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Abstract: Background: L-type amino acid transporter 1 (LAT1) and ASC amino acid transporter 2 (ASCT2) have been
associated with tumor growth and progression. However, the clinical significance of LAT1 and ASCT2 coexpression in
the prognosis of patients with lung adenocarcinoma remains unclear. Methods: In total, 222 patients with surgically
resected lung adenocarcinoma were investigated retrospectively. Tumor sections were stained immunohistochemi-
cally for LAT1, ASCT2, CD98, phosphorylated mammalian target-of-rapamycin (p-mTOR), and Ki-67, and microves-
sel density (MVD) was determined by staining for CD34. Epidermal growth factor receptor (EGFR) mutation status
was also examined. Results: LAT1 and ASCT2 were positively expressed in 22% and 40% of cases, respectively.
Coexpression of LAT1 and ASCT2 was observed in 12% of cases and was associated significantly with disease stage,
lymphatic permeation, vascular invasion, CD98, Ki-67, and p-mTOR. Only LAT1 and ASCT2 coexpression indicated
a poor prognosis for lung adenocarcinoma. Furthermore, this characteristic was recognized in early-stage patients,
especially those who had wild-type, rather than mutated, EGFR. Multivariate analysis confirmed that the coexpres-
sion of LAT1 and ASCT2 was an independent factor for predicting poor outcome. Conclusions: LAT1 and ASCT2
coexpression is an independent prognostic factor for patients with lung adenocarcinoma, especially during the early
stages, expressing wild-type EGFR.
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Introduction Among NSCLCs, lung adenocarcinoma is the
most frequent, and its prognosis depends
largely on the presence of mutations in the epi-

dermal growth factor receptor (EGFR) gene.

Lung cancer is the leading cause of cancer-
related death in the world. Despite years of

research, the prognosis for patients with lung
cancer remains dismal, with a 5-year survival
rate of 14% [1]. Thus, assessing the potential of
established biomarkers for predicting the out-
come and the response to specific therapies is
important to improve the prognosis of patients
with non-small cell lung cancer (NSCLC). Tumor
staging and performance status are currently
the most powerful prognostic predictors in
patients with NSCLC [2]. Recent large-scale
studies demonstrated that sex, smoking histo-
ry, and histology can affect the outcome after
treatment in patients with NSCLC [3-5].

This is because for patients with EGFR muta-
tions, there are the EGFR tyrosine kinase inhibi-
tors (EGFR-TKIs), molecularly targeted drugs
which prolong overall survival markedly [6-9].
Thus, there is a continuing need for a new ther-
apeutic target in patients with wild-type EGFR.

Amino acid transporters are necessary for
tumor cell growth and proliferation, and the
overexpression of amino acid transporters has
been described as having an important role in
the survival and metastasis of cancer cells [10-
14]. Recently, it has been found that L-type
amino acid transporter 1 (LAT1) and ASC-type
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Figure 1. Immunohistochemical staining of tumor tissues. Immunohistochemical staining sections showed (A) posi-
tive L-type amino acid transporter 1 (LAT1); and (B) positive ASC amino acid transporter 2 (ASCT2) expression in
lung adenocarcinoma, respectively. The expression of LAT1 and ASCT2 were considered positive only if distinct
membrane staining was present and their score represented more than two. The showed sections were from same
patient, and the each score of LAT1 and ASCT2 were both four.

Table 1. Patient’s demographics according to LAT1 and ASCT2

LAT1 ASCT2 LAT1 and ASCT2

Total Positive Negative Positive Negative Coexpression  Others

Variables (n=222) (n=48) (n=174) P-value (n=88) (n=134) P-value (n=27) (n = 195) P-value
Age

<65 years/>65 years =~ 76/146 15/33 61/113 0.623 27/61 49/85 0.366 7/20 69/126 0.332
Gender

Male/Female 104/118  30/18 74/100 0.014 41/47 63/71 0.951 16/11 88/107 0.168
Smoking

Yes/No 107/115  33/15 74/100 0.001 47/41 60/74 0.208 19/8 88/107 0.014
EGFR mutation

Positive/Negative 98/124 13/35 85/89 0.007 40/48 58/76 0.750 8/19 90/105 0.105
p-Stage

1701 164/58 27/21 137/37 0.002 62/26 102/32 0.347 13/14 151/44 0.001
T factor

T1/T2-4 120/102  21/27 99/75 0.106 35/53 85/49 0.001 9/18 111/84 0.021
N factor

NO/N1-2 174/48 33/15 141/33 0.067 67/21 107/27 0.511 17/10 157/38 0.038
Lymphatic permeation

Positive/Negative 78/144 26/22 52/122  0.002 36/52 42/92 0.144 15/12 63/132 0.018
Vascular invasion

