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Abstract. Previous studies have shown that the L‑type 
amino acid transporter 1 (LAT1) is highly expressed in many 
types of cancer. Upregulated LAT1 expression is considered 
to be associated with cancer cell proliferation. In the present 
study, we investigated LAT1 expression in 210 patients with 
colorectal cancer (CRC) and 40 patients with colonic adenoma 
using an immunohistochemical method, and analyzed the 
associations between LAT1 expression and clinicopatho-
logical factors and prognosis. The biological significance of 
LAT1 was also examined under conditions with sub‑normal 
amounts of essential amino acids using colon cancer cell 
lines. High expression of LAT1 was observed in 152 of 210 
CRC patients (72.4%) and 12 of 40 patients with colonic 
adenoma (30%), and this difference in the frequency of 
LAT1 expression between CRC and adenoma was significant 
(P<0.001). High expression of LAT1 was associated with 
venous invasion (P=0.027). The restriction of amino acids 
suppressed cell proliferation in CRC cells with higher LAT1 
expression, while cellular proliferation was not suppressed in 
the cells expressing lower levels of LAT1. Mammalian target 
of rapamycin (mTOR) expression was also downregulated 
under restricted availability of amino acids, suggesting that 
the restriction of amino acids induced an antitumor effect 
through inhibition of the LAT1/mTOR pathway. In summary, 
the present study demonstrated that LAT1 expression is 
frequently upregulated in CRC and is associated with cancer 
cell proliferation via the mTOR pathway.

Introduction

Amino acid transport systems play an important role in 
supplying amino acids to cells  (1). To date, many amino 
acid transport systems in mammals have been identified, 
and are classified into several transporter families based on 
differences in substrate selectivity and ion dependence (1,2). 
Among these amino acid transporters, L‑type amino acid 
transporter 1 (LAT1), which belongs to amino acid trans-
port system L, is highly expressed in tumor cell lines (3,4). 
LAT1 is an Na+‑independent amino acid transporter and 
transports large branched‑chain and aromatic neutral 
amino acids, including the essential amino acids histidine, 
isoleucine, leucine, phenylalanine, tryptophan, tyrosine, 
methionine and valine (1,3,4). LAT1 forms heterodimeric 
complexes with the 4F2 cell‑surface antigen heavy chain 
(4F2hc) via a disulfide bond (3). The expression of LAT1 
mRNA is restricted to certain organs, such as the brain, 
spleen, placenta, and testis (3‑5). Furthermore, it has been 
reported that LAT1 is highly expressed in cancer tissue 
of various types of cancer, including oral squamous cell 
carcinoma (6), esophageal carcinoma (7), gastric cancer (8), 
prostate cancer  (9), non‑small cell lung carcinoma  (10), 
biliary tract cancer (11), pancreatic cancer (12), and breast 
cancer (13).

Although amino acids are essential nutrients due to their 
roles as substrates of protein synthesis and in cellular ATP 
generation, they also regulate translation, transcription, and 
cell growth via mammalian target of rapamycin (mTOR) (14). 
Previous studies suggest that the inhibition of mTOR by 
rapamycin can exert antitumor effects in various types of 
tumors in vitro and in vivo (15‑17).

In the present study, we retrospectively examined LAT1 
expression in CRC, and demonstrated that LAT1 expression 
in cancer tissues was increased when compared with that 
in nonmalignant tissues. In addition, we showed that the 
biological significance of upregulated LAT1 was associated 
with its contribution to cellular proliferation via the regulation 
of the mTOR pathway in vitro. We hypothesized that restric-
tion of the amount of amino acids available for uptake into 
cancer cells through LAT1 could lead to similar antitumor 
effects. Taken together, the findings indicate that LAT1 may 
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be a promising molecular target for the treatment of CRC in 
the future.

Materials and methods

Patients. This study was performed in accordance with ethical 
guidelines for clinical research with the approval of our insti-
tutional ethics committee. Informed consent was obtained 
from the individuals included in the study.

Primary CRC specimens were obtained from 210 patients 
(123 male and 87 female) who underwent curative resection 
at Fukushima Medical University between January 1990 and 
December 2007. The ages of the patients ranged from 24 to 
89 years, with a mean age of 66 years. At the time of primary 
tumor resection, the carcinomas were staged according to 
the UICC classification: 7 cases were allocated to stage 0, 33 
to stage I, 82 to stage II, 59 to stage III, and 29 to stage IV. 
Furthermore, colonic adenoma specimens were obtained 
from 40 patients (36 male and 4 female) who had undergone 
polypectomy at Fukushima Medical University between 
March 2007 and April 2009. The ages of the colonic adenoma 
patients ranged from 39 to 79 years, with a mean of 64.4 years.

