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Background: Tumour stroma has important roles in the development of colorectal cancer (CRC) metastasis. We aimed to clarify
the roles of microRNAs (miRNAs) and their target genes in CRC stroma in the development of liver metastasis.

Methods: Tumour stroma was isolated from formalin-fixed, paraffin-embedded tissues of primary CRCs with or without liver
metastasis by laser capture microdissection, and miRNA expression was analysed using TaqMan miRNA arrays.

Results: Hierarchical clustering classified 16 CRCs into two groups according to the existence of synchronous liver metastasis.
Combinatory target prediction identified tenascin C as a predicted target of miR-198, one of the top 10 miRNAs downregulated in
tumour stroma of CRCs with synchronous liver metastasis. Immunohistochemical analysis of tenascin C in 139 primary CRCs
revealed that a high staining intensity was correlated with synchronous liver metastasis (Po0.001). Univariate and multivariate
analyses revealed that the tenascin C staining intensity was an independent prognostic factor to predict postoperative overall
survival (P¼ 0.005; n¼ 139) and liver metastasis-free survival (P¼ 0.001; n¼ 128).

Conclusions: Alterations of miRNAs in CRC stroma appear to form a metastasis-permissive environment that can elevate tenascin
C to promote liver metastasis. Tenascin C in primary CRC stroma has the potential to be a novel biomarker to predict
postoperative prognosis.

Colorectal cancer (CRC) is the third most commonly diagnosed
cancer, the burden of which has been increasing, and one of the
major causes of cancer death worldwide (Ferlay et al, 2015; Arnold

et al, 2017). The liver is the most common site of metastasis in
CRC, developing in 40–50% of patients who have undergone
resection of the primary tumour (Garden et al, 2006), and liver
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metastasis is still one of the major determinants of survival. To
control this metastatic disease and improve patient survival, studies
need to further elucidate the mechanisms underlying CRC liver
metastasis.

Emerging evidence suggests important roles of the stromal
components in cancer, orchestrating with each other to promote
primary tumourigenesis to metastasis. Furthermore, the tumour
stroma forming a heterogeneous tumour microenvironment may
be a novel target for anticancer therapy (Hanahan and Weinberg,
2011; Hanahan and Coussens, 2012). Although many previous
reports have demonstrated the important roles of tumour–stroma
interactions in the formation of CRC metastasis, all the functions
of the tumour stroma have not been revealed because it is complex
and includes a variety of cellular components.

MicroRNAs (miRNAs) are small non-coding RNAs consisting
of 18–25 nucleotides, which regulate the expression of genes
involved in many physiological conditions, including cancer
(Garzon et al, 2010). Alterations of miRNA expression in the
tumour microenvironment can occur by direct interactions of
stromal and cancer cells (Kohlhapp et al, 2015). A number of
previous studies have conducted gene and miRNA expression
analyses in cancer tissue, most of which used whole tumour tissues,
mainly fresh frozen samples (Lin et al, 2011; Zhang et al, 2012).
However, many studies have shown that stromal cells, including
fibroblasts and inflammatory cells, are present in the vast majority
(up to 90%) of tumour tissues (Dvorak, 1986), and miRNAs are
differentially expressed between tumour cells and stroma in
primary CRC tissue (Della Vittoria Scarpati et al, 2014). Therefore,
many of the previous studies on miRNA expression in whole
tumour tissue appear to have a limitation, and it is unclear how the
heterogeneity of tumour tissues has affected their gene expression
analysis.

Laser capture microdissection (LCM) is important to select
more cancer cell-specific or stroma-specific targets that predict a
poor prognosis of CRCs (Nishida et al, 2012; Calon et al, 2015).
Emphasising on the value of the LCM method, we have previously
analysed differences in miRNA expression between cancer cells at
primary CRCs and liver metastases, and reported an important role
of liver-specific miR-122 and concomitant suppression of its target
gene cationic amino-acid transporter 1 (CAT1) in the primary
CRC to promote liver metastasis (Iino et al, 2013). A following
study comparing miRNA expression between primary CRCs and
liver metastasis using LCM reported that the most significantly
differentially expressed miRNA was miR-122, which was consistent
with our findings (Ellermeier et al, 2014). A recent study
conducted miRNA array analysis of cancer cells in T1 stage CRCs
using LCM, and developed a ‘three-miRNA classifier’ to predict
lymph node metastasis (Jung et al, 2016). Previous studies using
LCM have consistently reported important roles of miRNAs in
cancer cells in CRC development and metastasis. However, in
contrast to miRNA studies of cancer cells, only few studies have
focused on miRNA expression in CRC stroma (Kang et al, 2015;
Pecqueux et al, 2016).

In this study, we revealed the miRNA expression profiles in
tumour stroma by miRNA array analysis using LCM to identify
miRNAs and their target genes as novel molecular markers
involved in CRC liver metastasis.

MATERIALS AND METHODS

Patients and tumours. For miRNA array analysis, we used
formalin-fixed, paraffin-embedded (FFPE) specimens of eight
primary CRCs without metastasis, four CRCs with synchronous
liver metastasis, and four CRCs with metachronous liver
metastasis. (Supplementary Table S1). For immunohistochemical

analysis, we used FFPE tissues of 139 primary CRCs. All samples
were obtained from primary CRCs resected at Hamamatsu
University Hospital (Hamamatsu, Japan) between January 2003
and December 2007. No patients had received any anticancer
therapy before surgery. Ethical approval for the study was obtained
from the Institutional Review Board (IRB). The IRB agreed that no
written consent was required from patients for the use of FFPE
tissue blocks and anonymised clinicopathological data.

