Lee et al. Experimental & Molecular Medicine (2019) 51:146

ARTICLE Open Access

Branched-chain amino acids sustain pancreatic
cancer growth by regulating lipid metabolism

Ji Hyeon Lee', Young-ra Cho', Ji Hye Kim', Jongwook Kim', Hae Yun Nam?, Seong Who Kim? and Jaekyoung Son'

Abstract

Branched-chain amino acid (BCAA) catabolism and high levels of enzymes in the BCAA metabolic pathway have
recently been shown to be associated with cancer growth and survival. However, the precise roles of BCAA
metabolism in cancer growth and survival remain largely unclear. Here, we found that BCAA metabolism has an
important role in human pancreatic ductal adenocarcinoma (PDAC) growth by regulating lipogenesis. Compared with
nontransformed human pancreatic ductal (HPDE) cells, PDAC cells exhibited significantly elevated BCAA uptake
through solute carrier transporters, which were highly upregulated in pancreatic tumor tissues compared with normal
tissues. Branched-chain amino-acid transaminase 2 (BCAT2) knockdown markedly impaired PDAC cell proliferation, but
not HPDE cell proliferation, without significant alterations in glutamate or reactive oxygen species levels. Furthermore,
PDAC cell proliferation, but not HPDE cell proliferation, was substantially inhibited upon knockdown of branched-chain
a-keto acid dehydrogenase a (BCKDHA). Interestingly, BCKDHA knockdown had no significant effect on mitochondrial
metabolism; that is, neither the level of tricarboxylic acid cycle intermediates nor the oxygen consumption rate was
affected. However, BCKDHA knockdown significantly inhibited fatty-acid synthesis, indicating that PDAC cells may

utilize BCAAs as a carbon source for fatty-acid biosynthesis. Overall, our findings show that the BCAA metabolic
pathway may provide a novel therapeutic target for pancreatic cancer.

Introduction

Pancreatic cancer is a highly aggressive tumor with a
poor prognosis'. Pancreatic ductal adenocarcinoma
(PDAC) is the most common malignant pancreatic tumor,
with an expected 5-year survival rate of ~8%”. PDAC is
commonly detected after it has already spread beyond the
pancreas because no signs or symptoms are apparent in
the early stages, making it difficult to diagnose at an early
stage®. Thus, only a small group of patients are candidates
for surgery, which is the most effective treatment for
PDAC. Unfortunately, it is predicted that PDAC will
become the second leading cause of cancer-related death
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by 2020 Thus, there is an urgent need for ideal ther-
apeutic targets for pancreatic cancer treatment.
Compared with the levels in nonproliferating normal
cells, the robust increases in the uptake of glucose and the
production of lactate in cancer cells, known as the War-
burg effect’, constitute the first hallmarks of cancer.
Compared with normal differentiated cells, cancer cells
have considerably different metabolic requirements that
enable them to continuously grow. Thus, cancer cells
must have altered metabolic pathways to obtain sufficient
amounts of the metabolites required for high rates of
proliferation®. Oncogene activation and/or epigenetic
alterations drive changes in metabolism that support cell
proliferation and survival under nutrient-replete condi-
tions’. Thus, targeting the considerable metabolic differ-
ences between cancer cells and normal cells holds
promise as an ideal strategy for cancer therapy®. Many
studies have reported that abnormal levels of lipids are
critical for the unlimited proliferation and the metastasis
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and invasion of cancer cells’. Highly proliferative cancer
cells demand the rapid and sufficient synthesis of lipids
for the generation of biological membranes. Thus, it is not
surprising that the uptake of exogenous (or dietary) lipids
is increased and endogenous lipid synthesis (lipogenesis)
is induced as part of metabolic reprogramming in cancer
cells. Lipid synthesis describes the processes by which
nutrient-derived carbons are converted into fatty acids.
Numerous studies have demonstrated that cancer cells
show highly increased expression levels of genes involved
in lipogenesis'®. The expression levels of lipogenic
enzymes, such as acetyl-CoA carboxylase (ACC) and
fatty-acid synthase (FASN), and ATP-citrate lyase (ACLY)
have been shown to be greatly increased in most
tumors"'?, In addition, lipid metabolic reprogramming
that promotes increased lipogenesis is associated with the
abnormal development and progression of pancreatic
adenocarcinoma'®, Therefore, lipogenic enzymes such as
FASN, ACLY, and ACC have been investigated as
potential therapeutic targets for cancer treatment, and
small compounds that inhibit these enzymes have shown
therapeutic efficacy in various preclinical models of car-
cinogenesis'*'°. However, substantial adverse side effects
of targeting lipogenic enzymes have precluded their
clinical development. Thus, there may be a need for new
therapeutic targets to suppress lipogenesis.

Branched-chain amino acids (BCAAs; leucine, iso-
leucine, and valine) are essential amino acids that must be
acquired from the diet. To support sustained biomass
accumulation, cancer cells require increased levels of
nutrients such as amino acids. Indeed, cancer cells have
increased BCAAs uptakeU, and BCAA aminotransferases
(BCATS) that catalyze the first reaction in the catabolism
of BCAAs are overexpressed in cancer cells'®'?. In addi-
tion, BCAT?2 protein levels are significantly increased in
PDAC cells, and knockdown of BCAT2 in malic enzyme
2-deficient PDAC cells was shown to suppress the pro-
liferation of these cells, indicating that BCAA metabolism
plays an important role in PDAC cell proliferation®.
However, the physiological roles of BCAA metabolism in
cancer, particularly PDAC, remain unclear.