Immunohistochemical staining. All specimens of CRC and 
colonic adenoma were fixed in formalin and embedded in 
paraffin. Two serial sections (thickness, 4 µm) were prepared: 
One was used for hematoxylin and eosin (H&E) staining, 
and the other was used for immunohistochemical staining 
of LAT1. Immunohistochemical staining was performed on 
the paraffin‑embedded sections using a polymer peroxidase 
method. Briefly, deparaffinized and rehydrated sections were 
treated with 0.3% hydrogen peroxide in methanol for 30 min 
to block endogenous peroxidase activity, before sections were 
autoclaved in 0.01 M pH 6.0 citrate buffer for 5 min, and 
cooled for 30 min. After rinsing in PBS, the sections were 
incubated with affinity‑purified anti‑LAT1 antibodies (mouse 
monoclonal; dilution, 1:200; Cosmo Bio Co., Tokyo, Japan) 
overnight at 4˚C. A further wash in PBS was followed by 
treatment with goat anti‑mouse immunoglobulin antibodies 
conjugated to a peroxidase‑labeled polymer (ENvision+kit; 
Dako Cytomation, Glostrup, Denmark) as the secondary 
antibody for 30 min at room temperature. Staining was visu-
alized with diaminobenzidine (DAB), and was followed by 
counterstaining with hematoxylin.

Evaluation of LAT1 expression. The evaluation of staining 
was performed according to a previously described method 
with minor modifications (18). LAT1 expression of cells was 
considered positive only if distinct cell staining was present. 
The proportion of positively stained tumor cells was scored 
as follows: 1, ≤10% of tumor cells stained; 2, 11‑25% stained; 
3, 26‑50% stained; and 4, ≥51% stained. Staining scores of 
3 and 4 were classified as high expression of LAT1, whereas 
staining scores of 1 and 2 were classified as low expression 
of LAT1.

Cell culture. We used the cultured human colon cancer cell 
lines, including LoVo, SW48, SW620, and SW837, which were 
originally obtained from the American Type Culture Collection 
(Rockville, MD, USA) to examine LAT1 expression in primary 

and metastatic site of colorectal cancer. SW48 and SW837 cells 
were derived from primary colon and rectal cancer, respectively. 
LoVo and SW620 were derived from metastatic site of lymph 
node. The characteristics of theses cell lines are described on 
the following site: https://www.atcc.org/Products/Cells_and_
Microorganisms/Cell_Lines/Human.aspx. The cells were 
grown at 37˚C in the presence of 5% CO2 in the recommended 
media. In the experiments, the amino acid contents of the 
media were modified. These media were purchased from 
Wako (Osaka, Japan). Fetal bovine serum (Nichirei Bioscience, 
Tokyo, Japan) was added to all media at a concentration of 
10%.

Protein extraction and western blot analysis. Cells (1x106) 
were seeded in 10 cm plates and allowed 1 day for attach-
ment. Subsequently, the medium was removed and exchanged 
with RPMI‑1640 (control) or with a medium containing 1/4 
of the quantity of amino acids present in the control (amino 
acid‑restricted medium). The cells were cultured for 72 h 
and harvested. Cultured cells were washed with cold PBS 
and lysed in RIPA buffer (1X TBS, 1% Nonidet P‑40, 0.5% 
sodium deoxycholate, 0.1% SDS, and 0.004% sodium azide) 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) 
containing 10 µl PMSF solution, 10 µl sodium orthovanadate 
solution, and 10 µl protease inhibitor cocktail solution per ml 
of 1X RIPA lysis buffer. Lysates were cleared by centrifuga-
tion at 15,000 rpm for 15 min at 4˚C. Protein concentration 
was determined by the Bradford assay using a Quick Start™ 
Bradford Dye Reagent and Quick Start™ Bovine Serum 
Albumin Standard set (Bio‑Rad, Hercules, CA, USA). The 
protein samples (15 µg) were then electrophoresed on a Novex 
4‑12% Tris‑Glycine Gel (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), and the separated proteins were 
transferred to nitrocellulose membranes (iBlot™ Gel Transfer 
System; Invitrogen; Thermo Fisher Scientific, Inc.). The 
membranes were blocked with Super Block Blocking Buffers 
(Thermo Fisher Scientific, Inc.) and incubated with a 1:200 
dilution of rabbit anti‑LAT1 antibody (MBL, Nagoya, Japan) 
for 2 h or with a 1:200 dilution of rabbit anti‑mTOR antibody 
(Cell Signaling Technology, Danvers, MA, USA) or mouse 
monoclonal anti‑β‑actin antibody (Santa Cruz Biotechnology, 
Inc.) for 1  h. The secondary antibodies were horseradish 
peroxidase‑conjugated goat anti‑rabbit antibodies (Santa Cruz 
Biotechnology, Inc.), applied at a 1:5,000 dilution for 30 min. 
The membranes were incubated with Super Signal West Pico 
Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.) 
and scanned with a luminescent imaging analyzer LAS‑4000 
mini (Fujifilm, Tokyo, Japan).

