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Control of liver metastasis is an important issue in the treatment
of colorectal cancer (CRC). MicroRNAs have been shown to be
involved in the development of many cancers, but little is
known about their role in the process of colorectal liver metas-
tasis. We compared miRNA expression between primary colorec-
tal tumors and liver metastasis to identify those involved in the
process of metastasis. Cancer cells were isolated from formalin-
fixed paraffin-embedded primary CRC samples and their
corresponding metastatic liver tumors in six patients using laser
capture microdissection, and miRNA expression was analyzed
using TaqMan miRNA arrays. The most abundant miRNA in liver
metastasis compared with primary tumors was miR-122. Immu-
nohistochemical analysis revealed that the expression levels of
cationic amino acid transporter 1 (CAT1), a negative target gene
of miR-122, were lower in liver metastases than primary tumors
(P < 0.001). Expression levels of CAT1 in 132 primary tumors
were negatively correlated with the existence of synchronous
liver metastasis (P = 0.0333) and tumor stage (P < 0.0001). In an
analysis of 121 colon cancer patients without synchronous liver
metastasis, patients with CAT1-low colon cancer had signifi-
cantly shorter liver metastasis-free survival (P = 0.0258) but not
overall survival or disease-free survival. Overexpression of miR-
122 and concomitant suppression of CAT1 in the primary tumor
appears to play important roles in the development of colorectal
liver metastasis. Expression of CAT1 in the primary CRC has the
potential to be a novel biomarker to predict the risk of postop-
erative liver metastasis of CRC patients. (Cancer Sci 2013; 104:
624–630)

C olorectal cancer (CRC) is a major cause of cancer death
worldwide. Compared to Western Europe and the USA,

CRC is less common in Japan, however, the incidence rate is
increasing and over 100 000 new cases arise per year.(1) Liver
metastasis, which is the most common site for metastatic
spread of CRC, is observed in 20–25% of patients at initial
diagnosis, and eventually develops after resection of the pri-
mary CRC in a further 40–50% of patients.(2) Although the
prognosis of patients with colorectal liver metastasis has been
improved by recent advances in multidisciplinary treatments,
liver metastasis is still one of the major determinants of sur-
vival.(3) To control this metastatic disease, and thereby
improve patient survival, the mechanisms of colorectal liver
metastasis require elucidation.
Recently, it was reported that miRNAs are involved in can-

cer development. As small non-coding single-stranded lengths
of RNA consisting of 21–25 nucleotides, miRNAs can associ-
ate with the RNA-induced silencing complex (RISC).(4) The
miRNA–RISC complex binds to complementary sequences
located mainly in the 3′-UTR of target mRNAs and causes the
translational repression or cleavage of these mRNA
sequences.(4,5) This post-transcriptional regulation of gene
expression has been found in a wide variety of human cancers,

and miRNAs are thought to play important roles by regulating
the expression of various oncogenes and tumor suppres-
sor genes.(4,5) Although a number of studies have shown that
miRNAs are involved in human CRC development,(6–9) only a
few have investigated the roles of miRNAs in the process of
colorectal liver metastasis.(10–13)

Most of the previous studies on miRNA expression profiling
in cancer tissue have used fresh frozen (FF) samples, in which
RNA is thought to be well preserved.(14,15) However, many
studies have shown that stromal cells, including fibroblasts and
inflammatory cells, are present in the vast majority of tumor
tissues (up to 90%).(16) Thus, microdissection methods are nec-
essary to analyze gene expression in tumor cells without con-
tamination by stromal cells.
In this study, we extracted total RNA from cancer cells

isolated from formalin-fixed paraffin-embedded (FFPE) sam-
ples using laser capture microdissection (LCM). We com-
pared miRNA expression between primary CRCs and their
corresponding liver metastasis to identify miRNAs involved
in colorectal liver metastasis and to detect novel molecular
markers for prediction of the postoperative prognosis of CRC
patients.

