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ARTICLE INFO ABSTRACT

Keywords: L-type amino acid transporter 1 (LAT1) is important for transporting neutral amino acids into cells. LAT1
Cancer metabolism expression is correlated with cancer malignancy, suggesting that LAT1 is a promising target for cancer therapy.
JPH203 JPH203, a potential novel drug targeting LAT1, has been shown to suppress tumor growth in various cancer cell
]lzlizzral amino acids lines. However, a combination study of JPH203 and radiation therapy has not been reported. Here, we examined
Radiation the effects of JPH203 on radiosensitivity after irradiation in A549 and MIA Paca-2 cells. We showed that X-

irradiation increased cellular neutral amino acid uptake via LAT1 in both cell lines. JPH203 inhibited the
radiation-induced increase in neutral amino acid uptake. We demonstrated that JPH203, at minimally toxic
concentrations, significantly sensitized cancer cells to radiation. JPH203 significantly downregulated mTOR
activity and enhanced cellular senescence post-irradiation without reducing ATP and GSH levels. These results
indicate that LAT1 inhibition by JPH203 sensitizes cancer cells to radiation by enhancing cellular senescence via
mTOR downregulation. Thus, JPH203 may be a potent anti-cancer drug in combination with radiation therapy.

1. Introduction namely valine, leucine, and isoleucine, may either be metabolized to

produce energy through the TCA cycle or participate in intracellular

Cancer cells depend on aerobic glycolysis rather than oxidative
phosphorylation for energy production, even under oxygenated condi-
tions. This behavior has been referred to as Warburg effect [1]. Recently,
it has been reported that most cancers retain mitochondrial function and
promote oxidative phosphorylation for cancer survival [2]. In addition
to glucose metabolism, essential amino acid (EAA) uptake is essential for
cancer proliferation [3]. EAA uptake is higher in tumors in vivo than in
normal tissues [4-6]. Subsequently, cancer cells rapidly die upon
removal of a single EAA in vitro [7]. Among EAAs, metabolic reprog-
ramming for branched-chain amino acids (BCAAs) has recently been
highlighted in many types of human cancers [8-10]. BCAAs are
considered important precursors of protein synthesis, nucleotide syn-
thesis, and energy production in cancer proliferation [10]. BCAAs,

signaling events, such as the mammalian target of rapamycin (mTOR)
pathway to coordinate protein synthesis and cellular growth [11-13].
The L-type amino acid transporter family (LAT1-4) is important for
transporting EAAs into cells. The expression level of LAT1 in cancer cells
is higher than that in normal cells, and LAT1 has been considered crucial
for cancer survival [14,15]. LAT1 imports various neutral EAAs (valine,
leucine, isoleucine, phenylalanine, tryptophan, tyrosine, methionine,
and histidine) into cells [16-18]. LAT1 expression levels are positively
correlated with cancer malignancy, suggesting that LAT1 is a promising
therapeutic target for cancer therapy. Recently, a selective LAT1 in-
hibitor, JPH203 [(S)-2-amino-3-(4-((5-amino-2-phenylbenzo [d]
oxazol-7-yl) methoxy)-3, 5-dichlorophenyl) propanoic acid], was
developed [19,20]. Currently, phase 1 and 2 trials of JPH203 are

Abbreviations: BCAA, branched-chain amino acid; EAA, glutathione; GSH, essential amino acid; LAT1, L-type amino acid transporter 1; mTOR, mammalian target

of rapamycin.
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ongoing in patients with advanced solid tumors. Accumulating evidence
has demonstrated that JPH203 successfully inhibits tumor growth in
various cancer cell lines [19,21-23]. Among lung and pancreatic can-
cers, non-small cell lung cancer (NSCLC) and pancreatic ductal adeno-
carcinoma (PDAC) have been reported to have high levels of LAT1
expression [24,25]. Previous studies have shown that JPH203 success-
fully inhibited in vitro and in vivo tumor growth in the NSCLC cell lines
A549 and MIA Paca-2 cells [26,27]. However, a combination study of
JPH203 and radiation therapy has not been reported.