Cell proliferation assay. The cell proliferation assay 
was performed using a Cell Counting Kit‑8 (Dojindo, 
Kumamoto, Japan). The cells were seeded at a concentration 
of 5x103 cells/well in 96‑well plates. After allowing 1 day for 
attachment, the medium was removed and exchanged with 
RPMI‑1640 (control) or the medium in which the amount of 
amino acids (histidine, isoleucine, leucine, phenylalanine, 
tryptophan, tyrosine, methionine, and valine) were adjusted to 
1/4 of the amount of amino acids in the control medium. After 
culturing for each 24 h from the start, cells were incubated 
with 100 µl of 10% CCK‑8 reagent for 4 h at 37˚C. The color 
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reaction was measured at 450 nm with a Bio Rad ELISA 
reader (Richmond, CA, USA).

Statistical analysis. Associations between categorical 
variables were evaluated with the χ2 test, Fisher's exact test 
or the Mann‑Whitney U test. Differences at P<0.05 were 
considered significant. A survival analysis was conducted 
using the Kaplan‑Meier method, and the log‑rank test was 
used to determine the significance of differences between 
the survival curves. The period of overall survival (OS) was 
calculated from the time of surgery to the date of death from 
any cause, and was censored at the time of the last visit to 
our hospital or December 2014, whichever came first. All 
statistical analyses were performed using SPSS 11.0 software 
(SPSS, Inc., Chicago, IL, USA). The cell proliferation assays 
were performed in triplicate, and the results were presented 
as the mean ± standard deviation; statistical significance was 
analyzed with the Student's t‑test for comparison of the two 
groups, and P<0.05 was considered to indicate a statistically 
significant difference.

Results

Immunohistochemical analysis of LAT1 in CRC and colonic 
adenoma. LAT1 expression was detected at high levels 
in CRC tissues, while few normal epithelial cells in the 
cancer‑adjacent non‑malignant tissue were positively stained 
for LAT1 (Fig. 1A‑C). LAT1 was mostly expressed in the 
cellular membrane and cytoplasm. Among the 210 CRC cases, 
a staining score of 1 was recorded in 22 cases (10.5%), score 2 
in 36 cases (17.1%), score 3 in 50 cases (23.8%), and score 4 in 
102 cases (48.6%).

In the colonic adenoma specimens, LAT1 was expressed in 
the membrane and cytoplasm of adenomatous cells (Fig. 1D). 

The distribution of LAT1 scores among the 40 cases was as 
follows: Score 1, 19 cases (47.5%); score 2, 9 cases (22.5%); 
score 3, 7 cases (17.5%); and score 4, 5 cases (12.5%).

High expression of LAT1, indicated by a staining score of 
3 or 4, was detected in 152 (72.4%) of the 210 CRC cases. 
In the 40 colonic adenoma cases, 12 cases (30.0%) showed 
high expression of LAT1. The incidence of high LAT1 expres-
sion was significantly different between CRC and adenoma 
(P<0.001).

Associations between LAT1 expression in CRC and clinico-
pathological factors and prognosis. High expression of LAT1 
was significantly associated with the depth of invasion (Tis 
and T1 vs. T2‑4; P=0.048) and venous invasion (P=0.027) in 
CRC tissues (Table 1). No significant associations could be 
determined between the level of LAT1 expression and other 
variables (patient sex or age, and tumor location, histology, 
lymphatic invasion, lymph node metastasis and stage) (Table I).