Here, we demonstrate that PDAC cells require BCAAs
for proliferation as a carbon source for lipid biosynthesis.
Knockdown of BCAT2 or BCKDHA, the key enzymes in
BCAA catabolism, resulted in the significant suppression
of PDAC cell proliferation, whereas human pancreatic
ductal (HPDE) cell proliferation was not suppressed upon
BCAT2 or BCKDHA knockdown. Interestingly, BCAT2
knockdown had no effect on either glutamate or reactive
oxygen species (ROS) levels. Furthermore, neither the
level of tricarboxylic acid (TCA) cycle intermediates nor
the oxygen consumption rate was altered upon BCKDHA
knockdown; however, BCKDHA knockdown led to a
dramatic reduction in the levels of both fatty acids and
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triglycerides. Thus, our data suggest that BCAA meta-
bolism may be an effective target for pancreatic cancer
treatment.

Materials and methods
Cell culture

Cell lines were acquired from the American Type Cul-
ture Collection and were tested regularly for mycoplasma
contamination. All cells were maintained at 37°C in
humidified air with 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM; Thermo Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine serum,
100 U/mL  penicillin, and 100 pug/mL streptomycin
(Thermo Scientific, Waltham, MA, USA). The HPDE cells
were cultured as described previously®'.

Reagents and antibodies

Antibodies against BCKDHA (sc-271538) and P-actin
(sc-47778) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against BCAT1
(12822), BCAT2 (9432), and ACLY (4332) were pur-
chased from Cell Signaling Technology (Danvers, MA,
USA). N-acetyl-L-cysteine (NAC; A9165) and palmitic
acid (P0500) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). AdipoRed assay reagent (#PT-7009)
was obtained from Lonza (Basel, Switzerland).

Cell proliferation assay

Cells were seeded in 24-well plates (density: 2000 cells/
well). The medium was not changed throughout the
course of the experiment. At the indicated time intervals,
the cells were fixed in 10% formalin and stained with 0.1%
crystal violet. The dye was extracted with 10% acetic acid,
and the relative proliferation level was determined
according to the optical density measured at 595 nm.

Colony formation assay

Cells were plated in six-well plates at 300 cells/well in
2mL of medium. The medium was not changed
throughout the course of the experiment. After 7-10 days,
the cell colonies were fixed in 80% methanol and stained
with 0.2% crystal violet.

Detection of reactive oxygen species

To determine the levels of cytoplasmic ROS, the cells
were incubated with 2',7'-dichlorodihydrofluorescein
diacetate (DCFDA, 5 pm; Invitrogen, Carlsbad, CA, USA)
for 30 min. Excess DCFDA was removed by washing cells
twice with phosphate-buffered saline (PBS) at room
temperature; labeled cells were trypsinized, rinsed, and
resuspended in PBS. The oxidation of DCFDA to the
highly fluorescent 2',7'-dichlorofluorescein, for which the
intensity is proportionate to the level of ROS generation,
was analyzed by flow cytometry. To analyze mitochondrial
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ROS, the cells were then incubated with 5 um MitoSOX
reagent (Thermo Scientific, Waltham, MA, USA) for
10 min at 37°C and trypsinized, washed with PBS, and
then resuspended in 200 uL of PBS. Stained cells were
then quantified and analyzed on a flow cytometer (Beck-
man Coulter, Brea, CA, USA). The excitation wavelength
was 510 nm, and the emission wavelength was 580 nm.

Quantitation of intracellular ATP

Intracellular ATP concentrations were measured using
an ATP colorimetric/fluorometric assay kit (BioVision
Incorporated, Milpitas, CA, USA) in accordance with the
manufacturer’s instructions. In brief, the cells were lysed
in 100 uL of ATP assay buffer; 50 uL of the supernatant
was collected and added to a 96-well plate. To each well,
50 uL of ATP assay buffer containing an ATP probe, ATP
converter, and developer were added. Absorbance was
measured at 570 nm.

Transcript analysis of the clinical mRNA microarrays

Data on the transcription levels of transporters of
BCAAs in normal and pancreatic cancer tissue were
retrieved from the Oncomine platform (https://www.
oncomine.org/), an online cancer microarray database.
Using the default settings for various groups of filters,
each query for accessing mRNA expression data was
executed using threshold parameters of p value le—4, fold
change 2, and gene ranking in the top 10%. Gene
expression profiling interactive analysis (GEPIA) (http://
gepia.cancer-pku.cn/) was used for analyzing RNA
expression levels of the BCAA transporters and compar-
ing them with those of normal and pancreatic cancer
tissues.