Positive/Negative 69/153 28/20 41/133 <0.001 32/56 37/97 0.168 18/9 51/144  <0.001
CD98

Positive/Negative 45/177 22/26 23/151  <0.001  26/62 19/115 0.005 14/13 31/164  <0.001
Ki-67

High/Low 123/99 35/13 88/86 0.006 59/29 64/70 0.005 20/7 103/92 0.037
CD34

High/Low 115/107  30/18 85/89 0.094 51/37 64/70 0.137 17/10 98/97 0.216
p-mTOR

High/Low 71/151 26/22 45/129  <0.001  31/57 40/94 0.401 15/12 56/139 0.005

Abbreviations: ASCT2 = ASC amino acid transporter 2; LAT1 = L-type amino acid transporter 1; p-mTOR = phosphorylated mammalian target of rapamycin; p-stage = patho-
logical stage. The bold entries show a statistically significant difference.

amino acid transporter 2 (ASCT2) were linked LAT1 is a system L amino acid transporter that
significantly to carcinogenesis and tumor patho- delivers large neutral amino acids, including
genesis [12, 14-19]. essential amino acids, such as leucine, isoleu-
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Table 2. Correlation between LAT1, ASCT2, and other biomarkers

LAT1 and ASCT2 coexpression in lung adenocarcinoma

Total Stage | Stage II-1l EGFR wild EGFR mut

Biomarkers (n=222) (n=164) (n=58) (n=124) (n=98)

| r| P-value |r| P-value |r| P-value |r| P-value |r| P-value
LAT1 - ASCT2 0.178 0.008 0.095 0.228 0.331 0.011 0.201 0.026 0.165 0.105
LAT1 - CD98 0.334 <0.001 0.404 <0.001 0.197 0.138 0.352 <0.001 0.221 0.029
LAT1 - Ki-67 0.185 0.006 0.247 0.001 0.067 0.619 0.252 0.005 0.066 0.516
LAT1 - CD34 0.112 0.095 0.231 0.003 0.193 0.148 0.259 0.004 0.114 0.262
LAT1 - p-mTOR 0.250 <0.001 0.259 0.001 0.134 0.317 0.386 <0.001 0.048 0.636
ASCT2 - CD98 0.292 0.001 0.187 0.016 0.181 0.175 0.2714 0.002 0.070 0.495
ASCT2 - Ki-67 0.190 0.005 0.201 0.010 0.123 0.356 0.252 0.005 0.115 0.258
ASCT2 - CD34 0.100 0.138 0.248 0.001 0.005 0.969 0.120 0.186 0.074 0.470
ASCT2 - p-mTOR 0.056 0.403 0.007 0926 0.170 0.202 0.210 0.019 0.136 0.183
LAT1/ASCT2 - CD98 0.292 <0.001 0.368 <0.001 0.180 0.177 0.301 0.001 0.230 0.023
LAT1/ASCT2 - Ki-67 0.140 0.037 0.247 0.001 0.009 0.946 0.187 0.038 0.056 0.581
LAT1/ASCT2 - CD34 0.083 0.217 0.238 0.002 0.231 0.081 0.150 0.097 0.018 0.858
LAT1/ASCT2 - p-mTOR 0.188 0.005 0.133 0.090 0.181 0.175 0.339 <0.001 0.049 0.634
Ki-67 - p-mTOR 0.324 <0.001 0.263 0.001 0.395 0.002 0.304 0.001 0.350 <0.001

These biomarkers were examined by Spearman’s rank correlation test. Abbreviations: ASCT2 = ASC amino acid transporter 2;

LAT1 = L-type amino acid transporter 1; p-mTOR = phosphorylated mammalian targe of rapamycin.

cine, valine, phenylalanine, tyrosine, trypto-
phan, methionine, and histidine. It requires a
covalent association with the heavy chain 4F2
antigen, which is a cell-surface antigen, also
called CD98, for its functional expression on
the plasma membrane [11, 12]. It has been
reported to be highly expressed in proliferating
tissues, many tumor cell lines, and primary
human neoplasms [12, 17, 19].

ASCT2 is a Na*-dependent transporter, respon-
sible for the transport of small neutral amino
acids, including glutamine, alanine, and serine,
cysteine and threonine, and is a major gluta-
mine transporter in human hepatoma cells
[20]. It has recently been reported to be highly
expressed in human tumors, such as hepato-
cellular carcinoma, colorectal, prostate, and
tongue cancers, and NSCLC [15, 16, 21, 22].