Materials and Methods

Patients and tumors. The FFPE specimens of primary CRCs
and their corresponding metastatic liver tumors from six
patients who underwent primary resection and hepatectomy at
the Hamamatsu University Hospital (Hamamatsu, Japan) were
used for miRNA array analysis. None of the patients had
received any treatment prior to surgery. The FFPE tissues of
132 primary CRCs and 22 colorectal liver metastases were
included for immunohistochemical investigation. One hundred
and thirty-two CRC patients had undergone surgery at Ham-
amatsu University School of Medicine (Hamamatsu, Japan)
between January 2004 and December 2006, and 22 patients
with liver metastasis had undergone hepatectomy between
May 1996 and October 2007.

Laser capture microdissection. To extract RNA from FFPE
samples, the paraffin blocks were cut into 16-lm-thick
sections and placed onto Leica RNasefree PEN slides (Leica,
Bannockburn, IL, USA). The FFPE slides were deparaffinized
in xylene before hydration with a graded series of ethanol,
then were lightly stained with 0.1% cresyl violet using an
LCM staining kit (Ambion, Austin, TX, USA). Slides were
then immediately microdissected. The LCM collection was
carried out on the Leica LMD-6000, and at least 30 mm2 of
cancer cells was collected from each sample. The tissue was
collected into Eppendorf caps containing 50 lL digestion
buffer (from a RecoverAll kit; Applied Biosystems, Foster
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City, CA, USA) and total RNA was isolated from the micro-
dissected tissue.

RNA extraction. Total RNA was extracted from the tissue with
a RecoverAll kit (Applied Biosystems) or from cultured colon
cancer cells with an Isogen kit (Wako, Osaka, Japan) according
to the manufacturer’s protocol. The quality and quantity of total
RNA was assessed with a Nanodrop ND-1000 spectrophotome-
ter (Nanodrop Technologies, Wilmington, DE, USA).

MicroRNA array analysis. Thirty nanograms of miRNA was
used as starting material for RT. The RT reaction was carried
out using a miRNA RT kit with human miRNA Megaplex RT
primers (Applied Biosystems). Prior to real-time PCR, miRNA
was subjected to preamplification in a Megaplex PreAmp reac-
tion (Applied Biosystems) using one-third of the miRNA RT
products as starting material. Preamplified miRNA was then
used for RT-PCR in TaqMan Array Human MicroRNA version
3.0 (Applied Biosystems) consisting of 384 wells to measure
378 distinct miRNAs and housekeeping small nucleolar RNAs.
The arrays were run on a 7900HT thermocycler (Applied Bio-
systems) according to the manufacturer’s protocol. Quantitative
RT-PCR data were analyzed on an RQ Manager 1.2 and Data-
Assist version 2.0 software using standard procedures (Applied
Biosystems). All miRNAs with Ct values of >40 were included
in the analysis as “undetected” and a Ct value of 40 was
assigned as a dummy number.(17) Expression levels of individ-
ual miRNA were determined by the �DCt approach relative to
the average Ct value of three normalization controls (U6,
RNU44, and RNU48). Expression changes of paired samples
were determined by the DDCt approach.

Immunohistochemical analysis. To determine protein expres-
sion levels, we carried out immunohistochemical staining on
4-lm-thick sections of FFPE tissues obtained from surgical
specimens. Tumor sections were deparaffinized with successive
xylene and ethanol treatments, as well as rehydration. Antigen
retrieval was carried out by heating the samples at 125°C for
5 min in 10 mM sodium citrate (pH 6.0). Endogenous peroxi-
dase was blocked by incubation in 3% hydrogen peroxide for
30 min. Sections were washed in PBS then incubated with rab-
bit polyclonal antibodies against human cationic amino acid
transporter 1 (CAT1; 1:500 dilution; MBL, Nagoya, Japan) at
4°C overnight. Sections were incubated with peroxidase-
labeled polymer Histofine Simple Stain MAX PO (Nichirei,
Tokyo, Japan) for 30 min. Staining signals were developed
using 3,3′-diaminobenzidine (Nichirei) and counterstained with
hematoxylin for 1 min. Dehydration was carried out following
a standard procedure. To rule out non-specific immunoreac-
tions, sections were incubated with secondary antibodies with-
out primary antibodies. We measured the CAT1-positive
dimensions in five randomly selected 9200 magnification high
power fields (HPF). Three pathologists with no knowledge of
the clinical data evaluated CAT1 immunoreactivity indepen-
dently. The staining intensity of CAT1 was scored as: 0, none;
1+, weak; 2+, moderate; or 3+, strong. When the staining