Laser capture microdissection. To extract RNA from FFPE
tissues, samples were microdissected using a laser microdissection
system (LMD 6000; Leica Microsystems, Wetzlar, Germany) as
described previously (Iino et al, 2013). The paraffin blocks were cut
into 16 mm-thick sections and placed onto Leica RNase free PEN
slides (Leica, Bannockburn, IL, USA). The FFPE sections were
deparaffinised in xylene before hydration in a graded series of
ethanol solutions and then lightly stained with 0.1% cresyl violet
using an LCM staining kit (Ambion, Austin, TX, USA), followed
by immediate microdissection. The tissue was collected in 50 ml
digestion buffer from a mirVana miRNA Isolation Kit (Thermo
Fisher Scientific, Yokohama, Japan). A representative tissue section
used for LMD is shown in Supplementary Figure S1.

RNA extraction. Total RNA was extracted from the tissue with a
RecoverAll kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. The quality and quantity of total RNA
were assessed with a Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA).

MicroRNA array analysis. Reverse transcription (RT) was carried
out using 7.2 ng total RNA as starting material, Megaplex RT
Primers, Human Pool A (Thermo Fisher Scientific) as RT primers,
a TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher
Scientific), and GeneAmp PCR System 9700 (Thermo Fisher
Scientific) according to the manufacturer’s protocols. Before real-
time PCR, miRNA was subjected to preamplification using
Megaplex PreAmp Primers, Human Pool A (Thermo Fisher
Scientific) as primers, a TaqMan PreAmp Master Mix (Thermo
Fisher Scientific), and the GeneAmp PCR System 9700. Pre-
amplified cDNA was then used for real-time PCR in TaqMan
Universal Master Mix II, no UNG (Thermo Fisher Scientific) and
applied to a TaqMan Array Human MicroRNA A Card (Thermo
Fisher Scientific). The arrays were run on an ABI PRISM 7900HT
Sequence Detection System (Thermo Fisher Scientific) according
to the manufacturer’s protocol. Quantitative PCR data were
analysed by ABI PRISM SDS 2.1 software using standard
procedures (Thermo Fisher Scientific). Expression levels of
individual miRNAs were determined by the DCt approach relative
to the average Ct value of three normalisation controls (U6,
RNU44, and RNU48).

MicroRNA target gene prediction. An online software pro-
gramme, miRDB (http://www.mirdb.org/miRDB/), was used to
predict target genes (Wong and Wang, 2015). The top 10
downregulated miRNAs were applied to the Target Mining mode
of miRDB with a search filter for human genes.

Immunohistochemical analysis. To determine protein expression
levels of tenascin C, immunochemical staining was carried out
using 4mm-thick sections of FFPE tissues. After deparaffinisation
and rehydration, samples were blocked with 3% H2O2 for 5 min at
room temperature. Antigen retrieval was carried out by incubation
with Proteinase K (S302080, Dako, Tokyo, Japan) for 5 min at
room temperature. The samples were then incubated with a
primary mouse monoclonal antibody against human tenascin C
(4F10TT, 1 : 6000 dilution, Immuno-Biological Laboratories,
Fujioka, Japan) at 4 1C overnight. The sections were washed and
then incubated with the secondary antibody (K500711, Dako) for
30 min at room temperature. Staining signals were developed using
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3,30-diaminobenzidine (K500711, Dako). Counterstaining was
performed with haematoxylin, followed by mounting. The stained
sections were scanned using an Aperio Digital Pathology Whole
Slide Scanner (Leica Biosystems, Vista, CA, USA). Diagnosis was
conducted in a virtual slide using an Aperio Image scope (Leica
Biosystems). The area used for diagnosis was 1/3 from the deepest
invasive margin, while the margin close to the normal colon tissue
was excluded (Supplementary Figure S2). The calculated area for
diagnosis was 23.3 mm2 per section in median and 1.9–105 mm2

per section in range. Three researchers including two clinical
pathologists at Hamamatsu University Hospital with no informa-
tion about the clinical data evaluated tenascin C immunoreactivity
independently. The tenascin C staining intensity score was defined
as 0, negative or obscure; 1, weak; 2, moderate; and 3, strong
(Supplementary Figure S3). Smooth muscle and vessel wall staining
intensities were considered as internal controls. Cases with high
tenascin C staining in the internal control were subtracted by 1
point. Peritumoural staining was evaluated, and stained areas
with an uncertain tendency were excluded. Tenascin C staining
intensity scores evaluated by the three researchers were integrated
for each case. When two or three researchers evaluated the same
score, it was adopted as the final score. When three researchers
evaluated different score, the median score was adopted. The
tenascin C staining relativity was defined as the percentage of
positive cells in stromal areas surrounding the cancer cells
(Supplementary Figure S2).

Cell culture. SW620 human colon cancer cells (ECACC
87051203) were purchased from DS Pharma Biochemical (Osaka,
Japan). Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, WAKO, Tokyo, Japan) supplemented with 10% fetal
bovine serum (FBS) at 37 1C in a humidified atmosphere with 5%
CO2. The CCD18-Co human colon fibroblast cells (CRL-1459)
were purchased from American Type Culture Collection (Mana-
ssas, VA, USA). Cells were cultured in Eagle’s minimal essential
medium (EMEM, Sigma-Aldrich, St Louis, MO, USA) supple-
mented with 10% FBS at 37 1C in a humidified atmosphere with
5% CO2.

MicroRNA transfection. SW620 cells and CCD18-Co cells were
grown to 30–50% confluence and then the medium was changed to
serum-free DMEM and EMEM, respectively. AccuTarget miRNA
mimic negative control, human miR-198 mimic, inhibitor negative
control, or human inhibitor miR-198 (Bioneer, Daejeon, Korea)
were transfected into the cells using serum-free Opti-MEM
(Invitrogen, Carlsbad, CA, USA) and Lipofectamine RNAiMAX
(Invitrogen) at a final concentration of 100 nM according to the
manufacturer’s instructions. At 6 h after transfection, the medium
was changed to DMEM or EMEM containing 10% FBS, and the
cells were collected at 48 h after transfection. The nucleotide
sequence of the human miR-198 mimic was 50-GGUCCAGA
GGGGAGAUAGGUUC-30. The nucleotide sequence of the
human miR-198 inhibitor was 50-GGUCCAGAGGGGAGAUAG-
GUUC-30.