X-irradiation has been shown to increase glucose uptake, oxygen
consumption rate, and cellular ATP levels [28,29]. Previous studies have
reported that 2-deoxy-D-glucose enhances radiosensitivity in cancer
cells [30,31]. These observations suggest that radiation activates
glucose metabolism and mitochondrial energy production, and that
glucose metabolism is important for cancer survival after irradiation. In
addition to glucose metabolism, inhibition of glutamine metabolism
enhances radiosensitivity in cancer cells [32], suggesting that amino
acid metabolism is also crucial for cancer survival after irradiation.
However, it is still unclear whether radiation influences neutral amino
acid metabolism via LAT1. Here, we examined the effects of the LAT1
inhibitor JPH203 on neutral amino acid uptake after irradiation and
radiosensitivity in A549 and MIA Paca-2 cells, which showed high levels
of LAT1 expression [33,34]. This study showed that X-irradiation
increased cellular neutral amino acid levels via LAT1, and that JPH203
sensitized cancer cells to radiation, resulting in increased cellular
senescence via downregulation of mTOR signaling.

2. Materials and methods
2.1. Reagents

The LAT1 inhibitor JPH203 was kindly provided by J-Pharma
(Kanagawa, Japan). The following antibodies were used: anti-phospho-
p70 S6k, anti-p21 Wafl/Cipl (12D1), HRP-conjugated secondary anti-
bodies (Cell Signaling Technology, Beverly, MA, USA), anti-p70 S6k,
and anti-actin (Santa Cruz Biotechnology, Dallas, TX, USA). The Western
Lightning Plus-ECL chemiluminescence detection kit was purchased
from PerkinElmer (Waltham, MA, USA). The cell ATP assay reagent was
obtained from Toyo Ink (Tokyo, Japan).

2.2. Cell culture and X-irradiation

Human lung carcinoma (A549) and pancreatic cancer (MIA Paca-2)
cells were obtained from RIKEN Cell Bank (Tsukuba, Japan) and JCRB
Cell Bank (Tokyo, Japan), respectively. Cells were grown in RPMI1640
medium (Thermo Fisher Scientific, Waltham, MA, USA) and DMEM
medium (Thermo Fisher Scientific). Both media were supplemented
with 10% FBS (KOHJIN BIO, Saitama, Japan). The cells were maintained
at 37 °C in a humidified atmosphere containing 5% CO,. X-irradiation
was performed using a Shimadzu X-TITAN 225S X-ray generator (Shi-
mazu, Kyoto, Japan) at 200 kV and 14 mA with a 1.0 mm aluminum
filter.

2.3. Measurement of amino acid and GSH by LC-MS analysis

LC-MS analyses of amino acids in cancer cells were performed as
previously described [35]. Cells were collected and lysed in 200 pL of 50
mM ammonium bicarbonate (pH 8.0) containing 20 mM N-ethyl-
maleimide (NEM; FUJIFILM Wako Pure Chemical, Osaka, Japan). The
lysate was heated at 100 °C for 5 min to inactivate the metabolic en-
zymes and then further incubated for 10 min at room temperature. A
100 L aliquot of the sample was mixed with 200 uL of methanol con-
taining 5 pM N-methylmaleimide (NMM)-derivatized GSH as an internal
standard and an additional 200 uL of chloroform. The mixture was
thoroughly stirred and centrifuged at 12,000 x g for 15 min at 4 °C. The
upper aqueous layer was filtered through 0.45 um filters (Millex-LH,
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Millipore Co.). A 90 uL aliquot of the resulting filtrate was lyophilized,
and the resulting residue was dissolved in 30 pL of Milli-Q water and
subjected to LC-MS analysis. A Q Exactive Hybrid Quadruple-Orbitrap
mass spectrometer (Thermo Fisher Scientific) equipped with a heated
electrospray ionization source was operated in positive ionization mode.
The Ultimate 3000 liquid chromatography system consisted of a
WPS3000 TRS autosampler, a TCC-3000 RS column oven, and an
HPG-3400RS quaternary pump (Dionex, Sunnyvale, CA, USA). A
SeQuant® ZIC®-pHILIC column (2.1 x 150 mm, 5 um particle size;
Merck KGaA, Germany) was maintained at 30 °C. Mobile phase A was
20 mM ammonium bicarbonate (pH 9.8), and mobile phase B was 100%
acetonitrile. System control, data acquisition, and quantitative analysis
were performed using Xcalibur 2.2 software. Standard curves for amino
acids and GSH-NEM showed linearity in the concentration ranges
examined.