intensity of CAT1 was heterogeneous, the staining level was
defined according to the lowest score in five random HPF
(9200 magnification).

Statistical analysis. Correlation between CAT1 expression
and risk grade was analyzed by the Mann–Whitney U-test and
Kruskal–Wallis test, and P-values of <0.05 were considered
statistically significant. Patients’ disease-free survival (DFS)
rates, overall survival rate (OS), and liver metastasis-free
survival (LMFS) rates were calculated using the Kaplan–Meier
method, and statistically significant differences in DFS, OS
and LMFS were identified using the log–rank test. Further
information can be found in Document S1.

Results

MicroRNA array analysis of primary CRCs and colorectal liver
metastases. To identify up- and downregulated miRNAs in
colorectal liver metastasis, miRNA array analyses were carried
out using extracts from six primary CRCs and their corre-
sponding liver metastases, which consisted of three synchro-
nous and three metachronous metastases. Patient profiles are
shown in Table 1. Of 378 miRNAs analyzed, the top 20 miR-
NAs with the highest and lowest expressions in liver metasta-
sis compared with primary tumors are shown in Table 2.
Because the variation of the numerical value was large in clin-
ical samples, and only a few miRNAs significantly differed
between primary and metastatic tumors, we valued the gross
fold-change of each miRNA rather than its P-value. Among
them, miR-122 was the most upregulated in liver metastasis
compared with primary tumors. In addition, miR-122 was
highly expressed in five of six metastatic liver tumors, but was
undetectable in any of the primary tumors. Of note, miR-122
was most upregulated in liver metastasis, even when analyzed
in a cohort of just three patients with metachronous metastases
(Table S1). These data suggest that upregulation of miR-122
may be involved in colorectal liver metastasis.

Immunohistochemical analysis of primary CRCs and colorectal
liver metastases. As it is difficult to analyze miRNA expression
in a large number of CRC specimens using microdissection, we
decided to further focus on a target gene of miR-122 instead of
a specific miRNA. Known as a liver-specific miRNA, miR-122
is reported as the most frequently isolated miRNA in the adult
liver, consisting of approximately 70% of all cloned miR-
NAs.(18–20) In contrast, the cationic amino acid transporter
CAT1, a negative target gene of miR-122, is ubiquitously
expressed in many organs apart from the adult liver.(21)

Cationic amino acid transporter 1 protein was stained im-
munohistochemically in six primary colorectal cancers and
their corresponding colorectal liver metastases. In each case,
immunoreactivity of CAT1 was lower in the liver metasta-
sis than its corresponding primary tumor, suggesting
consistent suppression of this miR-122 target gene (Fig. 1).
Next, we immunohistochemically analyzed the expression

Table 1. Clinicopathological data of six colorectal cancer patients with synchronous or metachronous liver metastasis used in microRNA arrays

Case no. 1 2 3 4 5 6

Age, years (at primary surgery) 62 66 66 58 81 52

Sex M M F M M M

Location S D T S S RS

Depth MP SS SE SS SS SE

Histological type tub1 tub2 tub2 tub1 tub1 tub2

Lymph node metastasis � + + � + +

Liver metastasis Metachronous Synchronous Synchronous Metachronous Metachronous Synchronous