Western blotting. Cells were lysed in chilled lysis buffer (50 mM

Tris, pH 7.5, 300 mM sodium chloride, and 0.3% Triton-X 100)
supplemented with a protease inhibitor cocktail (10 mg ml� 1 each
of antipain, leupeptin, pepstatin, trypsin inhibitor, and E64; and
2.5 mg ml� 1 chymostatin). Protein concentrations were deter-
mined using Protein Assay Dye Reagent Concentrate (Bio-Rad,
Hercules, CA, USA). Protein extracts (18–60 mg) were electro-
phoresed through a polyacrylamide-SDS gradient gel (Kanto
Chemical, Tokyo, Japan) and transferred onto a polyvinylidene
difluoride membrane (MilliporeSigma, Darmstadt, Germany). The
membrane was blocked in 3% dry milk and probed with a mouse
monoclonal antibody against human tenascin C (4F10TT, 1 : 500;
Immuno-Biological Laboratories, Fujioka, Japan) or mouse

monoclonal anti-a-tubulin antibody (DM1A, 1 : 10 000; Sigma-
Aldrich). Antibody–antigen complexes were visualised using anti-
mouse IgG HRP Conjugate (W402B, 1 : 6666; Promega, Madison,
WI, USA) and Clarity Max Western ECL Blotting Substrates (Bio-
Rad). Primary and secondary antibodies were diluted in Can Get
Signal Immunoreaction Enhancer Solution (TOYOBO, Osaka,
Japan). Signal intensities were quantified using ImageJ 1.49v
(National Institutes of Health, Bethesda, MD, USA) and normal-
ised to the a-tubulin density.

Quantitative RT–PCR. Total RNA was isolated from cultured
cells using ISOGEN (NIPPON GENE, Toyama, Japan) for mRNA
or using a TRIzol reagent (Invitrogen) for miRNA. Isolated mRNA
and miRNA was reverse transcribed to cDNA using a PrimeScript
RT reagent Kit with gDNA Eraser (TaKaRa Bio, Shiga, Japan) and
a miScript II RT Kit (Qiagen, Hilden, Germany), respectively. The
primer sequences were 50-CTCCCAGTGACAACATCGCAATA-
30 and 50-GGATGGCTTCCAATGACACATTTA-30 for tenascin C
mRNA; and 50-GCACCGTCAAGGCTGAGAAC-30 and 50-
TGGTGAAGACGCCAGTGGA-30 for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) mRNA. The primers for non-
coding small nuclear RNA U6 (Hs_RNU6-2_11) and miR-198
(Hs_miR-198_3) were purchased from Qiagen. The expression of
mRNA and miRNA was detected using a SYBR Premix Ex Taq II
(TaKaRa Bio) and a miScript SYBR Green PCR Kit (Qiagen),
respectively. Quantitative RT–PCR was performed and analysed
using a Thermal Cycler Dice Real Time System II Sequence
detection system and software (TaKaRa Bio). Tenascin C and miR-
198 transcripts were normalised to GAPDH mRNA and U6
snRNA, respectively.

Statistical analysis. The w2-test was used for univariate analysis to
evaluate the association between tenascin C expression and the
existence of synchronous liver metastasis. The Kaplan–Meier
method and log-rank test were used to estimate postoperative
overall survival and postoperative liver metastasis-free survival.
The Cox proportional hazard model was used for univariate and
multivariate analyses to assess the associations of clinicopatholo-
gical factors with postoperative overall survival and postoperative
liver metastasis-free survival. P-values of o0.05 were considered as
statistically significant. All calculations were performed with the
statistical package SPSS 22.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

MicroRNA array analysis of tumour stroma classifies 16 CRCs
into two groups according to the existence of synchronous liver
metastasis. To elucidate the difference in miRNA expression
profiles among tumour stromas of primary CRCs with or without
liver metastasis, miRNA array analyses were carried out using
extracts from eight CRCs without liver metastasis and four CRCs
each with synchronous or metachronous liver metastasis. Patient
profiles are shown in Supplementary Table S1. Tumour stroma was
dissected from FFPE tissues using LCM methods. As shown in
Supplementary Figure S4, hierarchical clustering classified 16
CRCs into two groups according to the existence of synchronous
liver metastasis. Four CRC patients with metachronous liver
metastasis and eight CRC patients without liver metastasis showed
similar miRNA expression profiles in their stromal tissues, which
were distinct from those in CRCs with synchronous liver
metastasis (Supplementary Figure S4).

Of 377 miRNAs analysed, only 2 miRNAs, miR-29c and miR-
195, were significantly upregulated in tumour stroma of CRCs with
synchronous liver metastasis compared with those without
synchronous liver metastasis (Table 1). In contrast, 14 miRNAs
were significantly downregulated in tumour stroma of CRCs with
synchronous liver metastasis. Among them, miR-302a, miR-551b,
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miR-627, miR-19a, miR-372, miR-384, and miR-198 were
expressed at certain levels in all 12 CRCs without synchronous
liver metastasis, but not in any of the 4 CRCs with synchronous
liver metastasis.