2.4. Western blotting

Cells were collected and lysed with lysis buffer (50 mM Tris-HCl, pH
7.5, 1% [v/v] Triton X-100, 5% [v/v] glycerol, 5 mM EDTA, and 150
mM NacCl). After centrifugation at 18,000 x g for 15 min at 4 °C, su-
pernatants were collected using threefold-concentrated Laemmli’s
sample buffer (0.1875 M Tris-HCl, pH 6.8, 15% [v/v] p-mercaptoetha-
nol, 6% [w/v] SDS 30% [v/v] glycerol, and 0.006% [w/v] bromophenol
blue) was added to the supernatants, and the samples were boiled for 3
min. Proteins were separated by SDS-PAGE and transferred onto a
nitrocellulose membrane (Advantec TOYO, Tokyo, Japan). The mem-
brane was blocked with TBST (10 mM Tris-HCI, pH 7.4, 0.1 M NaCl, and
0.1% Tween-20) containing 5% (w/v) nonfat skim milk and probed with
specific antibodies diluted with TBST containing 5% (w/v) nonfat skim
milk or 5% (w/v) bovine serum albumin (BSA) overnight at 4 °C. After
probing with HRP-conjugated secondary antibodies, the bound anti-
bodies were detected with Western Lightning Plus-ECL. Image acquisi-
tion was performed with an image analyzer (ImageQuant LAS500, GE
Healthcare), and image analysis was performed using ImageJ software.

2.5. Clonogenic survival assay

Cells were seeded in 6 cm dishes and cultured for 6 h. The cells were
then X-irradiated, and the medium was replaced with fresh growth
medium containing JPH203 (20 pM for MIA Paca-2 and 10 pM for A549
cells). After incubation for 14 d, they were fixed with methanol and
stained with Giemsa solution. Colonies containing >50 cells were scored
as surviving cells. Survival fractions were calculated with a correction
for the plating efficiency of the non-irradiated controls.

2.6. Cellular ATP measurement

Total ATP was quantified using the Cell ATP Assay reagent (Toyo
Ink). After X-irradiation with 5 Gy, the cells were collected at the indi-
cated times. The cell suspension was mixed with luciferin-luciferase
solution in a 96-well plate and incubated for 1 h at room temperature.
Luminescence was then measured using a multilabel plate reader ARVO
X3 (PerkinElmer).

2.7. Senescence-associated f-galactosidase (SA f-gal) staining

Cells were plated on 35 mm dishes and incubated overnight. After
irradiation and subsequent incubation for the indicated times, the cells
were stained with a senescence-associated p-galactosidase staining kit
(#9860, Cell Signaling Technology) according to the manufacturer’s
instructions. Senescent cells were identified and counted using a light
microscope.
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2.8. Statistical analysis

All results are expressed as mean =+ SD of at least three experiments.
Comparisons between the two groups were performed using Student’s t
test. For multiple comparisons, the Tukey-Kramer test was used. The
minimum level of significance was set at p < 0.05.

