy. Amino acid metabolism
is also closely related to tumor development (35). Glutamine
is an abundant nonessential amino acid in the bloodstream.
In addition to glucose, proliferating cancer cells also rely
on glutamine for energy and basic sustenance (36). Many
clinical studies have demonstrated that serum glutamine
levels are lower in cancer patients compared with healthy
controls, with the level being related to tumor stage
and prognosis (37-39), and the present study results are
consistent with this. Iz vitro experiments have shown that
the inhibition of glutaminase, a key enzyme for glutamine
metabolism, significantly reduces cell viability (40).
Elevated levels of BCAA in plasma and tumor tissues have

© Translational Lung Cancer Research. All rights reserved.

been observed in many types of human cancers, including
hepatocellular carcinoma (HCC) (15), breast cancer (41),
leukemia (13), early pancreatic ductal adenocarcinoma
(PDAC) (42) and renal clear cell carcinoma (43). In one
study, the reprogramming of BCAA metabolism was
determined by changing the expression and activity of
BCAA transporters and metabolic enzymes involved in the
BCAA metabolic pathway, suggesting branched chain amino
acid transaminase 1 (BCAT1) catalyzes the reformation of
BCKA through the blood circulation, allowing these cancer
cells to accumulate BCAAs (13). Results of the present study
showed that BCAAs increased in the plasma of patients
with NSCLC. This phenomenon may be related to the
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Figure 5 BCKDK promoted the proliferation of NSCLC cells. (A,B) A549 and H1299 cells infected with sgBCKDXK or sgN'T were assessed
by MTS assay, and those treated with BT2 were assessed by M'T'S assay (C,D). (E,F) Crystal violet staining was used to detect the formation
of A549 andH1299 clones after transfection or BT?2 treatment. The experiment was repeated three times; (G) A549 and (H) H1299 cells
infected with sgBCKDK or BT2 were assessed by apoptosis analysis. Data are presented as the mean = SD of 3 replications. *, P<0.05;
** P<0.01; ***, P<0.001. MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; BCKDK,
branched chain keto acid dehydrogenase kinase.
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Figure 6 BCKDK suppressed glycolysis and enhanced oxidative phosphorylation in NSCLC. (A-D) OCR and ECAR were assessed in A549
and H1299 cells infected with sgBCKDK or sgN'T. (E-H) OCR and ECAR were assessed in A549 and H1299 cells treated with BT2. (I])
A549 and H1299 cells infected with sgBCKDK or sgNT. Then, glucose uptake and lactate production were measured over the subsequent
36 h. (K,L) A549 and H1299 cells were treated with BT2. Then, glucose uptake and lactate production were measured over the subsequent
36 h. (M,N) A549 and H1299 cells were infected with sgBCKDXK or sgNT or treated with BT2. Then, the ROS were measured. Data are
presented as the mean = SD of 3 replications. *, P<0.05; **, P<0.01. BCKDK, branched-chain a-keto acid dehydrogenase kinase; ROS,

reactive oxygen species; OCR, oxygen consumption rate; ECAR, extracellular acidification rate.

decreased expression of BCAT1/2 and BCKDH and the
increased expression of BCKDK in patients with NSCLC.
Using a KRAS mutant NSCLC mouse model, Mayers ez al.
reported that the level of plasma BCAA decreases while the
expression levels of BCAT1 and pBCKDH increase (44).
BCAA metabolism is strictly regulated by BCKDK
and PPM2C (45). Fibroblasts lacking BCKDK feature
mitochondrial fusion and fission disorders, increased
superoxide anion production, decreased ATP synthesis,
and cell cycle arrest (46). BCKA accumulation caused by
BCAA catabolism defects may directly inhibit the TCA
cycle and mitochondrial oxidative phosphorylation in liver

© Translational Lung Cancer Research. All rights reserved.

mitochondria. In Kaufman oculocerebrofacial syndrome,
BCKDK is a substrate of UBE3B, a ubiquitin ligase. A
plasma and cortical metabolome analysis of Ube36” mice
showed that nucleotide metabolism and TCA cycle are
disturbed (17). In this study, knockout of BCKDK was
associated with an increase in OCR and ROS in A549 and
H1299 cells. This result suggests that BCKDK is a key
molecule that regulates the function of cell mitochondria.
ACLY is the hub that links sugar metabolism, lipid
metabolism, and amino acid metabolism, and is highly
expressed in different tumors (32). Except for prostate
cancer, citric acid levels are lower in the serum of tumor
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patients, which may be related to the high expression of
ACLY. Phosphofructokinase 1 (PFK1), the key enzyme
regulating glycolytic flux, can be inhibited by citric acid.
High ACLY activity prevents the negative feedback caused
by ATP and citric acid to PFK1, thereby promoting
glycolysis (47). BCKDK can activate ACLY and promote
the cleavage of citric acid into acetyl-CoA, and oxaloacetate.
Recent studies have reported that BCKDK can inactivate
the phosphorylation of pyruvate dehydrogenase complex to
prevent pyruvate from entering the TCA cycle (48). The
above research can partly explain why BCKDK knockout
inhibited the glycolysis of A549 and H1299 in our study.
Thus, BCKDK is a key molecule that affects cell metabolism.

BCKDK promotes the occurrence of colorectal cancer
through the MAPK/ERK signaling pathway, and knocking
down BCKDK inhibits the metastasis and invasion of
colorectal cancer (21,49). In liver cancer, phosphorylated
BCKDK promotes cell proliferation and metastasis through
the ERK signaling pathway (22). The present findings
confirm these studies in NSCLC, by knocking out BCKDK.
Whether or not this phenomenon is driven by metabolic
changes, activation of signaling pathways, or a combination
of the two, warrants further investigation.

Since BCKDK has been found to enhance MAPK/
ERK signaling, a key pathway driving cell growth and
proliferation in many cancers, it has become an attractive
therapeutic target. The most commonly used allosteric
BCKDK inhibitor is BT2 (as used in our study) was
identified by high-throughput screening. BT2 has an IC;,
of 3.2 pM with a good in vitro stability (t;;, >240 min) (50).
Although no BCKDK inhibitor is under clinical evaluation
yet, the search for small molecule allosteric inhibitors in
ongoing an optimizing of these inhibitors might form
the basis for future drug candidates for the treatment of
BCKDK-driven malignancies.

In summary, we have demonstrated that BCKDK can
promote NSCLC proliferation and can be reversed i vitro
by the allosteric BCKDK inhibitor B12, a finding that, if
confirmed, may have clinical implications for the future
treatment of NSCLC patients.
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