MicroRNA target gene prediction identifies tenascin C as a
candidate gene involved in CRC liver metastasis. MicroRNA
functions as a guide by base pairing with target mRNA to
negatively regulate its expression (Bartel, 2004). MicroRNAs have a
role in coordinating the cancerous network by regulating many
different pathways and expression of genes (Garzon et al, 2010).
We assumed that some miRNAs downregulated in tumour stroma
of CRCs with synchronous liver metastasis might cooperatively
upregulate metastasis-promoting factors. Thus, combinatorial
miRNA-targeting prediction was conducted using the Target
Mining mode of miRDB (Wong and Wang, 2015). Because up to
10 miRNAs can be used for Target Mining in miRDB, the top 10
miRNAs downregulated in tumour stroma of CRCs with
synchronous liver metastasis, the fold change of which was
o0.03 (Table 1), were applied to the analysis. Table 2 shows the
top 30 of 739 targets predicted in the analysis. Among them, we
decided to focus on tenascin C, a predicted target of miR-198, as a
candidate therapeutic target or novel prognostic marker that may
be involved in the formation of CRC liver metastasis, because its
cancer-promoting characteristics have been reported in previous
studies on many malignancies (Lowy and Oskarsson, 2015;
Yoshida et al, 2015). The predicted miR-198 target sequence is
located at position 569–575 of the tenascin C 30-untranslated
region in human chromosome 9q33.1 (Supplementary Figure S5).

Expression levels of tenascin C protein in the primary CRC
stroma correlate with the existence of synchronous liver
metastasis. Expression levels of tenascin C protein were immu-
nohistochemically analysed in 139 primary CRC samples, and the
tenascin C staining intensity and relativity were evaluated as
described in the Materials and Methods (Supplementary Figures S2
and S3). Clinicopathological features, including the tenascin C
staining intensity and relativity, were analysed according to the
existence of synchronous liver metastasis. As shown in
Supplementary Table S2, lymph node metastasis, venous invasion,
tumour stage, and the tenascin C staining intensity were
significantly correlated with synchronous liver metastasis, while
tenascin C staining relativity was comparable between CRCs with
or without synchronous liver metastasis.

Expression levels of tenascin C protein in the primary CRC
stroma correlate with venous invasion. We next analysed
relationships between the expression levels of tenascin C protein
and clinicopathological factors in 139 primary CRCs. There were
positive correlations between the tenascin C staining intensity and
tumour depth, lymph node metastasis, poor differentiation, venous
invasion, tumour stage, and tenascin C staining relativity
(Supplementary Table S3). There were also positive correlation
between tenascin C staining relativity and tumour depth,
lymphatic invasion, venous invasion, tumour stage, and tenascin
C staining intensity (Supplementary Table S4). Among the
analysed clinicopathological factors, venous invasion was strongly
correlated with both the tenascin C staining intensity (P¼ 0.001)
and relativity (Po0.001; Supplementary Tables S3 and S4).

Tenascin C protein is highly expressed in tumour stroma of liver
metastasis compared with primary CRC stroma. To address
whether tenascin C protein is highly expressed in tumour stroma
of liver metastasis, we stained tenascin C in 32 CRC liver
metastases surgically resected without chemotherapy and 51 liver
metastases treated with preoperative chemotherapy followed by
hepatectomy. Tenascin C staining intensities in the tumour stroma
of 83 CRC liver metastases were compared with those of 139
primary CRCs. As shown in Supplementary Figure S6, the tenascin

C staining intensity in tumour stroma was higher in liver
metastases than in primary CRCs independently of preoperative
chemotherapy.

Tenascin C immunohistochemical status in primary CRC
stroma correlates with poor postoperative outcomes. Because
the staining intensity of tenascin C in CRC stroma was correlated
with synchronous liver metastasis, it may be a strong postoperative
prognostic marker of CRCs. To evaluate the diagnostic value of
tenascin C staining in CRC stroma, we analysed the correlation of
the tenascin C staining intensity and relativity with postoperative
overall survival and liver metastasis-free survival of CRC patients.
Of 11 CRCs with synchronous liver metastasis, 10 tumours (90.1%)
showed intermediate or high tenascin C staining intensities (score
2 or 3), whereas 97 (75.8%) of 128 CRCs without synchronous liver
metastasis were negative or showed a low staining intensity (score
0 or 1; Supplementary Table S2). Therefore, we classified the
tenascin C staining intensities into two groups: 0–1 (n¼ 98) and
2–3 (n¼ 41), and tenascin C staining relativity was also classified
into two groups: o70% (n¼ 90) and X70% (n¼ 49). CRC
patients with a high tenascin C staining intensity had significantly
shorter postoperative overall survival (Po0.001; Figure 1A),
whereas tenascin C staining relativity was not correlated with
overall survival (P¼ 0.225; Figure 1B). Of 139 CRC patients, 128
patients did not have synchronous liver metastasis at surgery for
primary CRC and their postoperative liver metastasis-free survival
was analysed. Colorectal cancer patients with a high tenascin C
staining intensity had significantly shorter postoperative liver
metastasis-free survival (Po0.001; Figure 1C), whereas the
tenascin C staining relativity was not correlated with liver
metastasis-free survival (Figure 1D; P¼ 0.159).