LAT1 and ASCT2 provide cancer cells with
essential amino acids for protein synthesis,
and they coordinate tumor cell growth through
the activation of mammalian target of rapamy-
cin (mTOR) [13, 20]. In an in vitro study, recent-
ly, LAT1 and ASCT2 were confirmed to be in
close proximity to each other, followed by the
suggestion that they could supply essential
amino acids and glutamine to cells effectively
[23, 24]. It has been reported that the overex-
pression of LAT1 or ASCT2 is closely related to
tumor aggressiveness and worse survival in a
various human neoplasms.
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To our knowledge, no clinicopathological study
using clinical samples has assessed the effect
of coexpression of LAT1 and ASCT2 on the
prognosis and progression of NSCLC. Further
study is warranted to identify the relationship
between the coexpression of LAT1 and ASCT2
and their prognostic roles after surgery in hu-
man neoplasms.

Thus, we conducted a clinicopathological study
to evaluate the clinical significance of LAT1 and
ASCT2 coexpression in lung adenocarcinoma.
The aim of this study was to clarify whether the
coexpression of these markers is closely asso-
ciated with the outcome after surgery and to
explore the relationship between LAT1, ASCT2,
and clinicopathological characteristics. We
also examined the correlation of their protein
expression with Ki-67 labeling index (LI), mic-
rovessel density (MVD), as determined by
CD34, the phosphorylation of mTOR (p-mTOR),
and expression of these markers according to
EGFR mutation status.

Materials and methods
Patients

The study protocol was approved by the institu-
tional review board. We analyzed 236 consecu-
tive patients with lung adenocarcinoma (patho-
logical stage I-lll) who underwent resection
either by lobectomy or pneumonectomy with
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LAT1 and ASCT2 coexpression in lung adenocarcinoma

Table 3. Univariate analysis in overall survival and progression-free survival

Overall survival Progression-free survival
Variables Total (n = 222) EGFR wild (n = 124) EGFR mutation (n = 98) Total (n = 222) EGFR wild (n = 124) EGFR mutation (n = 98)
5‘“’2{5‘({)2)“’3' P-value 5‘“?2;65(1/?)”3' P-value 5”‘*;::;;0“)”3' P-value 5‘%2{5?%”"" P-value 5‘“’2{;‘({)/:“)“’3' P-value 5”‘?:{:;‘%”3' P-value

Age

<65 years/>65 years 90/65 <0.001 89/58 0.002 90/74 0.098 81/58 0.001 87/53 0.002 75/65 0.235
Gender

Male/Female 68/78 0.026 60/77 0.053 86/78 0.908 64/68 0.224 60/68 0.232 72/67 0.992
Smoking

Yes/No 66/80 0.005 59/80 0.010 83/80 0.924 56/74 0.004 56/75 0.028 57/74 0.117
p-Stage

171101 85/44 <0.001 80/36 <0.001 91/54 0.001 80/30 <0.001 77/27 <0.001 82/33 <0.001
Lymphatic permeation

Positive/Negative 48/87 <0.001 41/85 <0.001 60/89 0.054 39/81 <0.001 40/80 <0.001 38/82 <0.001
Vascular invasion

Positive/Negative 47/86 <0.001 40/83 <0.001 60/88 0.050 37/79 <0.001 38/79 <0.001 37/80 0.001
LAT1

Positive/Negative 55/79 0.001 A7/77 0.001 79/80 0.873 42/73 0.001 42/73 0.002 51/71 0.326
ASCT2

Positive/Negative 63/80 0.011 56/76 0.012 71/85 0.417 49/74 0.007 49/74 0.013 57/75 0.258
LAT1 and ASCT2

Coexpression/Others 41/78 <0.001 32/75 <0.001 66/81 0.448 24/73 <0.001 24/73 <0.001 49/70 0.448
CD98

Positive/Negative 64/76 0.114 62/70 0.442 69/82 0.509 55/67 0.028 55/67 0.360 18/75 0.014
Ki-67

High/Low 62/86 0.002 57/80 0.012 68/92 0.034 51/82 <0.001 52/78 0.009 52/86 0.002
CD34

High/Low 66/81 0.004 58/79 0.003 76/84 0.603 55/77 0.005 53/76 0.011 59/78 0.222
p-mTOR

High/Low 64/78 0.082 57/72 0.118 71/85 0.319 47/71 0.002 A7/71 0.063 49/79 0.013

Abbreviations: ASCT2 = ASC amino acid transporter 2; 95% Cl = 95% confidence interval; HR = hazard ratio; LAT1 = L-type amino acid transporterl; p-mTOR = phosphorylated mammalian target of rapamycin; p-stage = pathological stage.
The bold entiries show a statistically significant difference.
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Figure 2. Kaplan-Meier analysis of overall survival (OS) and progression-free survival (PFS) according to LAT1,
ASCT2, and CD98 expression in lung adenocarcinoma. Statistically significant differences in OS and PFS were ob-
served in the patients with LAT1 and ASCT2 double-positive expression in stages I-lll (OS, A; PFS, B), and stage | (OS,
C; PFS, D). Coexpression of LAT1 and CD98 did not show a statistically significant difference in patients with stage
I, compared with LAT1 single-positive expression (0S, E; PFS, F).

mediastinal lymph-node dissection at Gunma
University Hospital (Maebashi, Gunma, Japan)
between June 2003 and December 2010. Of
these patients, 14 were excluded from further
analysis because tissue specimens were not
available.