Time to liver surgery (months) 8 2 2 12 24 2

+, With; �, without; D, descending colon; F, female; M, male; MP, muscularis propria; RS, rectosigmoid; S, sigmoid colon; SE, serosa exposed;
SS, subserosa; T, transverse colon; tub1, well differentiated adenocarcinoma; tub2, moderately differentiated adenocarcinoma.
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levels of CAT1 protein in 132 primary colorectal cancers
and 22 liver metastases. Expression levels of CAT1 were
evaluated in five random HPF (9200 magnification) and
classified into four groups as: 0, none; 1+, weak; 2+, moder-
ate; or 3+, strong (Fig. 2a). The expression levels of CAT1
protein were significantly lower in liver metastases than in
primary tumors (P < 0.0001, Fig. 2b). These data suggest
that overexpressed miR-122 in cancer cells may negatively
affect the expression of CAT1 protein in the process of colo-
rectal liver metastasis.

Expression of miR-122 and CAT1 in normal mucosae, primary
CRCs, and colorectal liver metastases. MicroRNA array and
immunohistochemical analysis revealed that expression levels
of mi-122 and CAT1 protein were higher and lower, respec-
tively, in colorectal liver metastases compared with their
primary CRCs. We next compared the expression levels of
miR-122 in normal colon mucosae, primary CRCs, and colo-
rectal liver metastases of the same six patients by quantitative
RT-PCR (qRT-PCR). As shown in Figure S1, miR-122 was
highly expressed in all cases of colorectal liver metastases
examined except for one patient, but it was undetectable in
primary CRCs or normal mucosae of any patient. These find-
ings suggest that miR-122 in colon cancer cells could be
upregulated in the process of liver metastasis rather than dur-
ing carcinogenesis.
We next examined the correlation between the expression

levels of miR-122 and CAT1 protein in colorectal liver metas-
tases. Six colorectal liver metastases were classified into two
groups according to high and low CAT1 intensities, and
expression levels of miR-122 were compared. As shown in
Figure S2, CAT1-low tumors expressed significantly higher
levels of miR-122 (P = 0.0492), suggesting negative correla-
tion between miR-122 expression and CAT1 protein levels in
metastatic liver tumors.
To further elucidate the negative correlation between miR-122

and CAT1, their expression levels in colon cancer cell lines were
analyzed by qRT-PCR. Consistent with the absence of miR-122
in clinical primary CRCs, none of three colon cancer cell lines,
DLD-1, SW480, and HCT116, expressed detectable miR-122
(Fig. S3). In contrast, CAT1 mRNA was efficiently detected by
qRT-PCR in all three cell lines (Fig. S3). These data support the
low expression levels of miR-122 in primary CRCs and the neg-
ative correlation between miR-122 and CAT1 levels observed in
the clinical samples.

Correlation between CAT1 expression in primary CRCs and clin-
icopathological features. Lower expression of CAT1 protein in
the process of colorectal liver metastasis may occur not only
in the primary tumor but also may be acquired under the influ-
ence of the tumor microenvironment in the liver. To address
the effect of CAT1 expression in tumor cells at the primary
site, correlation between CAT1 expression in 132 primary
tumors and their clinicopathological features was analyzed. We