Metabolomics

Targeted liquid chromatography—mass spectrometry/
mass spectrometry (LC-MS/MS) metabolomics analysis
was performed as previously described®”. In brief, the cells
were grown to ~60% confluence in growth medium on
10 cm dishes. After 24 h, the cells were washed several
times with phosphate-buffered saline and water, harvested
using 1.4 mL of cold methanol/H,O (80/20, v/v), and
lysed by vigorous vortex mixing; 100 uL of 5 pm internal
standard was added. Metabolites were liquid-liquid
extracted from the aqueous phase after adding chloro-
form. The aqueous phase was dried using vacuum cen-
trifugation, and the sample was reconstituted with 50 uL
of 50% methanol before the LC-MS/MS analysis.

Oxygen consumption rate measurement

The oxygen consumption rate was measured using the
Seahorse XF24 extracellular flux analyzer as previously
described®. In brief, cells were plated in a 24-well Seahorse
plate and cultured at 37 °C with 5% CO,. The medium was
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replaced the following day with unbuffered DMEM, and the
cells were incubated at 37 °C without CO, for 1 h. Oligo-
mycin, FCCP, and rotenone were added to final con-
centrations of 2, 5, and 2pm, respectively. For the
measurement of fatty-acid oxidation, the oxygen con-
sumption rate was assessed using the Seahorse XF24
extracellular flux analyzer, according to the manufacturer’s
instructions. In brief, cells were seeded at a density of 5 x
10* cells/well in 24-well plates and incubated for 24h in
growth medium. Endogenous substrates within the cells
were depleted by replacing the culture medium with
substrate-limiting medium (DMEM supplemented with
0.5 mm glucose, 1 mm GlutaMAX, 0.5 mm carnitine, and 1%
fetal bovine serum) and incubating the cells for an addi-
tional 16 h. The medium was replaced with fatty-acid oxi-
dation assay medium (111 mm NaCl, 4.7 mm KCl, 1.25 mm
CaCl,, 2 mm MgSO,, and 1.2 mm NaH,PO, supplemented
with 2.5 mm glucose, 0.5 mMm carnitine, and 5 mm HEPES;
pH was adjusted to 7.4) and incubated for 45 min in a 37 °C
incubator without CO,. Immediately prior to the assay,
palmitate conjugated to bovine serum albumin (BSA) or
control BSA was added to the appropriate wells, and the
oxygen consumption rate (OCR) was measured at baseline
and after the injection of oligomycin (0.5 pg/mL), FCCP
(1 pm), or a combination of antimycin A (1 pm) and rote-
none (1 um). Fatty-acid oxidation was evaluated as the dif-
ference in maximum respiration after palmitate—-BSA
injection vs the baseline value.

Glucose consumption and lactate production assay

Cells were plated in six-well plates (2 x 10° cells/well).
The medium was not changed throughout the course of the
experiment and was collected at 24 h. Glucose and lactate
concentrations in the medium were measured using a YSI
2300 STAT Plus glucose—lactate analyzer (YSI).

Xenograft studies

To establish an intraperitoneal and intracranial xeno-
graft mouse model, female severe combined immunode-
ficiency mice (18-20g, 6 weeks of age) were purchased
from Joong Ah Bio (Suwon, South Korea). All experi-
mental procedures were conducted in accordance with a
protocol approved by the Institutional Animal Care and
Use Committee of Asan Institute for Life Sciences (pro-
tocol 2018-02-304). For subcutaneous xenografts,
8988 T cells were infected with lentiviral shRNA targeting
BCKDHA (n=2) or GFP (control hairpin, n=1) and
subjected to a short period of puromycin selection (2 pg/
mL). A total of 1x10° cells, suspended in 100 uL of
Hank’s buffered saline solution, were injected sub-
cutaneously into the lower flank of each mouse (four mice
per group). Tumor length and width were measured twice
weekly, and the volume was calculated according to the
following formula: (length x width?)/2.
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Lentiviral-mediated shRNA targets

The following RNA interference (RNAi) Consortium
clone IDs for shRNAs were used in this study: shBCAT2-1
(TRCN0000286203), shBCAT2-2 (TRCN0000286266), shB
CKDHA-1 (TRCN0000028398), shBCKDHA-2 (TRCN00O
0028456), shACLY-1 (TRCN0000291817), and shACLY-2
(TRCN0000078285).

Statistics

Data are presented as the mean + standard deviation. All
statistical comparisons were performed using unpaired
Student’s ¢ tests.

Results
PDAC cells display increased BCAA uptake

As the role of BCAAs in tumor growth is complex and
depends on the tumor type, we explored the importance of
BCAAs in PDAC growth. To this end, we first tested
whether PDAC cells exhibit an increase in BCAA uptake.
As shown in Fig. 1a, PDAC cells, including 8988 T and
MIAPACA?2 cells, exhibited significantly elevated leucine
uptake compared with that of the HPDE cells, and the
relative changes in leucine uptake increased gradually over
time. Consistent with this finding, the uptake of other
BCAAs, namely, isoleucine and valine, by the PDAC cells
was greatly increased compared with that of the HPDE cells
(Fig. 1b, c). Given that several solute carrier (SLC) trans-
porters (Slcla5, Slc3a2, and Slc7a5) are known to mediate
BCAA transport™ 2>, we speculate that the expression of
these SLC transporters might be elevated in PDAC cells.
First, we analyzed the expression of these SLC transporters
in human pancreatic cancer using the Oncomine database
(available at http://www.oncomine.org). The gene expres-
sion levels of these SLC transporters were higher in pan-
creatic cancer samples than in normal tissue samples
(Fig. 1d—f). Furthermore, the gene expression levels of the
SLC transporters was validated using the GEPIA database
(available at http://gepia.cancer-pku.cn/) and were observed
to be higher in 179 pancreatic cancer tissues than they were
in 171 normal tissues (Fig. 1g—i). Consistent with these
findings, the expression levels of the SLC transporters at the
transcriptional level were increased in the PDAC cells
compared with those in the HPDE cells (Fig. 1j). These
findings demonstrate that PDAC cells exhibit elevated levels
of BCAA uptake.