3. Result
3.1. LATI inhibition by JPH203 sensitized cancer cells to radiation

We first tested the cytotoxicity of JPH203 on two tumor cell lines,
MIA Paca-2 and A549. Cells were treated with various concentrations of
JPH203, and cell viability was assessed using a clonogenic survival
assay. As shown in Fig. 1A and 1B, JPH203 reduced cell viability in a
dose-dependent manner. The minimally toxic concentrations (approxi-
mately 10% reduction in clonogenic survival) of JPH203 (20 pM for MIA
Paca-2 and 10 pM for A549 cells) were used for further investigations.
To confirm the effect of JPH203 on LAT1 activity, we measured the
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Fig 1. JPH203 inhibited uptake of neutral amino acids via LAT1
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content of cellular leucine, isoleucine, phenylalanine, tryptophan, and
tyrosine before and after irradiation. These neutral amino acids are
transported into cells via LAT1 [18]. Cells were irradiated with 5 Gy and
treated with JPH203 immediately after irradiation. The cells were
collected 1 or 2 d after irradiation and analyzed using LC-MS. The
contents of cellular neutral amino acids were dramatically reduced by
JPH203 treatment in both cell lines (Fig. 1C and 1D). Importantly,
X-irradiation significantly increased the level of cellular neutral amino
acids, excluding isoleucine and tryptophan, in MIA Paca-2 cells.
Furthermore, JPH203 completely inhibited the radiation-induced in-
crease in cellular neutral amino acids. This indicates that JPH203 could
inhibit LAT1 activity and that MIA Paca-2 and A549 cells largely depend
on LAT1 to uptake neutral amino acids. We then evaluated the effect of
JPH203 on cell viability after X-irradiation using a clonogenic survival
assay. Cells were treated with JPH203 immediately after irradiation at
the indicated doses. As shown in Fig. 2A and 2B, X-irradiation decreased
the viability of both tumor cell lines in a dose-dependent manner.
JPH203 significantly enhanced radiation-induced clonogenic cell death
at doses of 2.5 Gy or higher in both cell lines. These results indicate that
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(A and B) Cytotoxicity of JPH203 was examined using a clonogenic assay. MIA Paca-2 and A549 cells were treated with JPH203 at the indicated concentrations for
13 d. The survival fractions with or without JPH203 were calculated with a correction for the plating efficiency of cells. Data are expressed as means + SD from three
experiments. (C and D) Cellular neutral amino acids were measured by LC-MS analysis. After X-irradiation with 5 Gy, MIA Paca-2 and A549 cells were cultured with
or without JPH203 for 48 h and 24 h, respectively. Data are expressed as mean + SD from three experiments. (Tukey-Kramer test).
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MIA Paca-2 and A549 cells increase neutral amino acid uptake via LAT1
after irradiation and that the LAT1 inhibitor JPH203 enhances the
radiosensitivity of these tumor cells.

3.2. JPH203 did not reduce cellular ATP and GSH after X-irradiation

X-irradiation has been reported to increase ATP synthesis through
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oxidative phosphorylation [29]. BCAAs imported by LAT1 are consid-
ered important for energy production [12]. Sato et al. reported that
LAT1 knockout decreased cellular ATP levels, and LAT1 overexpression
increased it [36]. To examine the effect of JPH203 on ATP synthesis
after irradiation, we measured the cellular ATP content after irradiation
with or without JPH203 (Fig. 3A and 3B). Cellular ATP levels were
higher in both cell lines at 1 d and 2 d after X-irradiation. Surprisingly,
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Fig 3. JPH203 did not decrease ATP and GSH synthesis after X-irradiation
(A and B) After X-irradiation with 5 Gy, cells were incubated with or without JPH203 for the indicated times. After incubation, the cells were collected and cellular
ATP levels were measured. Data are expressed as mean + SD of three experiments. *p < 0.05 (Tukey-Kramer test) (C and D) After X-irradiation at 5 Gy, MIA Paca-2
and A549 cells were cultured with or without JPH203 for 48 h and 24 h, respectively. Cellular GSH levels were measured by LC-MS analysis. Data are expressed as
mean =+ SD of three experiments. (Tukey-Kramer test).

n.s.

pmol/2.0x105 cells
O = N W h oo ON @©




T. Bo et al.

JPH203 increased cellular ATP content rather than decreasing it 2
d after irradiation.

BCAA metabolism is also considered to contribute to GSH synthesis
[37]. It has been reported that inhibition of EAA metabolism by
branched chain amino acid transaminase 1 (BCAT1) RNAi decreased
cellular GSH levels [38]. To confirm the hypothesis that JPH203 sensi-
tized cancer cells to radiation by GSH depletion, we measured cellular
GSH levels after irradiation with or without JPH203 by LC-MS analysis
(Fig. 3C and 3D). However, JPH203 increased or significantly increased
cellular GSH levels before and after X-irradiation in MIA Paca-2 and
A549 cells, respectively. These results strongly suggest that JPH203 does
not sensitize cancer cells to radiation by ATP or GSH depletion.