Table 2. Top 20 miRNAs upregulated and downregulated in liver

metastasis compared with primary colorectal tumors as assessed by

miRNA arrays

Upregulated Downregulated

MicroRNA
Fold

change
P-value MicroRNA

Fold

change
P-value

miR-122 1470.1004 0.1130 miR-296-3p 0.0188 0.3390

miR-885-5p 42.3151 0.0822 miR-302c 0.0236 0.1893

miR-873 22.3945 0.1839 miR-198 0.0397 0.0867

miR-205 15.9376 0.3642 miR-369-3p 0.0401 0.3598

miR-376b 12.9373 0.3671 miR-517b 0.0634 0.3618

miR-146b-3p 10.8580 0.0990 miR-517c 0.1148 0.0989

miR-548c-3p 9.3014 0.1136 miR-33b 0.1219 0.3591

miR-653 7.9828 0.3940 miR-516b 0.1399 0.3508

miR-512-3p 7.3594 0.0904 miR-184 0.1456 0.3295

miR-493 7.0727 0.0713 miR-383 0.2067 0.4084

miR-18b 6.5848 0.4117 miR-499-3p 0.2148 0.3815

miR-329 6.0669 0.2116 miR-488 0.2447 0.3394

miR-522 5.3881 0.3861 miR-570 0.2950 0.3310

miR-153 5.0367 0.2255 miR-708 0.3008 0.0453*

miR-503 4.8810 0.3109 miR-519e 0.3101 0.3311

miR-520a-3p 4.0945 0.3827 miR-217 0.3148 0.3305

miR-139-5p 4.0534 0.0451* miR-582-3p 0.3279 0.4850

miR-451 4.0196 0.1224 miR-302b 0.3412 0.5418

miR-337-5p 3.4444 0.3371 miR-515-5p 0.3608 0.3193

miR-542-3p 3.3629 0.3821 miR-96 0.3848 0.3061

*P < 0.05.

Fig. 1. Representative immunohistochemical
staining for cationic amino acid transporter 1
(CAT1) in primary colorectal cancers and
corresponding liver metastases of Patients no. 1
and 6. Immunoreactivity of cationic amino acid
transporter 1 was lower in the metastatic tumor
than the primary tumor in each case.
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classified the staining intensity of CAT1 in primary CRCs into
four groups: 0, none (n = 12); 1+, weak; (n = 59); 2+, moder-
ate (n = 39); and 3+, strong (n = 22). Immunohistochemical
analysis revealed that the expression level of CAT1 protein in
the primary tumors was negatively associated with the exis-
tence of synchronous liver metastasis (P = 0.0333) and tumor
stage (P < 0.0001; Table 3). These data suggest that loss of
CAT1 protein in primary tumors may be involved in the for-
mation of liver metastasis and thus correlated with tumor
stage.

Expression of CAT1 in primary CRC and LMFS. To address
whether loss of CAT1 protein in the primary tumor affects the
postoperative prognosis of CRC patients, we analyzed the cor-
relation between the levels of CAT1 staining in the primary
CRCs of 121 patients without synchronous liver metastasis and
their prognosis after surgery. We classified the staining inten-
sity of CAT1 into three groups: 0 (n = 10); 1+ or 2+ (n = 89);
and 3+ (n = 22). Whereas neither DFS nor OS was signifi-
cantly associated with CAT1 expression, patients with CAT1-
low CRC had significantly shorter LMFS after surgery
(P = 0.0258; Fig. 3). Of note, none of the patients with strong
CAT1 expression in the primary tumor had recurrence in the
liver. Analysis of 46 patients who had received adjuvant che-
motherapy after surgery for stage II or III CRC revealed a cor-
relation between a low CAT1 expression and a shorter LMFS,
although this trend was not statistically significant
(P = 0.1587; Fig. S4).
To clarify the risk factors of metachronous colorectal liver

metastasis after primary resection, the relationships between
the clinicopathological features and LMFS were evaluated
using univariate analysis. The 5-year LMFS rate was nega-
tively correlated with the existence of lymph node metastasis,
consistent with a previous report,(22) and was positively corre-
lated with the expression levels of CAT1 protein in the pri-
mary tumors (Table 4). These findings suggest that loss of
CAT1 protein expression in primary tumors may play impor-
tant roles in the process of colorectal liver metastasis and
thereby affect the incidence of liver metastasis after surgery.