Thus, 222 patients were enrolled in the study.
No patient received chemotherapy or radiother-
apy before surgery. Postoperative adjuvant che-
motherapy with platinum-based regimens and
oral administration of tegafur (a fluorouracil
derivative drug) were administered to six and

1130

51 patients, respectively. There were 17 pa-
tients who used an EGFR-TKI as treatment after
recurrence (gefitinib for 16 and erlotinib for 1).

The tumor specimens were classified histologi-
cally according to the World Health Organization
criteria. The stages of pathological tumor-node-
metastasis were established using the Inter-
national System for Staging Lung Cancer, as
adopted by the American Joint Committee on
Cancer and the Union Internationale Contre le
Cancer [25]. The day of surgery was considered
to be the first day after surgery. The follow-up
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Figure 3. Kaplan-Meier analysis of overall survival (OS) and progression-free survival (PFS) according to amino acid
transporter expression (LAT1 and ASCT2) and EGFR mutation status. There were statistically significant differences
in patients expressing wild-type EGFR (0S, A; PFS, B), but not in patients with EGFR mutations (0S, C; PFS, D). Like-
wise, there were statistically significant differences in wild-type EGFR patients with stage | disease (OS, E; PFS, F).

duration ranged from 32 to 3821 (median,
1498) days.

Immunohistochemical staining

LAT1 expression was determined by immuno-
histochemical staining using a murine anti-
human LAT1 monoclonal antibody 4A2 (provid-
ed by Dr. H. Endou (J-Pharma, Tokyo, Japan), 2
mg mL?, dilution; 1:3200) [26]. The production
and characterization of the LAT1 antibody have
been described previously [16, 18]. An affinity-
purified rabbit polyclonal antibody (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA; 1:100 dilu-
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tion) raised against the C-terminus of human
CD98 was used to detect CD98. The detailed
protocol for immunostaining was published
elsewhere [17, 19]. An affinity-purified rabbit
polyclonal antibody (Santa Cruz Biotechnology,
Inc., 1:300 dilution) was used to detect ASCT2.
The production and characterization of the
ASCT2 antibody have been described previous-
ly [21, 22].

LAT1, CD98, and ASCT2 staining were consid-
ered positive only if distinct membrane staining
was apparent. Their expression scores were
assessed by the extent of staining: 1, < 10% of

Am J Transl Res 2015;7(6):1126-1139



Table 4. Multivariate analysis in overall survival and progression-free survival

LAT1 and ASCT2 coexpression in lung adenocarcinoma

LAT1 Overall survival EGFR wild (n = 124)

. Total (n = 222) EGFR wild (n = 124) Total (n = 222) EGFR wild (n = 124)
variables HR 95% ClI P-value HR 95% CI P-value HR 95% CI P-value HR 95% ClI P-value
Gender

Male/Female 1.252 0.577-2.715 0.569 0.879 0.328-2.357 0.798 0.702 0.363-1.358 0.293 0.607 0.242-1.523 0.287
Smoking

Yes/No 1.540 0.699-3.394 0.284 2.201 0.759-6.378 0.146 2.263 1.142-4.486 0.019 2.419 0.902-6.486 0.079
p-Stage

17111 3.915 2.243-6.834 <0.001 3.315 1.662-6.613 0.001 4.658 2.825-7.681 <0.001 4.262 2.190-8.293 <0.001
LAT1

Positive/Negative 1.289 0.715-2.326 0.399 1.414 0.689-2.899 0.345 1.117 0.655-1.904 0.685 1.248 0.631-2.469 0.524
ASCT2 Overall survival Progression-free survival

. Total (n = 222) EGFR wild (n = 124) Total (n = 222) EGFR wild (n = 124)
variables HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value
Gender

Male/Female 1.464 0.695-3.086 0.316 1.023 0.390-2.680 0.964 0.786 0.409-1.511 0.469 0.679 0.274-1.678 0.401
Smoking

Yes/No 1.474 0.697-3.117 0.310 1.960 0.690-5.566 0.206 2.119 1.087-4.134 0.028 2.166 0.818-5.737 0.120
p-Stage

17111 4.054 2.396-6.857 <0.001 3.715 1.976-6.983 <0.001 4.564 2.856-7.294 <0.001 4.501 2.452-8.264 <0.001
ASCT2

Positive/Negative 1.828 1.079-3.099 0.025 1.942 1.028-3.667 0.041 1.505 0.936-2.420 0.092 1.786 0.975-3.272 0.060
LAT1 and ASCT2 Overall survival Progression-free survival