3.3. JPH203 significantly attenuated mTOR activity after X-irradiation

LAT1-mediated leucine uptake interacts with cell growth, tran-
scription, and translation through the mTOR signaling pathway [39,40].
Previous studies have shown that LAT1 inhibition by JPH203 suppresses
tumor growth via mTOR downregulation [23,41]. To determine
whether JPH203 affects mTOR activity after irradiation, we examined
and quantified the phosphorylation status of p70-s6k, a downstream
target of mTOR, after irradiation with or without JPH203. In MIA Paca-2
cells, p70-S6K phosphorylation was slightly decreased at 2 h
post-irradiation and returned to the basal level, and JPH203 signifi-
cantly enhanced the radiation-induced decrease in p70-S6K phosphor-
ylation up to 8 h after irradiation (Fig. 4A). Along with this observation,
X-irradiation decreased phospho-p70-S6K up to 16 h post-irradiation in
A549 cells, and JPH203 significantly enhanced this attenuation up to 48
h after irradiation (Fig. 4B). These results suggest that JPH203 enhances
the downregulation of mTOR after irradiation.

3.4. JPH203 significantly enhanced cellular senescence after X-
irradiation

The activity of mTOR is known to have a significant impact on cell
division and tumor growth. We further examined whether mTOR inhi-
bition by JPH203 affected cellular senescence. We evaluated the in-
duction of p21, a cellular senescence inducer, after irradiation with or
without JPH203 (Fig. 5A and 5B). Whereas X-irradiation alone induced
p21 expression at 48 h after irradiation, JPH203 dramatically promoted
p21 expression at 4 h post-irradiation in MIA Paca-2 cells. In A549 cells,
X-irradiation induced p21 at 8 h post-irradiation, and JPH203 slightly
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Fig 4. JPH203 enhanced the downregulation of mTOR activity after X-irradiation
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promoted p21 induction at 2 to 4 h after irradiation. These observations
suggest that JPH203 enhanced radiation-induced cellular senescence.
To confirm this possibility, we performed an SA p-gal staining assay
(Fig. 5C-F). The cells treated with X-irradiation and JPH203 displayed
enlarged and flattened cell shapes, which are characteristic morphol-
ogies of cellular senescence. SA f-gal-positive cells were increased by
JPH203 and X-irradiation (Fig. 5C and 5D). Quantitative analysis
showed that JPH203 significantly increased the ratio of SA p-gal-posi-
tive cells 5 d after irradiation in comparison with X-irradiation alone in
both cell lines (Fig. 5E and 5F). These results indicate that JPH203
significantly downregulates mTOR activity, enhancing cellular senes-
cence after irradiation.

4. Discussion

Here, we demonstrated that the LAT1 inhibitor JPH203 sensitized
MIA Paca-2 and A549 cells to radiation by enhancing cellular senes-
cence. As shown in Fig. 1C and 1D, JPH203 dramatically reduced
cellular neutral amino acids levels, suggesting that JPH203 successfully
inhibited LAT1 activity. This study is the first, to our knowledge to show
that X-irradiation increases cellular neutral amino acid uptake via LAT1.
Furthermore, we demonstrated that JPH203, at minimally toxic con-
centrations, significantly enhanced the cellular radiosensitivity of both
cell lines. These results indicate that, these cancer cell lines utilize
neutral amino acid metabolism for survival after irradiation and depend
on LAT1 for the neutral amino acid uptake. This observation suggests
that JPH203 may be a potent drug in combination with cancer radio-
therapy for targeting cancers that rely on LAT1 for assimilating neutral
amino acid.