BCAT2 is critical for PDAC growth

One of the metabolic changes exhibited by tumor cells is
an increase in glucose uptake; this metabolic change causes
cancer cells to become highly dependent on glucose for
proliferation. Given that PDAC cells displayed increased
BCAA uptake, we examined the importance of BCAA
metabolism in PDAC cell proliferation. BCAT?2 is a mito-
chondrial isoform required for the first step in BCAA
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catabolism. Notably, the BCAT2 activity in the exocrine
pancreas is one of the highest levels of among all tissues and
organs®®, The PDAC cells exhibited increased levels of
BCAT?2 expression, but not BCAT1 expression, compared
with that of the HPDE cells (Fig. 2a), a finding that is
consistent with the recent work showing that BCAT2
protein levels are significantly increased in PDAC cells™.
We next tested the importance of BCAT2 in PDAC cell
proliferation. To explore the effect of BCAT2 on PDAC cell
proliferation, we first downregulated BCAT?2 activity using
RNAI. As shown in Fig. 2b, ¢, BCAT2 knockdown markedly
reduced PDAC cell proliferation. To confirm that BCAT2
knockdown inhibited PDAC cell proliferation, we next
performed an assay of cell viability upon BCAT2 knock-
down. Consistent with the growth curve data, BCAT2
knockdown resulted in a profound reduction in the pro-
liferation of PDAC cells (Fig. 2d, e). In addition, PDAC cell
colony formation was markedly inhibited upon BCAT?2
knockdown (Fig. 2f, g). In contrast to their importance in
PDAC cells, BCAT2 appears to be dispensable in normal
cells. BCAT?2 knockdown in HPDE cells had modest effects
on proliferation (Fig. 2h). These findings indicate that
BCAT2 may be critical only for PDAC cell proliferation.

BCAT2 suppression does not affect redox homeostasis
BCAT?2, also known as mitochondrial BCAT, facilitates
the transfer of an a-amino group from the BCAAs to a-
ketoglutarate to generate glutamate and the respective
branched-chain a-keto acid (Fig. 3a). It has been reported
that BCAT?2 inhibition suppresses glutamate biosynthesis
and redox homeostasis in glialoma®. To investigate the
role of BCAT2 in PDAC cell proliferation, we first mea-
sured the glutamate levels upon BCAT2 knockdown. As
shown in Fig. 3b, BCAT2 knockdown had no significant
effect on glutamate levels. Moreover, neither cytoplasmic
nor mitochondrial ROS levels were altered upon BCAT2
knockdown (Fig. 3¢, d). In addition, supplementation with
NAC did not restore the cell proliferation that had been
inhibited by BCAT2 knockdown (Fig. 3e, f). These find-
ings suggest that BCAT2 has no critical role in glutamate
biosynthesis or redox homeostasis in PDAC cells.

BCKDHA knockdown suppresses PDAC cell proliferation
To explore the roles of BCAA metabolism in PDAC
proliferation, we next tested the effect of BCKDHA
knockdown on PDAC cell proliferation. BCKDHA, the
enzyme catalyst for the second step of the BCAA catabolic
pathway, which has a central role in the regulation of BCAA
catabolism, has been shown to promote tumorigenesis that
leads to colorectal cancer®®. Consistent with this finding,
BCKDHA knockdown significantly reduced PDAC cell
proliferation (Fig. 4a, b). To further confirm the effect of
BCKDHA knockdown on PDAC cell proliferation, we next
assayed cell viability upon BCKDHA knockdown.
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Fig. 1 PDAC cells exhibit enhanced BCAA uptake. a—c BCAAs were analyzed at the indicated time points via LC-MS/MS. d—f Box plots derived
from gene expression data in Oncomine comparing the expression levels of SLC transporter genes in normal tissue samples (left plot) and in

pancreatic cancer samples (right plot). g—i The expression levels of SLC transporter genes were detected in 171 pancreatic cancer tissues (T) and 179
normal tissues (N) from the GEPIA database. j The expression levels of SLC transporter genes were determined by quantitative RT-PCR. Error bars

represent the s.d. of triplicate wells from a representative experiment. *p < 0.05; **p < 0.01.