Tenascin C staining intensity in primary tumour stroma is an
independent prognostic marker of CRCs. We next analysed the
relationships of clinicopathological factors, including the tenascin
C staining intensity and relativity, with CRC patient survival to
clarify prognostic factors after primary resection. Overall survival

Table 1. MicroRNAs significantly upregulated or
downregulated in tumour stroma of colorectal cancers with
synchronous liver metastasis compared with those without
synchronous liver metastasis as assessed by miRNA arrays

Upregulated Downregulated

MiRNAs
Fold

change
P-value MiRNAs

Fold
change

P-value

hsa-miR-29c 954.4 0.0381a hsa-miR-302a 0 0.0053b

has-miR-195 3.07 0.0071b hsa-miR-551b 0 0.0013b

hsa-miR-627 0 0.0379a

hsa-miR-628-5p 0 0.011a

hsa-miR-19a 2.00E-04 0.0374a

hsa-miR-372 2.00E-04 0.0053b

hsa-miR-302b 0.0038 0.0071b

hsa-miR-384 0.0064 0.0337a

hsa-miR-198 0.0077 0.0277a

hsa-miR-323-3p 0.0255 0.0126a

hsa-miR-15a 0.0626 0.011a

hsa-miR-28-3p 0.1836 0.0071b

hsa-miR-126 0.2731 0.0098b

hsa-miR-222 0.2782 0.0071b

Abbreviation: MiRNA¼microRNA.
aPo0.05.
bPo0.01.
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was evaluated using Cox’s proportional hazard model for
univariate analysis. As shown in Table 3, the tumour depth,
existence of lymph node metastasis, pathological tumour stage,
postoperative chemotherapy, and tenascin C staining intensity
were correlated with shorter overall survival. These factors were
then applied to subsequent multivariate analysis. Multivariate
analysis revealed that the tenascin C staining intensity was the only
independent prognostic factor to predict postoperative overall
survival (hazard ratio (HR): 3.41; 95% confidence interval (CI):
1.45–8.07; P¼ 0.005; Table 3).

Next, postoperative liver metastasis-free survival was evaluated
by univariate and multivariate analyses. Univariate analysis
revealed that histopathological differentiation, postoperative che-
motherapy, and the tenascin C staining intensity were correlated
with shorter liver metastasis-free survival (Table 4). Multivariate
analyses revealed that tenascin C staining intensity was an
independent prognostic factor to predict postoperative liver
metastasis-free survival (HR: 6.02; 95% CI: 2.04–17.86; P¼ 0.001;
Table 4).

Tenascin C protein expression does not correlate with its mRNA
levels and can be regulated by miR-198. Although tenascin C was
a predicted target of miR-198 in our analysis using the Target
Mining mode of miRDB, there was no direct evidence showing that

miR-198 suppresses tenascin C protein expression. To analyse
whether high expression of tenascin C protein in tumour stroma is
due to high levels of tenascin C mRNA, we carried out in situ
hybridisation of tenascin C mRNA in 16 FFPE samples used for
tenascin C immunohistochemistry (Supplementary Materials and
Methods). The intensity of tenascin C mRNA was evaluated as
positive or negative. Tenascin C mRNA was present at the tumour
stroma in some cases and absent in others independently of
tenascin C protein expression as evaluated by immunohistochem-
istry (Supplementary Figure S7), and there was no correlation
between tenascin C mRNA expression and the staining intensity
(Supplementary Table S5). Because there was no correlation
between mRNA and protein expression, it was hypothesised that
tenascin C might be translationally regulated perhaps in part by
miRNAs, including miR-198. To address the link between miR-198
and tenascin C, we first checked expression levels of miR-198 in
the 16 samples in miRNA array data, and compared them with
tenascin C staining intensities. Because miR-198 was not detected
in four CRC samples, while moderate miR-198 levels were
consistently expressed in the remaining 12 CRC samples (average
Ct value: 32.9±1.2), we classified the CRC samples according to
their miR-198 expression. The CRC samples expressing miR-198
tended to have lower levels of tenascin C expression in comparison
with those without miR-198 expression, although the difference

Table 2. Top 30 gene targets of 10 miRNAs applied to Target Mining using the online software programme miRDB

Target rank Target score MiRNA name Gene symbol Gene description
1 100 hsa-miR-198 LOC102725516 Uncharacterised LOC102725516

2 99 hsa-miR-198 NRIP1 Nuclear receptor-interacting protein 1

3 98 hsa-miR-384 SLC35F1 Solute carrier family 35, member F1

4 98 hsa-miR-198 HIATL1 Hippocampus abundant transcript-like 1

5 98 hsa-miR-198 ENTPD6 Ectonucleoside triphosphate diphosphohydrolase 6 (putative)

6 98 hsa-miR-198 APH1A APH1A gamma secretase subunit

7 98 hsa-miR-628-5p HMGB3 High-mobility group box 3

8 97 hsa-miR-628-5p BIRC6 Baculoviral IAP repeat containing 6

9 97 hsa-miR-628-5p STK40 Serine/threonine kinase 40

10 97 hsa-miR-628-5p ATG4A Autophagy-related 4A, cysteine peptidase

11 97 hsa-miR-384 METAP2 Methionyl aminopeptidase 2

12 96 hsa-miR-384 PIGM Phosphatidylinositol glycan anchor biosynthesis, class M

13 96 hsa-miR-384 SYT12 Synaptotagmin XII

14 96 hsa-miR-198 OTX1 Orthodenticle homeobox 1

15 96 hsa-miR-628-5p PTP4A1 Protein tyrosine phosphatase type IVA, member 1

16 96 hsa-miR-628-5p MGEA5 Meningioma-expressed antigen 5 (hyaluronidase)

17 95 hsa-miR-198 TNC Tenascin C

18 95 hsa-miR-384 RORB RAR-related orphan receptor B

19 95 hsa-miR-628-5p FAM105A Family with sequence similarity 105, member A

20 95 hsa-miR-628-5p MEF2C Myocyte enhancer factor 2C

21 94 hsa-miR-628-5p FBXO33 F-box protein 33

22 94 hsa-miR-628-5p ARIH1 Ariadne RBR E3 ubiquitin protein ligase 1

23 94 hsa-miR-384 HMGCLL1 3-hydroxymethyl-3-methylglutaryl-CoA lyase-like 1

24 94 hsa-miR-198 PLXDC2 Plexin domain containing 2

25 94 hsa-miR-628-5p ATP2A2 ATPase, Caþ þ transporting, cardiac muscle, slow twitch 2