To investigate how JPH203 sensitized cancer cells to radiation, we
analyzed the involvements of ATP production, GSH synthesis, mTOR
activity, and cellular senescence. In this study, we demonstrated that
LAT1 inhibition by JPH203 dramatically suppressed mTOR activity after
irradiation, while it increased cellular ATP and GSH content after X-
irradiation rather than decreasing them (Figs. 3 and 4). BCAAs are
metabolized into acetyl-CoA and succinyl-CoA by BCAT1/2 and the
branched-chain alpha-keto acid dehydrogenase complex, and are uti-
lized for energy production through the TCA cycle [37]. However, we
did not observe a decrease in ATP levels following JPH203 treatment,
suggesting that LAT1 inhibition may lead to decreased ATP consumption
by mTOR downregulation rather than decreasing ATP synthesis by
inhibiting neutral amino acid metabolism. Along with this study,
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irradiation with 5 Gy. Top, representative blots of phospho-p70-S6K and total p70-S6K. Bottom, time course analysis of phospho-p70-S6K. The intensities of phospho-
p70-S6K bands were normalized to those of total p70-S6K bands. Data are expressed as mean =+ SD of three experiments. *p < 0.05 (Student’s t test).
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(A and B) The effects of JPH203 on p21 expression after X-irradiation. MIA Paca-2 and A549 cells were collected at the indicated times after X-irradiation with 5 Gy.
Representative blots of p21 and actin. (C-F) The effects of JPH203 on SA f-gal positive cells after X-irradiation. After X-irradiation, MIA Paca-2 and A549 cells were
evaluated with SA p-gal staining assay. (C and D) Representative images of SA p-gal positive cells with or without JPH203 after X-irradiation. (E and F) Quantitative
analysis of SA f-gal positive cells with or without JPH203 after X-irradiation. Data are expressed as mean + SD of three experiments. *p < 0.05 (Student’s t test).

previous reports have shown that the mTOR inhibitor rapamycin neutral amino acid-metabolizing enzymes, such as BCAT1/2 and the
increased cellular ATP in mouse embryonic fibroblasts and C2C12 cells branched-chain alpha-keto acid dehydrogenase complex.

[42,43]. To precisely understand how neutral amino acid metabolism In this study, JPH203 significantly decreased mTOR activity after
contributes to cancer survival, we need further analyses targeting irradiation (Fig. 4). Previous reports have also shown that JPH203
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suppresses mTOR activity and tumor growth in in vitro and in vivo
models [23,41,44]. LAT1 is known to import various neutral EAAs into
cells. Among these amino acids, leucine and isoleucine have been re-
ported to be essential for mTOR activity. Han et al., have shown that
leucyl-tRNA synthetase activates mTORC1 in an intracellular leucine
concentration-dependent manner [45]. In particular, JPH203 signifi-
cantly decreased cellular leucine and isoleucine levels (Fig. 1C and 1D).
These data suggest that the depletion of leucine and isoleucine by
JPH203 leads to the downregulation of mTOR activity after X-irradia-
tion. In addition, mTOR inhibitors have been reported to increase
radiosensitivity in cancer cell lines [46,47], suggesting that mTOR ac-
tivity is essential for cancer survival after irradiation. Thus, these data
indicate that JPH203 sensitizes cancer cells to radiation via mTOR in-
hibition. In addition, JPH203 significantly increased p21 expression in
MIA Paca-2 cells after irradiation, whereas p21 expression was almost
unchanged in A549 cells after irradiation. In contrast, we demonstrated
that JPH203 significantly enhanced cellular senescence in both cell lines
after X-irradiation (Fig. 5). These observations might be due to the dif-
ference in the level of cellular senescence between MIA Paca-2 and A549
cell lines. Taken together, these results suggest that LAT1 inhibition
reduces mTOR activity, resulting in an increase in cellular senescence
after irradiation.

In summary, we showed that X-irradiation increased cellular neutral
amino acid uptake via LAT1 in A549 and MIA Paca-2 cells, and that the
LAT1 inhibitor JPH203, at minimally toxic concentrations, significantly
sensitized the cancer cells to radiation. Our study also demonstrated that
this radiosensitization effect was induced through the induction of
cellular senescence by mTOR downregulation. A limitation of this study
is that the experiments demonstrating that JPH203 sensitized A549 and
MIA Paca-2 cells to radiation were only conducted on an in vitro model.
Further studies are necessary to determine the effectiveness of this
treatment combination in an in vivo model and on different types of
cancers. Despite the current limitations, the study draws focus towards a
new potent anti-cancer drug JPH203 that can used in combination with
radiotherapy.
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