Regarding OS in CRC patients, no significant differ-
ence was observed between patients with high expression of 
LAT1 (n=152) and those with low expression of LAT1 (n=58) 
(P=0.57) (Fig. 2).

Expression of LAT1 protein in CRC cell lines and cell prolif-
eration under limited availability of essential amino acids. 
LAT1 expression was detected as a band of ~38 kDa in all four 
CRC cell lines (LoVo, SW48, SW620, and SW837) (Fig. 3A). 
The level of LAT1 expression varied depending on the cell 
line: LAT1 expression in SW620 cells was relatively weak in 
comparison with the other CRC cell lines (Fig. 3A).

Based on the aforementioned LAT1 expression data from 
the CRC cell lines, LoVo cells, which exhibited a relatively 
high level of LAT1 expression, and SW620 cells, which 
showed a relatively low level of LAT1 expression, were used 

Figure 1. Representative staining of L‑type amino acid transporter 1 (LAT1) expression in colorectal cancer (CRC) tissues and colonic adenoma. (A) Conjugated 
images of cancer tissues and normal tissues (magnification, x40). (B) High expression (score 4) of LAT1 in cancer tissues (magnification, x200). (C) No LAT1 
expression was observed in normal mucosa (magnification, x200). (D) LAT1 expression (score 4) in colonic adenoma (magnification, x200).
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for the cell proliferation assays with control medium or amino 
acid‑restricted medium. The rate of LoVo cell proliferation in 
the amino acid‑restricted medium was significantly lower than 
that in the control medium, while the SW620 cell proliferation 
rate did not change significantly (Fig. 3B).

LAT1 and mTOR expression under limited availability of essen-
tial amino acids. To elucidate the mechanism underlying the 

growth suppression of CRC cell lines by restriction of amino 
acids, the expression levels of LAT1 and mTOR were examined 
in LoVo and SW620 cells cultured in the control medium or the 
amino acid‑restricted medium for 72 h. LAT1 expression was 
not altered between the two groups in either of the cell lines. The 
limited availability of essential amino acids reduced the level of 
mTOR expression in LoVo cells, whereas no such alteration of 
mTOR expression was observed in the SW620 cells (Fig. 4).

Table I. Clinicopathologic correlation of LAT1 expression in CRC.

	 LAT1 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 High expression (n=152) (%)	 Low expression (n=58) (%)	 P‑value

Gender			   0.53
  Male	 87 (57.2)	 36 (62.1)	
  Female	 65 (42.8)	 22 (37.9)	
Age (years)			   0.89
  <60	 46 (30.3)	 17 (29.3)	
  ≥60	 106 (69.7)	 41 (70.7)	
Tumor location			   0.54
  Right	 53 (34.9)	 16 (27.6)	
  Left	 52 (34.2)	 24 (41.4)	
  Rectum	 47 (30.9)	 18 (31.0)	
Histology			   0.57
  Well	 69 (45.4)	 26 (44.8)	
  Moderate	 68 (44.7)	 24 (41.4)	
  Poor	 5 (3.3)	 1 (1.7)	
  Mucinous	 10 (6.6)	 7 (12.1)	
Depth			   0.048
  Tis	 2 (1.3)	 5 (8.6)	 (Tis, T1 vs. T2‑4)
  T1	 10 (6.6)	 5 (8.6)	
  T2	 17 (11.2)	 8 (13.8)	
  T3	 110 (72.4)	 38 (65.5)	
  T4	 13 (8.5)	 2 (3.5)	
Lymphatic invasion			   0.066
  Absent	 27 (17.8)	 17 (29.3)	
  Present	 125 (82.2)	 41 (70.7)	
Venous invasion			   0.027
  Absent	 24 (15.8)	 17 (29.3)	
  Present	 128 (84.2)	 41 (70.7)	
Lymph node metastasis			   0.42
  Negative	 89 (58.6)	 35 (60.3)	
  Positive	 63 (41.4)	 19 (32.8)	
  Unknown	 0 (0.0)	 4 (6.9)	
UICC stage			   0.21
  0	 2 (1.3)	 5 (8.6)	
  I	 22 (14.5)	 11 (19.0)	
  II	 63 (41.4)	 18 (31.0)	
  III	 43 (28.3)	 16 (27.6)	
  IV	 22 (14.5)	 7 (12.1)	