) Total (n = 222) EGFR wild (n = 124) Total (n = 222) EGFR wild (n = 124)
variables HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value
Gender

Male/Female 1.361 0.631-2.936 0.432 0.913 0.341-2.440 0.856 0.73 0.377-1.412 0.350 0.623 0.248-1.564 0.314
Smoking

Yes/No 1.456 0.666-3.185 0.346 2.098 0.725-6.075 0.172 2.190 1.107-4.334 0.024 2.300 0.857-6.173 0.098
p-Stage

17111 3.642 2.098-6.322 <0.001 3.186 1.648-6.159 0.001 4.447 2.718-7.275 <0.001 3.940 2.084-7.450 <0.001
LAT1 and ASCT2

Coexpression/Others 1.913 1.031-3.549 0.040 2.106 1.049-4.228 0.036 1.378 0.777-2.444 0.272 1.932 0.990-3.772 0.053

Abbreviations: ASCT2 = ASC amino acid transporter 2; 95% Cl = 95% confidence interval; HR = hazard ratio; LAT1 = L-type amino acid transporter 1; p-stage = pathological stage. The bold entries show a statistically significant difference.
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Figure 4. LAT1 and ASCT2 coexpression promotes
cell growth and proliferation in lung adenocarcino-
ma. Pulmonary adenocarcinoma cell growth and pro-
liferation require mTOR signaling, which is regulated
by essential amino acids (EAA). Intracellular uptake
of EAA requires LAT1 and ASCT2. ASCT2 plays a role
in storing glutamine intracellularly by contransport
with Na*. Subsequently, LAT1 uses glutamine in EAA
uptake.

the tumor area stained; 2, 11-25% stained; 3,
26-50% stained; and 4, > 51% stained. Those
tumors with a score > 2 were deemed to be
positive in expression (Figure 1).

Mouse monoclonal antibodies against CD34
(1:800 dilution; Nichirei Corp.) and Ki-67 (1:40;
Dako, Glostrup, Denmark) and a rabbit mono-
clonal antibody against p-mTOR (1:80; Cell
Signaling Technology, Danvers, MA, USA) were
also used. The number of CD34-positive ves-
sels was counted in four randomly selected
regions in a x400 field (0.26 mm? field area).
The MVD was defined as the mean number of
microvessels per 0.26-mm? field area, and
tumors in which the number of stained tumor
cells was greater than the median were defined
as ‘high’ expressing. For Ki-67, epithelial cells
with nuclear staining of any intensity were con-
sidered to be positive. Approximately 1000
nuclei were counted on each slide, and the pro-
liferative activity was assessed as the percent-
age of Ki-67-stained nuclei (Ki-67 LI) in each
sample. The median Ki-67 LI was evaluated,
and tumors with an LI greater than the median
were considered to be ‘high’ expressing. For
p-mTOR, a semiquantitative scoring method
was used: 1, < 10%; 2, 11-25%; 3, 26-50%, 4, >
51% of positive cells. Those tumors with a
staining score > 3 were considered to be
strongly stained [17, 19]. All sections were
assessed independently using light microscopy
in a blinded manner by at least two of the
authors.
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DNA extraction and EGFR mutation analysis

After surgical removal, a portion of each sam-
ple was frozen immediately and stored at-80°C
until DNA extraction. Genomic DNA was extract-
ed from a 3-5-mm cube of tumor tissue using a
DNA Mini Kit (Qiagen, Hilden, Germany) and
subsequently diluted to a concentration of 20
ng/uL. EGFR mutations in lung adenocarcino-
ma tissue were analyzed by PNA-enriched
sequencing, as described previously [27].

Statistical analysis

P-values < 0.05 were considered to indicate a
statistically significant difference. The x? test or
Fisher’'s exact test was used to examine the
association between two categorical variables.
The correlation between different variables
was analyzed using the non-parametric Spear-
man’s rank test.

Elderly patients were defined as those over 65
years old, and an ‘ever smoker’ was defined as
someone who had smoked at least 100 ciga-
rettes in his/her lifetime. Disease staging was
divided into two groups: stage | and stages II-Ill.
The Kaplan-Meier method was used to esti-
mate survival as a function of time, and survival
differences were analyzed using the log-rank
test. Overall survival (0S) was determined as
the time from tumor resection to death by any
cause. Progression-free survival (PFS) was
defined as the time between tumor resection
and the first disease progression or death.
Multivariate analysis was performed using a
stepwise Cox proportional hazards model
to identify independent prognostic factors.
Statistical analyses were performed using the
SPSS software (ver. 21 for Windows; IBM Corp.,
NY, USA).