Consistent with the proliferation curve, BCKDHA knock-
down led to a profound reduction in the proliferation of
PDAC cells (Fig. 4c, d). In addition, PDAC cell colony
formation was dramatically inhibited upon BCKDHA
knockdown (Fig. 4e, f). Interestingly, the proliferation of
HPDE cells, in contrast to that of the PDAC cells, was not
impaired upon BCKDHA knockdown (Fig. 4g). These
findings indicate that PDAC, but not normal cells, may rely
on BCAA metabolism to support growth.

Lipogenesis requires BCAA metabolism

Given that BCAAs fuel the TCA cycle by transferring
respective amino groups to the TCA cycle®, we first
examined ATP levels upon BCKDHA knockdown to
investigate the functional role of BCKDHA in TCA meta-
bolism. As shown in Fig. 5a, the ATP levels were not highly
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affected upon BCKDHA knockdown. In addition,
BCKDHA knockdown had no significant effect on oxygen
consumption rates (Fig. 5b). To validate the effect of BCAA
catabolism on the levels of TCA cycle intermediates, we
performed a metabolic analysis. The levels of TCA cycle
intermediates were not changed upon BCKDHA knock-
down (Fig. 5¢). With a variety of functions, BCAA meta-
bolism contributes to fatty-acid biosynthesis by providing a
carbon source to generate fatty acids>. Indeed, the levels of
free fatty acids were significantly reduced upon knockdown
of either BCKDHA or BCAT?2 (Fig. 5d and Supplementary
Fig. Sla), and consistent with this finding, knockdown of
either BCKDHA or BCAT2 had a substantial inhibitory
effect on triglyceride accumulation (Fig. 5e and Supple-
mentary Fig. S1b), indicating that BCAAs may be essential
for lipid biosynthesis. To confirm the importance of BCAAs
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Fig. 2 Pancreatic cancer cells require BCAT2 to proliferate. a Immunoblots of BCAT1 and BCAT2 expression in HPDE and PDAC cells. b, ¢ PDAC
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downregulate BCAT2 were assayed for cell proliferation. Western blot confirmed the knockdown of BCAT2 expression. Error bars represent the s.d. of
triplicate wells from a representative experiment. *p < 0.05; **p < 0.01.

in lipid biosynthesis, we attempted to rescue the inhibition
of cell proliferation by BCKDHA knockdown via supple-
mentation of the culture medium with palmitic acid. We
found that palmitic acid supplementation significantly res-
cued the cells from BCKDHA knockdown-mediated inhi-
bition of proliferation (Fig. 5f). In addition, consistent with
the effects of BCAT2 and BCKDHA knockdown on PDAC
cell proliferation, knockdown of ACLY, a key enzyme in
fatty-acid biosynthesis, dramatically suppressed PDAC cell

proliferation (Fig. 5g).
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It has been reported that BCAAs regulate glucose
metabolism through the PI3K—Akt pathway®’. Thus, we
investigated whether the suppression of PDAC cell pro-
liferation caused by the disruption of BCAA metabolism
can be attributed to the inhibition of glucose metabolism.
As shown in Fig. 5h, i, neither glucose uptake nor lactate
production was changed upon BCAT2 knockdown.
Moreover, BCAT2 knockdown had no effect on AKT
phosphorylation. In addition, BCAA treatment activated
fatty-acid oxidation®

!, Thus, we assessed the possibility
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that BCKDHA knockdown may increase the levels of the
BCAAs, which in turn would reduce the levels of free fatty
acids through fatty-acid oxidation. As shown in Fig. 5j,
fatty-acid oxidation decreased upon BCKDHA knock-
down. Taken together, these findings suggest that PDAC
cells may utilize BCAAs as carbon sources for fatty-acid
biosynthesis.

BCKDHA knockdown inhibits tumor growth

To determine the effect of BCKDHA on tumor growth,
we subcutaneously injected 8988 T cells expressing con-
trol shRNA (shGFP) or BCKDHA shRNA (shBCKDHA)
into mice to construct a xenograft mouse model. As
shown in Fig. 6a, BCKDHA knockdown had a significant
inhibitory effect on tumor growth. Xenograft tumors
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generated from human PDAC cells expressing BCKDHA
shRNA were subjected to Western blot for BCKDHA
(Fig. 6b). Moreover, BCKDHA knockdown did not sig-
nificantly decrease the body weight of the mice, indicating
that downregulating BCKDHA did not induce obvious
toxicity (Fig. 6c). We also observed that BCKDHA
knockdown significantly reduced the size of the xenograft
tumors (Fig. 6d). These observations demonstrated that
BCKDHA knockdown leads to the significant inhibition of
tumor growth in vivo.

Discussion

The results obtained in this study demonstrate that
BCAA metabolism provides a carbon source for fatty-acid
biosynthesis, which sustains pancreatic cancer cell
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clonogenic growth of PDAC cells expressing control shRNA (shGFP) or shRNA targeting BCKDHA. g HPDE cells expressing control shRNA (shGFP) or
one of the two independent shRNAs targeting BCKDHA were assayed for cell proliferation. Western blot confirmed the knockdown of BCKDHA
expression. Error bars represent the sd. of triplicate wells from a representative experiment. *p < 0.05; **p < 0.01.

proliferation. Knockdown of key enzymes, including
BCAT2 and BCKDHA, substantially inhibits PDAC cell
proliferation, and interestingly, suppression of BCAA
metabolism leads to a significant reduction in fatty-acid
levels.