26 94 hsa-miR-628-5p ARHGAP36 Rho GTPase-activating protein 36

27 94 hsa-miR-628-5p GXYLT1 Glucoside xylosyltransferase 1

28 94 hsa-miR-198 SEC24B SEC24 family member B

29 93 hsa-miR-198 RAPGEF4 Rap guanine nucleotide exchange factor (GEF) 4

30 93 hsa-miR-628-5p UBQLN4 Ubiquilin 4

Abbreviation: MiRNA¼microRNA.
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was not statistically significant (P¼ 0.237; Supplementary Figure S8).
Next, to evaluate the biological link between miR-198 and tenascin C
protein, we transfected a miR-198 mimic or a miR-198 inhibitor
into SW620 human colon cancer cells and analysed the expression
change of tenascin C protein by western blotting. As expected,
relative protein expression of tenascin C was suppressed by
treatment with the miR-198 mimic (Figure 2A) and increased by
treatment with the miR-198 inhibitor (Figure 2B). Moreover,
these changes were not observed at the mRNA level (Figure 2C).
Finally, we confirmed the effect of miR-198 mimic treatment on
tenascin C expression in CCD-18Co human colon fibroblast
cells. These cells express much lower levels of miR-198 than
SW620 cells (Figure 2D). Consistent with our observation using
SW620 cells, the relative protein expression of tenascin C was

suppressed by treatment with the miR-198 mimic in CCD-18Co
cells (Figure 2E).

DISCUSSION

Finding mechanisms that promote liver metastasis in CRC is
important. In the era of emphasised importance of the tumour
microenvironment for cancer progression, we were prompted to
find specific metastasis-promoting factors in the cancer stroma.
The FFPE tissues are convenient samples for retrospective
research, but mRNA and protein modification caused by formalin
fixation is a critical obstacle (Masuda et al, 1999). The fact that the
quality of miRNA detection does not differ between FFPE and
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fresh frozen samples (Xi et al, 2007; Szafranska et al, 2008) led us to
analyse miRNA expression using FFPE samples in the current
study.

In the miRNA array analysis, we hypothesised that miRNA
expression profiles in tumour stroma of CRCs with metachronous
liver metastasis would be similar to those of CRCs with
synchronous liver metastasis, and distinct from those without
liver metastasis. However, hierarchical clustering classified 16
CRCs into two groups according to the existence of synchronous
liver metastasis, and miRNA expression profiles of CRCs with
metachronous liver metastasis were similar to those without liver
metastasis (Supplementary Figure S4). Tumours are known to
metastasise to other unrelated organs via a systemic process not
only through multiple molecular events in the primary tumour
cells but also by non-malignant host cells at both primary and
secondary sites (Steeg, 2016). Although it is unclear whether a
micrometastasis persists without complications in patients or
grows progressively (Steeg, 2016), previous studies have reported
the contribution of secreted molecules and bone marrow-derived

endothelial progenitors to the development of macroscopic
metastasis (Gao et al, 2008; Cox et al, 2016). There appears to be
several models for the development of macroscopic metastasis.
Tumour cells acquire additional mutations and/or associate with
other tissue components and recruit bone marrow-derived cells to
develop macroscopic metastasis after the formation of a micro-
scopic metastasis, or tumour cells acquire a series of mutations in
metastasis virulence genes at the primary site and directly form a
macroscopic metastasis (Valastyan and Weinberg, 2011). It
appears that the tumour stroma at the primary site has an
important role in these processes by educating tumour cells at the
primary site early in the invasion-metastasis cascade and possibly
by affecting the metastatic site via the secretion of certain
metastasis-promoting factors. MicroRNAs altered in the tumour
stroma of CRCs with synchronous liver metastasis in the present
study might affect the expression of metastasis-promoting factors
to develop macroscopic liver metastasis.

In our previous study, we reported an important role of liver-
specific miR-122 and concomitant suppression of its target gene

Table 3. Relationship between clinicopathological factors and postoperative overall survival of 139 colorectal cancer patients

Univariate Multivariate

Variables N 5-year OS (%) HR 95% CI P-value HR 95% CI P-value

Age
X70 61 60.3 1.00 0.500
o70 78 55.7 1.31 0.60–2.88

Sex
Male 82 63.4 1.00 0.751
Female 57 50.9 0.88 0.39–1.99

Lesion
C-T 42 64.3 1.00 0.294
D-Rectum 97 55.7 1.69 0.63–4.52

Depth
T1–3 106 65.1 1.00 0.014a 1.00 0.211
T4 33 36.4 2.73 1.23–6.10 1.72 0.73–4.05

Lymph node metastasis
� 75 68.0 1.00 0.015a 1.00 0.929
þ 64 46.9 2.77 1.22–6.30 1.08 0.22–5.21

Differentiation
tub1 85 63.5 1.00 0.928
tub2, muc, por 54 50.0 1.08 0.43–2.18

Lymphatic invasion
� 38 65.8 1.00 0.977
þ 101 55.4 1.01 0.43–2.36

Venous invasion
� 60 60.0 1.00 0.108
þ 79 57.0 2.00 0.86–4.66

Stage
I–II 72 68.1 1.00 0.013a 1.00 0.478
III–IV 67 47.8 1.70 1.12–2.59 1.82 0.35–9.52

Postoperative chemotherapy
� 75 72.0 1.00 0.042a 1.00 0.345
þ 64 50.0 2.29 1.03–5.13 1.54 0.63–3.75

Tenascin C staining intensity
Negative (0) or low (1) 98 68.4 1.00 o0.001b 1.00 0.005a