Discussion

The control of liver metastasis is an important issue in the
treatment of CRC. Although hepatectomy is still a powerful

tool in the treatment of colorectal liver metastasis, most
patients are treated with preoperative chemotherapy with or
without molecular-targeting therapy. Therefore, it is becoming
more difficult to prospectively collect clinical samples of colo-
rectal liver metastases without the effect of preoperative che-
motherapy. To compare miRNA expression between primary
and metastatic liver tumors in the same patient, FFPE samples,
which enable us to retrospectively analyze molecular events
with clinical data, have attracted researchers in this era of mul-
tidisciplinary treatment. The isolation of mRNA from FFPE
material has been thought to be less effective, because forma-
lin fixation causes cross-links between RNA molecules and
proteins(23) and results in isolation of degraded RNA fragments
during recovery. In addition, formalin causes chemical modifi-
cations that result in low efficiency of qPCRs.(24) In contrast,
extraction of miRNA from FFPE samples is possible, because
miRNA is relatively stable because of its small size compared
with mRNA, even during fixation and isolation processes. A
recent study reported that the efficiency of miRNA detection
did not differ between FFPE and FF samples.(25,26) This fact
was one of the reasons we focused on the alteration of miR-
NA, but not that of mRNA, in the present study.
In many of the previous studies regarding gene expression

changes or alterations of miRNA in cancer development, total
RNAs were extracted from FF or FFPE samples without the
use of microdissection methods.(14,15) In such analyses using
whole tissues, the results are thought to be affected by the
effects of contaminating stromal cells. Moreover, it would be
meaningless to compare miRNA levels between primary tumor
and liver metastasis without microdissection methods, because
the contents of tumor-surrounding tissues are completely dif-
ferent between the two sites. Thus, in this study, we used
microdissection to obtain tumor cells from FFPE samples with-
out contamination by stromal cells or any other components of
the tumor-surrounding tissues. However, alteration of miRNAs
in pure cancer cells isolated using microdissection could also
be affected by tumor stromal cells or other aspects of the
tumor microenvironment, because tumor stromal cells have
been reported to play important roles in the development of
primary tumors as well as metastatic spread.(27) To address the
pure effect of miRNA expression on tumor development or
formation of liver metastasis, further in vivo experiments may
therefore be needed. Furthermore, it would be interesting to

(a) (b)

Fig. 2. Immunohistochemistry for cationic amino acid transporter 1 (CAT1) in 132 primary colorectal cancers and 22 liver metastases. (a) Repre-
sentative immunohistochemical staining for CAT1. Expression levels of CAT1 were classified into four groups: 0, none; 1+, weak; 2+, moderate;
and 3+, strong. (b) Distribution of CAT1 staining intensity in primary tumors and colorectal liver metastases. Expression levels of CAT1 were eval-
uated in five random high power fields in 132 primary colorectal cancers and 22 liver metastases. Magnification, 9200. Levels of CAT1 protein
were significantly lower in liver metastasis than primary tumors (P < 0.0001).

Iino et al. Cancer Sci | May 2013 | vol. 104 | no. 5 | 627
© 2013 Japanese Cancer Association



analyze miRNA expression in the stromal cells of CRC speci-
mens and their metastatic lesions.
The relationship between colorectal liver metastasis and

miRNA has been reported. Chen et al.(10) reported that high
expression of miR-103 and miR-107 was associated with the
liver metastasis potential of CRC cell lines and poor prognosis
in patients with CRC. Hur et al.(11) showed that miR-200c
plays an important role in mediating epithelial–mesenchymal
transition and metastatic behavior from CRC to liver. In addi-
tion, it was reported in the analysis of clinical samples using
quantitative real-time RT-PCR that miR-21, -22, and -143 par-
ticipate in colorectal liver metastasis.(12,13) Although other
studies carried out miRNA array analyses to address the
mechanisms of colorectal liver metastasis, FF clinical samples
were used without microdissection.(14,15) To date, the role of
miR-122 in regulating colorectal liver metastasis has not
been revealed. In the present study, we screened alterations of
miRNA by comparing expression levels between six primary
CRCs and their corresponding liver metastases, and found that
miR-122 was the most highly expressed in metastatic liver
tumors compared with primary tumors. Although the effect of
loss of CAT1 protein in primary tumors on LMFS was shown
in this study, the direct role of miR-122 in the development of
colorectal liver metastasis remains to be clarified by analyzing
miR-122 expression in a large number of clinical samples or
otherwise by future in vivo experiments.
There is still no report showing that CAT1 participates in