LAT1, L‑type amino acid transporter 1; CRC, colorectal cancer; UICC, Union for International Cancer Control.
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Discussion

Previous studies demonstrated that LAT1 was highly 
expressed in cancer tissue of various cancer types, including 
oral squamous cell cancer (6), esophageal cancer (7), gastric 
cancer (8), prostate cancer (9), non‑small cell lung cancer (10), 
biliary tract cancer (11), pancreatic cancer (12), and breast 
cancer (13), using an immunohistochemical staining method, 
as in the present study. However, there have been few reports 
concerning LAT1 expression in CRC. In previous studies, 
high levels of LAT1 expression were detected in 35% of 
colon cancer cases (16/45 patients)  (19) and 50% of rectal 
cancer cases (22/44 patients) (20). In the present study, we 
investigated the frequency of high LAT1 expression in 210 
CRC patients, and found that LAT1 expression was highly 
expressed in >70% of cases. Increased LAT1 expression was 
frequently observed in the membrane and cytoplasm of cancer 

cells, while no LAT1 expression was detected in the normal 
mucosa. Regarding other types of cancer, the frequency of 
high LAT1 expression has been detected in 93 (59%) of 157 
esophageal squamous cell carcinoma patients (7), 36 (41.4%) 
of 87 gastric cancer patients  (8), 13 (24%) of 54 prostate 
cancer patients (9), 163 (51%) of 321 non small lung cancer 
patients (10), 89 (64%) of 139 biliary tract cancer patients (11), 
51 (52.6%) in 97 pancreatic cancer patients (12), and 56 (43.4%) 
of 129 breast cancer patients (13). Thus, compared with other 
cancer types, the frequency of high LAT1 expression was 
relatively high in the cases of CRC examined in the present 
study. In addition to CRC, we found that LAT1 was also highly 
expressed in 30% of 40 cases of colonic adenoma examined. 
These findings suggested that LAT1 expression is elevated in 
the early/precursor stages of colon carcinogenesis, and may 
be associated with cellular proliferation. In addition, LAT1 
expression was further enhanced in CRC tissues, indicating its 
possible involvement in the acquisition of malignant potential.

In the present study, high LAT1 expression was signifi-
cantly associated with the depth of invasion and venous 
invasion, and showed no associations with any of the other 
clinicopathological factors investigated. No data regarding the 
association between the LAT1 expression in CRC and clinico-
pathological factors were reported in previous studies (19,20). 
Previous reports (7,8,10) indicated that LAT1 expression was 
associated with depth of invasion, lymph node metastasis, 
and venous invasion in esophageal squamous cell carcinoma, 
and with lymph node metastasis in gastric carcinoma and 
non‑small cell lung cancer. Moreover, high LAT1 expres-
sion was reported to be associated with poor prognosis in 
several types of cancer (7,8,10‑13). In the present study, no 
relationship between high LAT1 expression and lymph node 
metastasis, which might influence the prognosis, was identi-
fied in CRC. Additionally, no difference in prognosis between 
CRC patients with high LAT1 expression and those with low 
LAT1 expression was observed with regard to OS. Although 
the present study did not examine the Ki‑67 labeling index, 
which has been widely used as a proliferation marker, several 
reports  (8,10‑12,19) have suggested that LAT1 expression 
is significantly associated with the Ki‑67 labeling index in 

Figure 3. (A) LAT1 protein expression detected by western blotting in four 
CRC cell lines. β‑actin was probed as an internal control. (B) Time‑dependent 
effects of the restriction of essential amino acids on cell proliferation in LoVo 
cells (solid line) and SW620 cells (dotted line). LoVo and SW620 cells were 
incubated with the control medium or the amino acid‑restricted medium 
(containing 1/4 of the quantity of amino acids present in the control medium) 
for 0‑72 h. Each data point represents the mean ± standard deviation of 
the ratio of the absorbance at 450 nm in the amino acid‑restricted medium 
relative to those in the control medium. The experiment was performed inde-
pendently three times in triplicate. *P<0.01 vs. control; **P<0.001 vs. control. 
LAT1, L‑type amino acid transporter 1; CRC, colorectal cancer.