BCAAs have unique properties with various physiolo-
gical and metabolic roles. Thus, they have important
metabolic functions in the regulation of energy home-
ostasis, nutrition metabolism, gut health, immunity, and
cancer’”. The reprogramming of metabolic pathways is a
common hallmark of cancer. One of the outcomes of such
metabolic reprogramming is an increase in the amounts
of basic cellular building blocks, such as carbohydrates
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and amino acids, which are necessary to support unlim-
ited cell proliferation”. Indeed, many tumors exhibit a
significant increase in BCAA uptake compared with
adjacent normal tissue, and the inhibition of BCAA cat-
abolism has been shown to suppress tumor growth'”>*,
Consistent with these findings, our results show that
PDAC cells have increased BCAAs uptake compared with
HPDE cells (Fig. la—c). Thus, it is possible that the cat-
abolism of these elevated levels of BCAA may play a
critical role in tumor growth. Indeed, genetic disruption
of the key enzymes involved in BCAA catabolism inhibits
the growth of tumors'’~'*%, Our data also showed that
knockdown of either BCAT2 or BCKDHA significantly
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g 8988 T cells expressing control shRNA (shGFP) or shRNA targeting ACLY were assayed for cell proliferation. Western blot confirmed the knockdown
of ACLY expression. h 8988 T cells expressing control shRNA (shGFP) or shRNA targeting BCAT2 were plated in complete media; glucose uptake and
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PA, palmitic acid. *p < 0.05; **p < 0.01.
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inhibited PDAC cell proliferation but not HPDE cell
proliferation (Figs. 2 and 4).

Previous studies have suggested that BCAT2 supports
glioma growth by maintaining glutamate biosynthesis and
redox homeostasis>’. However, our results revealed that
there is no significant change in either glutamate levels or
redox homeostasis upon BCAT2 knockdown. PDAC cells
have distinct metabolism for both the uptake and utili-
zation of glutamine compared with the cells in other Kras-
driven tumors. Macropinocytosis has an essential role in
providing glutamine in PDAC?®, and PDAC cells depend
on the transaminase GOT1 for glutamine metabolism,
which is critical for redox balance®. Thus, we believe that
BCAT?2 may have other roles in PDAC cell metabolism in
addition to maintaining glutamate levels and redox
homeostasis. Recent work reported by DePinho and col-
leagues and our results showed that PDAC cells have
increased levels of BCAT2 expression but not of BCAT1
expression. However, further work must be performed to
determine why BCAT?2, but not BCAT1, is overexpressed
and essential in PDAC cells.

Consistent with recent studies implicating BCAA meta-
bolism in lipid metabolism®”*%, we observed that inhibition
of BCAA metabolism suppressed lipid metabolism. In
general, glucose, glutamine, and other substrates are the
main sources of cytosolic acetyl-CoA, which in turn is the
two-carbon donor for fatty-acid synthesis®”. Compared with
glucose, glutamine is utilized as the main carbon source for
the TCA cycle in PDAC cells*’. Glutamine contributes to
citrate and lipid metabolism through TCA cycle reversal via
reductive carboxylation. However, in contrast to other
cancer cells that utilize glutamine to fuel the TCA cycle, in
PDAC cells, glutamine is used principally to maintain the
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redox balance through transaminase-mediated glutamine
metabolism®. Thus, previous studies and our data suggest
that PDAC cells require BCAAs as alternative carbon
sources to generate fatty acids.

BCKDHA has been shown to promote the tumorigenesis
that leads to colorectal cancer®®. It is a key enzyme in the
BCAA catabolic pathway that generates acetyl-CoA from
BCAAs fuel the TCA cycle™. In contrast to the levels in
other tumor cells, in PDAC cells, carbon from the BCAAs
of the TCA cycle metabolites was not detected™. Consistent
with this finding, our data revealed that the inhibition of
BCAA catabolism caused by the suppression of BCKDHA
activity had no significant effect on the level of TCA cycle
metabolites (Fig. 5c), suggesting that BCAAs are not a
major carbon source for the TCA cycle in PDAC cells.
Interestingly, among the TCA cycle intermediates, only the
levels of citrate were decreased upon BCKDHA knockdown
(Fig. 5¢). Citrate generated in the TCA cycle and subse-
quently translocated to the cytosol serves as a carbon source
for fatty-acid biosynthesis. Enhanced lipogenesis is one of
the most important metabolic hallmarks of cancer cells*'.
Specifically, cancer cells induce metabolic alterations in
lipid metabolism to enable unlimited cell proliferation and
survival””. Indeed, we observed that either BCKDHA or
BCAT2 knockdown led to both a profound reduction in
the levels of free fatty acids (Fig. 5d and Supplementary
Fig. Sla) and a significantly decreased level of triglyceride
accumulation (Fig. 5e and Supplementary Fig. S1b). In
addition, we found that fatty-acid oxidation was reduced
upon BCKDHA knockdown (Fig. 5j), and this reduction
may have been caused by the utilization of lower levels of
fatty acids (observed after BCKDHA knockdown) for
functions such as membrane generation and protein
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modification rather than as fuel for the TCA cycle. Thus,
our findings suggest that BCAAs are utilized as carbon
sources for fatty-acid biosynthesis in PDAC cells.