Intermediate (2) or high (3) 41 46.3 4.71 2.11–10.53 3.41 1.45–8.07

Tenascin C staining relativity
o70% 90 64.4 1.00 0.229
X70% 49 57.1 1.62 0.74–3.60
Abbreviations: C¼ caecum; CI¼ confidence interval; D¼descending colon; HR¼hazards ratio; muc¼mucinous adenocarcinoma; OS¼overall survival; T¼ transverse colon; tub1¼well-
differentiated adenocarcinoma; tub2¼moderately differentiated adenocarcinoma; por¼poorly differentiated adenocarcinoma.
aPo0.05.
bPo0.001.
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CAT1 in cancer cells at the primary CRC, which promote liver
metastasis (Iino et al, 2013). Increased expression of miR-122 in a
metastatic liver tumour and the clinical importance of miR-122 as
a prognostic marker for postoperative liver metastasis were then
confirmed in reports by other groups (Vychytilova-Faltejskova
et al, 2016; Maierthaler et al, 2017). Cancer cells are known to
interact with tumour stroma that mainly consists of non-malignant
cells, and direct communication between cancer cells and tumour
stroma through secreted miRNAs has also been reported
(Kohlhapp et al, 2015). There might be some crosstalk between
cancer cells and tumour stroma via the stromal miRNAs identified
as related to liver metastasis in the present study as well as miRNAs
including miR-122 reported in previous studies on cancer cells.

Among the numerous candidates, tenascin C was selected as a
suitable target for further study. In previous studies, tenascin C has
been reported as a direct target of miR-335 and miR-489 in rats
and mice, respectively (Chen et al, 2011; Olave et al, 2016). In the
present study, neither miR-335 nor miR-489 was significantly

downregulated in the tumour stroma of CRCs with synchronous
liver metastasis, while tenascin C was predicted to be a target of
miR-198. However, biological evidence of a relationship between
miR-198 and tenascin C expression has not been reported
previously. In the experiment using SW620 cells, we confirmed
that protein expression of tenascin C was suppressed by treatment
with a miR-198 mimic and increased by treatment with a miR-198
inhibitor. Tenascin C suppression by treatment with the miR-198
mimic was further confirmed in the experiment using CCD-18Co
human colon fibroblast cells. Together, these data suggest that
miR-198 suppresses tenascin C protein expression in vivo.
Although further functional analysis is needed to examine whether
tenascin C is a direct target of miR-198, this is the first report that
demonstrates a link between miR-198 and tenascin C expression.
In the in situ hybridisation experiment of tenascin C mRNA in 16
FFPE samples, tenascin C mRNA was present at the tumour
stroma in some cases and absent in others independently of
tenascin C protein expression (Supplementary Figure S7). It is

Table 4. Relationship between clinicopathological factors and postoperative liver metastasis-free survival of 128 colorectal
cancer patients without synchronous liver metastasis

Univariate Multivariate

Variables N 5-year LMFS (%) HR 95% CI P-value HR 95% CI P-value

Age
X70 57 57.9 1.00 0.564
o70 71 59.2 1.34 0.488–3.69

Sex
Male 76 64.4 1.00 0.987
Female 52 50.0 1.01 0.37–2.78

Lesion
C-T 39 66.7 1.00 0.062
D-Rectum 89 55.1 6.88 0.91–52.07

Depth
T1–3 100 63.0 1.00 0.675
T4 28 42.9 1.27 0.41–3.95

Lymph node metastasis
� 73 65.8 1.00 0.077
þ 55 49.1 2.49 0.91–6.87

Differentiation
tub1 81 64.2 1.00 0.028a 1.00 0.154
tub2, muc, por 47 48.9 3.12 1.13–8.55 2.11 0.76–5.91

Lymphatic invasion
� 37 64.9 1.00 0.319
þ 91 56.0 1.89 0.54–6.65

Venous invasion
� 59 57.6 1.00 0.468
þ 69 59.4 1.46 0.53–4.00

Stage
I–II 72 66.7 1.00 0.092
III–IV 56 48.2 1.55 0.93–2.57

Postoperative chemotherapy
� 75 69.3 1.00 0.021a 1.00 0.073
þ 53 52.8 3.47 1.20–10.00 2.67 0.91–7.75

Tenascin C staining intensity
Negative (0) or low (1) 97 66.0 1.00 o0.001b 1.00 0.001a

Intermediate (2) or high (3) 31 51.6 8.13 2.83–23.26 6.02 2.04–17.86

Tenascin C staining relativity
o70% 85 64.7 1.00 0.168
X70% 43 58.1 1.99 0.75–5.32
Abbreviations: C¼ caecum; CI¼ confidence interval; D¼descending colon; HR¼ hazards ratio; LMFS¼ liver metastasis-free survival; muc¼mucinous adenocarcinoma; T¼ transverse colon;
tub1¼well-differentiated adenocarcinoma; tub2¼moderately differentiated adenocarcinoma; por¼poorly differentiated adenocarcinoma.
aPo0.05.
bPo0.001.
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difficult to conclude whether there is a correlation between mRNA
and protein levels of tenascin C in CRC samples in general. In a
previous study, tenascin C was reported to be expressed at the
mRNA level in CRC stroma (Yoshida et al, 2015). Protein
expression of tenascin C may not only be affected by the expression
levels of tenascin C mRNA but also regulated translationally, which
may involve miR-198.