Results

Immunohistochemical analysis and clinico-
pathological features

In total, 222 primary lung adenocarcinoma
lesions were analyzed by immunohistochemis-
try. The expression of LAT1 and ASCT2 was
detected in carcinoma cells in tumor tissues
and localized predominantly on the plasma
membrane. All positive cells showed strong
membranous staining. Positive expression of
LAT1, CD98, and ASCT2 was recognized in 22%
(48/222), 20% (45/222), and 40% (88/222) of
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all patients, respectively. LAT1 and ASCT2 coex-
pression was observed in 12% (27/222).

The median number of CD34-positive vessels
was 9 (range, 1-45), which was chosen as the
cut-off point. The median Ki-67 LI was 8%
(range, 1-92), which was used as the cut-off.
‘High’ expression of CD34 and Ki-67 LI was
detected in 52% (115/222) and 55% (123/222),
respectively. High expression of p-mTOR was
observed in 32% (71/222) of the tumors.

LAT1 and ASCT2 expression and patient demo-
graphics

Patient characteristics based on LAT1 and
ASCT2 expression are shown in Table 1.
Positive LAT1 expression was significantly
associated with sex, smoking, EGFR mutation
status, disease stage, lymphatic permeation,
vascular invasion, CD98, Ki-67 LI, and p-mTOR,
whereas positive ASCT2 expression was signifi-
cantly associated with only three variables: T
factor, CD98, and Ki-67 LI. LAT1 and ASCT2
coexpression was significantly associated with
smoking, disease stage, T factor, N factor, lym-
phatic permeation, vascular invasion, CD98,
Ki-67 LI, and p-mTOR. The coexpression of
LAT1 and ASCT2 was not associated with EGFR-
TKI use in total patients, patients expressing
wild-type EGFR, or patients with EGFR muta-
tions (data not shown).

Correlation of LAT1 and ASCT2 expression with
different biomarkers

On the basis of Spearman’s rank correlation,
positive LAT1 expression showed a statistically
significant correlation with CD98 and p-mTOR.
LAT1 and ASCT2 coexpression showed a statis-
tically significant correlation with CD98. A weak
but significant correlation was recognized
between LAT1 and ASCT2. Positive ASCT2
expression also showed a weak but significant
correlation with CD98 and Ki-67. In patients
with stage | disease, positive LAT1 expression
showed a statistically significant correlation
with CD98, Ki-67, CD34, and p-mTOR, and posi-
tive ASCT2 expression showed a statistically
significant correlation with Ki-67 and CD34.
The coexpression of LAT1 and ASCT2 in patients
with stage | disease showed statistically signifi-
cant correlations with CD98 and CD34.
However, there were no statistically significant
correlations among these variables in patients
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at stages lI-lll. The significant correlations with
Ki-67 and p-mTOR detected in patients with
stage | disease were also seen in patients with
stages lI-lll disease. In patients with wild-type
EGFR, positive LAT1 expression was significant-
ly correlated with ASCT2, CD98, Ki-67, CD34,
and p-mTOR, and positive ASCT2 expression
showed a significant correlation with CD98,
Ki-67, and p-mTOR. Coexpression of LAT1 and
ASCT2 in the patients with wild-type EGFR was
significantly correlated with CD98 and p-mTOR.
In contrast, there was no significant correlation
between these variables in the patients with
EGFR mutations, with the exception of signifi-
cant correlations with Ki-67 and p-mTOR seen
in both patients with and without EGFR muta-
tions (Table 2).

Patient mortality

The 5-year survival rate and median survival
time for all patients were 73% and 3,542 days,
respectively. Results of the univariate analysis
are shown in Table 3. Worse prognosis after
surgery was significantly associated with age,
sex, smoking history, disease stage, lymphatic
permeation, vascular invasion, LAT1, ASCT2,
coexpression of LAT1 and ASCT2, Ki-67 LI, and
CD34, as assessed by univariate analysis.

Next, we examined the relationship between
LAT1 and ASCT2 coexpression and survival.
Figure 1 shows the Kaplan-Meier survival strat-
ified curves based on patients with LAT1 and
ASCT2 double-positive, LAT1 single-positive,
ASCT2 single-positive, and LAT1 and ASCT2
double-negative expression. Patients with dou-
ble-positive expression of LAT1 and ASCT2 had
markedly worse prognosis in terms of 0S
(Figure 2A) and PFS (Figure 2B), compared with
those with single-positive expression. The
same tendencies were seen in pathological
stage | patients (Figure 2C, 2D). The coexpres-
sion of LAT1 and ASCT2 had a greater impact
on stage | patients, in terms of both OS and
PFS, than did that of LAT1 and CD98 (5-year
survival rates: 40% vs. 58% for OS and 40% vs.
58% for PFS, respectively (Figure 2C-F).