metastasis, and there are only a few reports about the role of
CAT1 in cancer.(28) In the present study, mechanisms by
which loss of CAT1 in the primary tumor is involved in the
development of colorectal liver metastasis have not yet been
identified. Cationic amino acid transporter 1 is known as a
constructive cell transporter that facilitates uptake of L-argi-
nine, which is a precursor of nitric oxide (NO), and plays an
important role in NO production.(29) The roles of NO in the
development of cancers have been recently reported.(30,31)

Although further investigations are required, alteration of NO
in cancer tissue following the loss of CAT1 expression might
be involved in the process of metastasis. Because CAT1 plays
important roles in supplying cells with extracellular arginine,
lysine, and ornithine,(21,28,32) it may function in multiple events
in the formation of colorectal liver metastasis.
In liver cancer, miR-122 is known as a tumor suppressor

miRNA, and it has been reported that loss of miR-122 expres-
sion correlates with gain of metastasis properties, which may
be because miR-122 downregulation suppresses the hepatic
phenotype.(33) In our study, miR-122 was more abundant in
metastatic tumors than primary tumors. This contradiction
might be explained by the seed and soil theory proposed by
Paget.(34) One plausible explanation is that in the formation of
colorectal liver metastasis, cancer cells seek to adapt to a new

Table 3. Relationship between clinicopathological factors and

cationic amino acid transporter 1 (CAT1) expression levels in 132

patients with primary colorectal cancer

Patient characteristics
CAT1

P-value
0 1+ 2+ 3+

Age (years)

� 67 8 28 20 10 0.5409

>67 4 31 19 12

Sex

Male 7 36 22 13 0.8128

Female 5 23 17 9

Lesion

C-T 3 18 12 7 0.9326

D-S 6 20 14 8

Rectum 3 21 13 7

Differentiation

tub1 6 40 21 15 0.9926

tub2 4 18 17 5

muc, por 2 1 1 2

Depth

SM 0 2 1 1 0.6293

MP 3 12 5 4

SS, A1 4 30 27 11

SE, A2 5 11 5 5

SI 0 4 1 1

Lymph node metastasis

� 6 33 21 12 0.9767

+ 6 26 18 10

Liver metastasis

� 10 52 37 22 0.0333*

+ 2 7 2 0

Ly

� 5 21 9 5 0.0921

+ 7 38 30 17

V

� 3 29 16 13 0.2920

+ 9 30 23 9

Stage

I 3 11 4 4 <0.0001**

II 3 19 17 8

III 4 19 16 10

IV 2 10 2 0

*P < 0.05; **P < 0.0001. Cationic amino acid transporter 1 expression
was scored as: 0, none; 1+, weak; 2+, moderate; or 3+, strong. +, With;
�, without; A1, subadventitia; A2, adventitia; C-T, cecum to transverse
colon; D-S, descending colon to sigmoid colon; Ly, lymphatic invasion;
MP, muscularis propria; muc, mucinous adenocarcinoma; por, poorly dif-
ferentiated adenocarcinoma; SE, serosa exposed; SI, serosa infiltrating;
SM, submucosa; SS, subserosa; tub1, well diffentiated adenocarcinoma;
tub 2, moderately differentiated adenocarcinoma; V, venous invasion.