Figure 4. Effect of limited availability of essential amino acids on mTOR 
expression in LoVo and SW620 cells, which were incubated in the control 
medium or the amino acid‑restricted medium (containing 1/4 of the quantity 
of amino acids present in the control medium) for 72 h. Whole cell lysates 
(30 µg of protein) were subjected to western blot analysis. LAT1, mTOR, 
and β‑actin were probed. β‑actin expression was used as an internal control. 
LAT1, L‑type amino acid transporter 1; mTOR, mammalian target of 
rapamycin.

Figure 2. Kaplan‑Meier curves showing overall survival in CRC patients with 
high LAT1 expression and low LAT1 expression. LAT1, L‑type amino acid 
transporter 1; CRC, colorectal cancer.
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various cancers. Conflicting results (21‑23) have been reported 
regarding the associations between the Ki‑67 labeling index 
and clinical outcomes in CRC patients. Allegra et al (22), in 
a study of CRC patients who underwent curative resection 
between November 1977 and December 1990, reported that 
patients with high Ki‑67 expression had significantly improved 
disease‑free survival and OS rates than those with low levels 
of Ki‑67. High LAT1 expression was consistently associated 
with cellular proliferation, which may result in the possibility 
of enhanced chemosensitivity. In the present study, we inves-
tigated LAT1 expression in patients with stage III or IV CRC 
who received 5FU‑based monotherapy. Further investigation 
will be required to conclude the association between LAT1 
expression and the prognosis of CRC patients treated with 
newer anticancer drugs, including oxaliplatin and irinotecan.

While amino acids that enter cancer cells through LAT1 
(including leucine, isoleucine, phenylalanine, methionine, 
tyrosine, histidine, tryptophan, and valine) are essential nutri-
ents since they are used as substrates for intracellular protein 
synthesis and ATP generation, they also regulate translation, 
transcription, and cell growth through mTOR (14). We have 
shown that the restriction of the availability of these eight 
different amino acids can suppress the viability of LoVo cells, 
which express a relatively high level of LAT1 protein; however, 
in SW620 cells, which show a relatively low protein expres-
sion level of LAT1, the cell viability did not differ between 
the control and amino acid‑restricted media. Knockdown of 
LAT1 expression using an siRNA method may be valuable 
in further elucidating the function of LAT1 overexpression in 
cancer cells. In fact, a previous report revealed that the down-
regulation of LAT1 expression inhibited the growth, migration 
and invasion of gastric cancer cells (24). In the current study, 
we also demonstrated another LAT1‑dependent method of cell 
growth suppression: A restriction of the availability of amino 
acids could suppress cell proliferation in the cancer cells with 
high‑level LAT1 expression, whereas it did not affect cell growth 
in the cancer cells with low LAT1 expression, which may have 
a similar expression level to that in normal cells. In a previous 
study, the concentration of those eight amino acids in CRC 
tissue was approximately two times higher than that in colonic 
normal tissue (25). In normal tissues, LAT2 and other trans-
porters facilitate the uptake of the amino acids (26). Therefore, 
the restriction of those amino acids may be selectively effective 
for the starvation of cancer cells with high LAT1 expression. 
Furthermore, we found that the restriction of the amino acids 
could suppress mTOR expression without alteration of LAT1 
expression in LoVo cells. LAT1 is linked to mTOR via the 
intake of leucine, which stimulates the mTOR pathway and 
thereby affects cellular proliferation (27). Although previous 
studies (28,29) have demonstrated that essential amino acids 
activate the mTOR pathway, the exact mechanisms regulating 
mTOR expression remain unknown. However, the reason that 
the restriction of essential amino acids could inhibit cellular 
proliferation in cancer cells with a high level of LAT1 expres-
sion may be explained by the suppression of mTOR expression. 
Further experiments, including knock‑down or overexpression 
of LAT1 and the use of rapamycin, will elucidate the role of 
the LAT1/mTOR pathway.

In the present study, we found that LAT1 expression was 
enhanced in approximately 70% of CRC and 30% of colonic 

adenoma tissues. Recently, LAT1 inhibitor compounds have 
been developed and have demonstrated growth inhibitory 
effects on HT‑29 cells, which are derived from colon cancer, 
in in vivo and in vitro experiments (30). Furthermore, positron 
emission tomography (PET) has been attempted in lung cancer 
diagnosis using L‑[3‑18F]‑α‑methyltyrosine [(18F) FMT], an 
amino acid tracer for PET, since the uptake of [18F] FMT 
correlates with LAT1 expression (31). Accumulation of data, 
including the current results, will be useful for improving the 
diagnosis and treatment of CRC.
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