Moreover, we performed a survival analysis
according to the presence or absence of EGFR
mutations. In patients expressing wild-type
EGFR, the coexpression of LAT1 and ASCT2
was a worse prognostic indicator, demonstrat-
ing a similar result as the patient survival data
(Figure 3A, 3B). However, there was no statisti-
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cally significant difference for patients in the
EGFR mutation group (Figure 3C, 3D). Likewise,
a statistically significant difference in survival
was seen in wild-type EGFR patients with stage
| disease (Figure 3E, 3F), but not in EGFR muta-
tion patients (data not shown).

Finally, a multivariate analysis was performed
for all patients. To confirm whether there was
consistency in this population compared with
previous studies, we performed separate anal-
yses for LAT1, ASCT2, and their coexpression.
ASCT2 was a significant independent prognos-
tic factor for poor OS outcome (Table 4). LAT1
did not show a statistically significant differ-
ence according to multivariate analysis. We
then confirmed that LAT1 and ASCT2 coexpres-
sion was an independent prognostic factor for
predicting poor OS as well as pathological
stage. In patients with wild-type EGFR, coex-
pression of LAT1 and ASCT2 showed a similar
result in OS as that of all patients, whereas it
showed a tendency for a worse prognosis in
PFS.

Discussion

This is the first reported clinicopathological
study to investigate the prognostic role of coex-
pression of LAT1 and ASCT2 in patients with
surgically resected lung adenocarcinoma. Our
results demonstrated that combined positive
LAT1 and ASCT2 expression was a powerful
negative prognostic indicator, compared with
single-positive expression of LAT1 or ASCT2,
especially in patients with stage | disease.
Furthermore, we found that the coexpression
had a meaningful effect on prognosis in lung
adenocarcinoma with wild-type, but not mutat-
ed, EGFR. These observations suggest that the
coexpression is important in early-stage wild-
type EGFR lung adenocarcinoma. Considering
our observations, the coexpression of LAT1 and
ASCT2 may play an important role in tumor pro-
gression and metastasis of early-stage wild-
type EGFR lung adenocarcinoma. The seem-
ingly close relationship between amino acid
transporters and wild-type EGFR remains
unclear. Further studies are needed to confirm
and explain our results.

Kaira et al. reported that LAT1 expression is a
promising pathological factor for the prediction
of prognosis in patients with NSCLC [17],
whereas Shimizu et al. showed an important
role for ASCT2 expression in predicting poor
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prognosis in patients with pulmonary adeno-
carcinoma [22]. In our study, the expression
frequency of ASCT2 was the same as that in a
previous study (40% in both) [22], and multi-
variate analyses performed in both studies
showed that ASCT2 positive expression was
significantly different. Thus, this study was
apparently consistent in terms of ASCT2 expres-
sion. The expression frequency of LAT1 in lung
adenocarcinoma was also similar to that of a
previous report (22% vs. 29%), but LAT1 did not
show a statistically significant difference in the
multivariate analysis in this study, unlike the
previous report [17]. One difference is that they
analyzed the significance of LAT1 expression in
NSCLC, which consisted of 38% non-adenocar-
cinomas [17], whereas our investigation
focused only on adenocarcinoma histology. It
has been reported that the overexpression of
LAT1 and CD98 is a meaningful prognostic indi-
cator for patients with stage | pulmonary ade-
nocarcinoma [28]. This study focused on stage
| pulmonary adenocarcinoma, but the patho-
logical role of ASCT2 expression in such
patients remains unclear. The present study
indicated that the coexpression of LAT1 and
ASCT2 contributed to predicting a poor out-
come after surgery better than did LAT1 and
CD98. There is no reported study comparing
prognostic differences between LAT1 and
ASCT2 coexpression and LAT1 and CD98 coex-
pression. It would be useful to evaluate wheth-
er coexpression of LAT1 and ASCT2 is a more
powerful marker for predicting poor prognosis
than that of LAT1 and CD98.

In previous studies, prognostic significance
was analyzed separately for LAT1 and ASCT2;
thus, little is known about the prognostic role of
LAT1 and ASCT2 coexpression in primary
human neoplasms, such as lung adenocarcino-
mas. We examined the prognostic role of these
two amino acid transporters simultaneously.
Compared with single-positive expression of
LAT1 or ASCT2, the aggressiveness of tumor
cells appeared higher in patients with double-
positive expression of LAT1 and ASCT2. Tumor
aggressiveness is thought to be closely related
to cell proliferation, activation of the mTOR
pathway, and tumor invasiveness into vessels
or the lymphatic system. mTOR is a major regu-
lator of cell size and tissue mass in both normal
and diseased states, and glutamine is rate-lim-
iting for mTORC1 activation by essential amino
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acids and growth factors [29-32]. Thus, it may
be that the coexpression of LAT1 and ASCT2
strongly contributes to malignant transfor-
mation.