(a) (b) (c)

Fig. 3. Survival probability of 121 colorectal cancer (CRC) patients without synchronous liver metastasis. We classified 121 primary CRC into
three groups according to the staining intensity of cationic amino acid transporter 1 (CAT1): 0 (n = 10); 1+ and 2+ (n = 89); or 3+ (n = 22).
(a) Overall survival by CAT1 positivity in primary CRC. (b) Disease-free survival by CAT1 positivity in primary CRC. (c) Liver metastasis-free survival
by CAT1 positivity in primary CRC. Patients with CAT1-low CRC had significantly shorter liver metastasis-free survival (P = 0.0258).
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environment by expressing miR-122, a liver-specific miRNA,
whereas liver cancer cells prepare to metastasize out of liver by
losing miR-122. Moreover, the roles of miR-122 in the develop-
ment of cancers may depend on the primary site. MicroRNA-
122 is required for hepatitis C virus replication and mediates
this regulation by a direct interaction with binding sites in the
5′-UTR of hepatitis C virus RNA.(35) Recently, a clinical trial

targeting miR-122 with miravirsen (Santaris Pharma, San Diego,
CA, USA) was initiated for the treatment of hepatitis C.(36)

MicroRNA-122 could be a novel therapeutic target to prevent
postoperative liver metastasis in patients with CRC.
In the analysis of CAT1 expression in 121 primary CRCs

with patient prognosis, patients with CAT1-low CRC had sig-
nificantly shorter LMFS, but neither DFS nor OS was signifi-
cantly associated with CAT1 expression. These findings
suggest that CAT1, which is known to be absent in the adult
liver, might be involved specifically in the development of
liver metastasis. However, postoperative chemotherapy could
affect patient prognosis including LMFS. In the analysis of
46 patients who had received adjuvant chemotherapy after
surgery for stage II or III CRC, there was a trend toward a
correlation between a low CAT1 expression and a shorter
LMFS. Although this trend was not statistically significant,
perhaps due to the small number of patients, it seems still
important that none of this cohort of patients with strong
CAT1 expression in the primary tumor had recurrence in the
liver.
In this study, it was shown that miR-122 was elevated in the

metastatic tumors compared with the primary site, and con-
comitant suppression of CAT1 was observed in the metastatic
sites as well as in the primary tumors of patients with shorter
LMFS. These findings suggest that loss of CAT1 expression
appears to occur at the primary site early in the process of
liver metastasis, at least in part, in a miR-122-dependent man-
ner, leading to the formation of colorectal liver metastasis.
Here we propose a model of colorectal liver metastasis through
alteration of miRNA. First, miR-122 high-clones arise in
primary tumors and lose CAT1 expression. Next, cancer cells
travel to the liver with acquired malignant potential as a result
of multiple events, regardless of miR-122 or CAT1 expression
levels. Finally, cancer cells with high miR-122 and low CAT1
expression selectively survive in the liver by adapting to the
microenvironment of the metastatic site to form liver metasta-
sis.
In conclusion, this study provides important clues for the

resolution of the mechanisms of colorectal liver metastasis.
Overexpression of miR-122 and concomitant suppression of
CAT1 in primary tumors appears to play important roles in the
development of colorectal liver metastasis. Expression of
CAT1 in primary CRC has the potential to be a novel biomar-
ker with which to predict the risk of postoperative liver metas-
tasis in patients with CRC.
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Fig. S1. Expression levels of miR-122 in normal colon mucosae, primary colorectal cancers, and colorectal liver metastases of the same six
patients by quantitative RT-PCR.

Fig. S2. Correlation between the expression levels of miR-122 and cationic amino acid transporter 1 (CAT1) protein in six colorectal liver metas-
tases.

Fig. S3. Expression levels of cationic amino acid transporter 1 (CAT1) and miR-122 by quantitative RT-PCR in colorectal adenocarcinoma cell
lines DLD-1, SW480, and HCT116.

Fig. S4. Liver metastasis-free survival by cationic amino acid transporter 1 (CAT1) positivity in 46 primary colorectal cancers of patients who
received adjuvant chemotherapy after surgery for stage II or III colorectal cancer.

Doc. S1. Materials and methods.

Table S1. Top 20 miRNAs up- and downregulated in metachronous liver metastasis compared with primary tumors as assessed by microRNA
arrays.
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