In an important contrast to HPDE cells, PDAC cells are
highly dependent on the BCAA catabolic pathway.
Genetic inhibition of any enzyme in this pathway results
in the pronounced suppression of PDAC cell proliferation
in vitro and in vivo. Given our findings, disruption of the
BCAA catabolic pathway may be an exploitable ther-
apeutic target for pancreatic cancer therapy.

Acknowledgements

We thank the core facilities of Confocal Microscopy Core, Flowcytometry Core,
Metabolomics Core, and the Laboratory of Animal Research at the
Convergence Medicine Research Center (CREDIT), Asan Medical Center, for the
sharing their equipment, services, and expertize. This research was supported
by the Basic Science Research Program through the National Research
Foundation of Korea (NRF), funded by the Ministry of Science, ICT & Future
Planning (NRF-2016R1C1B2010145 to JKS), and by the National Research
Foundation of Korea (NRF) MRC grant funded by the Korean government
(MSIT) (2018R1A5A2020732).

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information accompanies this paper at https://doi.org/
10.1038/512276-019-0350-z.

Received: 10 June 2019 Revised: 30 September 2019 Accepted: 11 October
2019.
Published online: 29 November 2019

References

1. Biancur, D. E. et al. Compensatory metabolic networks in pancreatic cancers
upon perturbation of glutamine metabolism. Nat. Commun. 8, 15965 (2017).

2. Biancur, D. E. & Kimmelman, A. C. The plasticity of pancreatic cancer meta-

bolism in tumor progression and therapeutic resistance. Biochim Biophys. Acta

Rev. Cancer 1870, 67-75 (2018).

Hidalgo, M. Pancreatic cancer. N. Engl. J. Med. 362, 16051617 (2010).

4. Rahib, L. et al. Projecting cancer incidence and deaths to 2030: the unex-
pected burden of thyroid, liver, and pancreas cancers in the United States.
Cancer Res. 74, 2913-2921 (2014).

5. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer. the next generation. Cell
144, 646-674 (2011).

6. Pavlova, N. N. & Thompson, C. B. The emerging hallmarks of cancer meta-
bolism. Cell Metab. 23, 27-47 (2016).

7. Wong, C.C, Qian, Y. & Yu, J. Interplay between epigenetics and metabolism in
oncogenesis: mechanisms and therapeutic approaches. Oncogene 36,
3359-3374 (2017).

8. Martinez-Outschoorn, U. E, Peiris-Pages, M, Pestell, R. G, Sotgia, F. & Lisanti, M.
P. Cancer metabolism: a therapeutic perspective. Nat. Rev. Clin. Oncol. 14, 113
(2017).

9. Long, J. et al. Lipid metabolism and carcinogenesis, cancer development. Am.
J. Cancer Res. 8, 778-791 (2018).

10.  Beloribi-Djefaflia, S, Vasseur, S. & Guillaumond, F. Lipid metabolic reprogram-
ming in cancer cells. Oncogenesis 5, €189 (2016).

11, Zaidi, N, Swinnen, J. V. & Smans, K. ATP-citrate lyase: a key player in cancer
metabolism. Cancer Res. 72, 3709-3714 (2012).

12. Menendez, J. A. & Lupu, R. Fatty acid synthase and the lipogenic phenotype in
cancer pathogenesis. Nat. Rev. Cancer 7, 763-777 (2007).

13. Sunami, Y, Rebelo, A. & Kleeff, J. Lipid metabolism and lipid droplets in
pancreatic cancer and stellate cells. Cancers (Basel) 10, pii: E3 (2017).

w

Official journal of the Korean Society for Biochemistry and Molecular Biology

25.

26.

27.

28.

29.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

Page 11 of 11

Hatzivassiliou, G. et al. ATP citrate lyase inhibition can suppress tumor cell
growth. Cancer Cell 8, 311-321 (2005).

Wang, C, Rajput, S, Watabe, K, Liao, D. F. & Cao, D. Acetyl-CoA carboxylase-a as
a novel target for cancer therapy. Front. Biosci. 2, 515-526 (2010).

Flavin, R, Peluso, S, Nguyen, P. L. & Loda, M. Fatty acid synthase as a potential
therapeutic target in cancer. Future Oncol. 6, 551-562 (2010).

Hattori, A. et al. Cancer progression by reprogrammed BCAA metabolism in
myeloid leukaemia. Nature 545, 500-504 (2017).

Mayers, J. R. et al. Tissue of origin dictates branched-chain amino acid
metabolism in mutant Kras-driven cancers. Science 353, 1161-1165 (2016).
Tonjes, M. et al. BCATT promotes cell proliferation through amino acid cata-
bolism in gliomas carrying wild-type IDH1. Nat. Med. 19, 901-908 (2013).
Dey, P. et al. Genomic deletion of malic enzyme 2 confers collateral lethality in
pancreatic cancer. Nature 542, 119-123 (2017).