LAT1 exchanges intracellular glutamine for
extracellular neutral amino acids, including
essential amino acids, which are used for can-
cer cell growth and proliferation. Intracellular
glutamine is supplied mainly by ASCT2, because
the tricarboxylic acid (TCA) cycle, which is one
source of glutamine, does not function effec-
tively in cancer cells because of the Warburg
effect [33].

It is important for vigorous tumor growth and
proliferation to incorporate glutamine without
any intracellular shortage by exploiting another
amino acid transporter. ASCT2 has been report-
ed to play an important role in incorporating
extracellular glutamine with Na* into cells, and
it is overexpressed in some cancer cells. Our
results suggest that coexpression of LAT1 and
ASCT2 could contribute to the supply of essen-
tial amino acids and glutamine in tumor cells,
facilitating cancer cell expansion via the mTOR
pathway [13, 23, 30]. These results are consis-
tent with the mechanisms proposed by previ-
ous in vitro studies (Figure 4).

The present study suggests that the coexpres-
sion of LAT1 and ASCT2 was useful for predict-
ing poor OS and PFS in patients expressing
wild-type, but not mutated, EGFR. In our study,
only 17 patients were treated with EGFR-TKIs,
such as gefitinib and erlotinib, and the use of
EGFR-TKIs did not affect the survival analysis
according to the coexpression of LAT1 and
ASCT2. In particular, no patient received any
EGFR-TKIs during the time from surgery to dis-
ease recurrence. Common malignancy factors,
such as disease stage, lymphatic permeation,
vascular invasion, and Ki-67 LI, also affected
outcomes in the wild-type EGFR group, but
these amino acid pathways did not affect poor
outcomes in the EGFR mutation group.

It was reported by an in vitro study that EGFR
mutant cancer cells differed from wild-type
EGFR cells in that the mutated cells depended
strongly on the EGFR signaling cascade for
growth and proliferation, because of their abili-
ty to constitutively activate the EGFR signaling
cascade [34]. It remains unclear why the pres-
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ence of EGFR mutations causes this, but the
signaling-dependent cascade might not require
the LAT1/ASCT2 amino acid pathway.

For patients expressing wild-type EGFR, there
is presently no effective treatment targeting
lung adenocarcinomas. However, EGFR-TKIs,
such as gefitinib, erlotinib, and afatinib, have
shown a significant impact on prolonging sur-
vival of patients with EGFR mutations [35-38].
There is a continuing need for a new and effec-
tive molecularly targeted drug treatments,
including adjuvant therapies, in patients with-
out EGFR mutations.

Although adjuvant chemotherapy, including
cisplatin-based combination regimens, after
surgery is the current standard of care, based
on the results of phase lll trials in patients with
stage II-Ill NSCLC [39-41], adjuvant chemother-
apy using cisplatin-based regimens remains
controversial for patients with stage | lung ade-
nocarcinoma. Thus, the investigation of poten-
tial markers for adjuvant therapy is important
for the treatment of patients with stage | lung
adenocarcinoma.

Several authors have reported that the inhibi-
tion of LAT1 leads to apoptosis by inducing
intracellular depletion of amino acids required
for the growth of cancers and inducing cell-
cycle arrest at the G1 phase [42, 43]. These
investigations suggested that inhibition of LAT1
could be an effective therapeutic target for
human neoplasms. Moreover, an experimental
study showed that inhibition of ASCT2 reduced
the availability of glutamine and other amino
acids transported by ASCT2, and this could
inhibit the survival of cancer cells via increased
glutamine metabolism [44]. Thus, ASCT2 could
also be a potential target for anticancer thera-
peutics. In the light of our data, these mole-
cules offer therapeutic candidate targets for
adjuvant therapy after surgical treatment of
patients expressing LAT1, ASCT2 and wild-type
EGFR, especially during the early stages.

Our study has several limitations. One was that
it was a single-center cohort design, which may
have biased the results. However, our study is
the largest reported using the single histology,
lung adenocarcinoma. Another limitation is that
the optimal cut-off values for the expression
levels of LAT1 and ASCT2 remain unclear.
Previous studies revealed a strong correlation
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between the two transporters and their obli-
gate chaperone [13, 23, 29]. However, the
present study showed a relatively low percent-
age of correlation between LAT1 and ASCT2
expression. This discrepancy may be due to the
qualities of the antibodies and the expression
level measurements. This is a general limita-
tion of immunohistochemical studies. Further
study is warranted to investigate the most
appropriate cut-off levels for these amino acid
transporters.

In conclusion, coexpression of LAT1 and ASCT2
is a powerful and promising pathological mark-
er predicting a worse outcome after thoracic
surgery, and it is significantly associated with
lung adenocarcinoma aggressiveness and pro-
liferation. Thus, the LAT1 and ASCT2 may be
potential targets for anticancer therapies in
lung adenocarcinoma, especially in patients
with wild-type EGFR and early stage disease.
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