QOuyang, H. et al. Immortal human pancreatic duct epithelial cell lines with
near normal genotype and phenotype. Am. J. Pathol. 157, 1623-1631 (2000).
Kim, J. H. et al. Enhanced glycolysis supports cell survival in EGFR-mutant lung
adenocarcinoma by inhibiting autophagy-mediated EGFR degradation. Can-
cer Res. 78, 4482-4496 (2018).

Burrill, J. S. et al. Inflammation and ER stress regulate branched-chain amino
acid uptake and metabolism in adipocytes. Mol. Endocrinol. 29, 411-420
(2015).

lkeda, K et al. Slc3a2 mediates branched-chain amino-acid-dependent
maintenance of regulatory T Cells. Cell Rep. 21, 1824-1838 (2017).

Zhang, Z. Y, Monleon, D, Verhamme, P. & Staessen, J. A. Branched-chain
amino acids as critical switches in health and disease. Hypertension 72,
1012-1022 (2018).

Sweatt, A. J. et al. Branched-chain amino acid catabolism: unique segregation
of pathway enzymes in organ systems and peripheral nerves. Am. J. Physiol.
Endocrinol. Metab. 286, E64—E76 (2004).

McBrayer, S. K et al. Transaminase inhibition by 2-hydroxyglutarate impairs
glutamate biosynthesis and redox homeostasis in glioma. Cell 175, 101-116
€125 (2018).

Xue, P. et al. BCKDK of BCAA catabolism cross-talking with the MAPK pathway
promotes tumorigenesis of colorectal cancer. EBioMedicine 20, 50-60 (2017).
Newgard, C. B. Interplay between lipids and branched-chain amino acids in
development of insulin resistance. Cell Metab. 15, 606-614 (2012).

Doi, M, Yamaoka, |, Fukunaga, T. & Nakayama, M. Isoleucine, a potent plasma
glucose-lowering amino acid, stimulates glucose uptake in C2C12 myotubes.
Biochem. Biophys. Res. Commun. 312, 1111-1117 (2003).

Arakawa, M, Masaki, T, Nishimura, J, Seike, M. & Yoshimatsu, H. The effects of
branched-chain amino acid granules on the accumulation of tissue trigly-
cerides and uncoupling proteins in diet-induced obese mice. Endocr. J. 58,
161-170 (2011).

Nie, C, He, T, Zhang, W, Zhang, G. & Ma, X. Branched chain amino acids:
beyond nutrition metabolism. Int. J. Mol. Sci. 19, pii: E954 (2018).

Jeon, S. M. & Hay, N. Expanding the concepts of cancer metabolism. Exp. Mol.
Med. 50, 32 (2018).

Ananieva, E. A. & Wilkinson, A. C. Branched-chain amino acid metabolism in
cancer. Curr. Opin. Clin. Nutr. Metab. Care 21, 64-70 (2018).

Commisso, C. et al. Macropinocytosis of protein is an amino acid supply route
in Ras-transformed cells. Nature 497, 633-637 (2013).

Son, J. et al. Glutamine supports pancreatic cancer growth through a KRAS-
regulated metabolic pathway. Nature 496, 101-105 (2013).

Lerin, C. et al. Defects in muscle branched-chain amino acid oxidation con-
tribute to impaired lipid metabolism. Mol. Metab. 5, 926-936 (2016).

White, P. J. et al. The BCKDH kinase and phosphatase integrate BCAA and lipid
metabolism via regulation of ATP-citrate lyase. Cell Metab. 27, 1281-1293
1287 (2018).

Tumanov, S, Bulusu, V. & Kamphorst, J. J. Analysis of fatty acid metabolism
using stable isotope tracers and mass spectrometry. Methods Enzymol. 561,
197-217 (2015).

Ying, H. et al. Oncogenic Kras maintains pancreatic tumors through regulation
of anabolic glucose metabolism. Cell 149, 656-670 (2012).

Zaidi, N. et al. Lipogenesis and lipolysis: the pathways exploited by the cancer
cells to acquire fatty acids. Prog. Lipid Res. 52, 585-589 (2013).

Cheng, C, Geng, F,, Cheng, X. & Guo, D. Lipid metabolism reprogramming and
its potential targets in cancer. Cancer Commun. (Lond,) 38, 27 (2018).


https://doi.org/10.1038/s12276-019-0350-z
https://doi.org/10.1038/s12276-019-0350-z

	Branched-chain amino acids sustain pancreatic cancer growth by regulating lipid metabolism
	Introduction
	Materials and methods
	Cell culture
	Reagents and antibodies
	Cell proliferation assay
	Colony formation assay
	Detection of reactive oxygen species
	Quantitation of intracellular ATP
	Transcript analysis of the clinical mRNA microarrays
	Metabolomics
	Oxygen consumption rate measurement
	Glucose consumption and lactate production assay
	Xenograft studies
	Lentiviral-mediated shRNA targets
	Statistics

	Results
	PDAC cells display increased BCAA uptake
	BCAT2 is critical for PDAC growth
	BCAT2�suppression does not affect redox homeostasis
	BCKDHA knockdown suppresses PDAC cell proliferation
	Lipogenesis requires BCAA metabolism
	BCKDHA knockdown inhibits tumor growth

	Discussion
	ACKNOWLEDGMENTS