Tenascin C is a glycoprotein in the extracellular matrix, which is
tightly regulated in normal adult tissues (Tucker and Chiquet-
Ehrismann, 2009) and expressed during embryonic development of
the central nervous system and in injury sites physiologically
(Chiquet-Ehrismann et al, 1986; Midwood and Orend, 2009). In
cancer, it has many suggested roles in promoting metastasis,
modulating adhesion and motility, facilitating angiogenesis, and
establishing immune tolerance (Lowy and Oskarsson, 2015).
A recent study by Li et al (2016) compared stromal proteomes at
various stages of CRCs using LCM, iTRAQ labelling, and two-
dimensional liquid chromatography-tandem mass spectrometry,
and reported that the expression levels of S100A9 and tenascin C

were correlated with TNM stages and metastasis. Because the
expression levels of tenascin C protein in tumour stroma of
primary CRCs were strongly correlated with venous invasion
compared with other clinicopathological factors (Supplementary
Tables S3 and S4), tenascin C appears to have major roles in the
formation of CRC liver metastasis by upregulating invasive
phenotype of cancer cells. Tenascin C has been reported to have
diverse cellular roles in promoting metastasis, and the best studied
and characterised functions are adhesive and counter-adhesive
activities that regulate cell motility (Midwood and Orend, 2009).
Previous studies demonstrated in vitro functional roles of tenascin
C secretion from the stromal cells to facilitate adhesion and
migration of ovarian carcinoma cells (Wilson et al, 1999), and to
induce the invasion of pancreatic adenocarcinoma cells through its
receptor annexin A2 (Foley et al, 2017). In CRCs, it has been
reported that tenascin C produced by myofibroblasts can stimulate
colon cancer cells to an invasive phenotype via RhoA inactivation
(De Wever et al, 2004). Although detailed mechanisms were not
fully understood, tumour–stroma interaction through tenascin C
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appears to induce invasive phenotype of CRCs to promote liver
metastasis. In the present study, we not only confirmed the
increased levels of tenascin C in CRCs with metastasis but also
clarified the prognostic value of tenascin C to predict postoperative
overall survival and liver metastasis-free survival. In addition, this
is the first report identifying that stromal miRNAs at primary
CRCs upregulate tenascin C to develop synchronous liver
metastasis. Although antitumour effects need to be evaluated
in future studies, the miRNA identified in the present study
and tenascin C are expected to be novel therapeutic targets in
CRCs.

The tumour stroma mainly consists of non-malignant cells in
the tumour tissue, such as fibroblasts, immune cells, and
vasculature with endothelial cells and pericytes, as well as basement
membrane and extracellular matrix (Tarin, 2013; de Visser et al,
2006). In tumours, activated fibroblasts are called cancer-associated
fibroblasts (CAFs) and have been reported to facilitate commu-
nication between the tumour cells and the tumour microenviron-
ment (Franco et al, 2010). Immune cells, particularly T
lymphocytes, serve as regulatory factors in the tumour micro-
environment, and generalised tumour inflammatory infiltrate is a
candidate marker for the prognosis of patients with CRC (Liotta
and Kohn, 2001; Mei et al, 2014). Tumour vasculature has
important roles in the tumour microenvironment, and blood
vessels provide a niche that maintains cancer stemness (Takakura,
2012). In various tumours, CAFs in the reactive stroma are thought
to be the main source of tenascin C production, and their
heterogeneous distribution in cancer tissue tends to be in the
invasive front (Xing et al, 2010; Lowy and Oskarsson, 2015). In
immunohistochemical diagnosis concerning tenascin C, we found
staining heterogeneity in tumours. Application of whole slide
imaging using virtual microscopy has been reported to provide a
simple and precise overview of a tumour, leading to more reliable
diagnosis of heterogeneous histopathology (Halama et al, 2010).
Using this whole slide imaging with virtual microscopy, we found
that tenascin C was mainly expressed in the peritumoural
extracellular matrix at the invasive front. Although further
evaluation is needed in a future study, the vast majority of stromal
components producing tenascin C may be CAFs at the invasive
front.

In the analysis of tenascin C and the clinicopathological
characteristics, the tenascin C staining intensity was statistically
correlated with the existence of synchronous liver metastasis
(Supplementary Table S2). Moreover, the Cox’s proportional
hazard model for multivariate analysis revealed that the tenascin
C staining intensity was an independent prognostic factor to
predict postoperative overall survival (Table 3) and liver metas-
tasis-free survival (Table 4). These data are consistent with the
previous finding that stromal tenascin C expression accelerates the
metastatic potential (Lowy and Oskarsson, 2015). In this study, we
also applied the tenascin C staining relativity to evaluate its
importance in predicting CRC patient survival, because its utility
has been reported in a previous study (Sis et al, 2004).
Unexpectedly, the tenascin C staining relativity was not a
significant prognostic factor for either overall survival or liver
metastasis-free survival in our study. These findings suggest that
the tenascin C staining intensity, rather than relativity, could be a
reliable prognostic factor to predict postoperative overall survival
and liver metastasis-free survival of CRC patients. However,
intensity measurements are typically more subjective and more
sensitive to immunohistochemical conditions than relative expres-
sion levels. The tenascin C staining intensity correlated with liver
metastasis-free survival with a higher HR and lower P-value
compared with overall survival (HR: 6.02 vs 3.41; P-value: 0.001 vs
0.005; Tables 3 and 4). Tenascin C expression in tumour stroma
appears to be predominantly related to liver metastasis-specific
outcomes rather than overall survival.

Although our data appear to be robust, there are some points
that require further clarification. First, the number of CRC patients
with synchronous liver metastasis is relatively small because most
patients have received chemotherapy before surgery in recent
years. Thus, our samples are largely restricted to FFPE specimens
from a relatively long time ago. Second, the evaluation of
immunohistochemical staining may not perfectly reflect the
differential expression of miRNAs because LCM was not applied
at the invasion front. Accumulating evidence suggests that tumour
stromal heterogeneity may influence the variation of altered
miRNAs. Therefore, a detailed study applying next-generation
sequencing of miRNAs or total RNA from various areas in the
tumour stroma, including the invasion front, could provide
interesting and convincing findings.

In conclusion, our data add evidence supporting that hetero-
geneity in CRC stroma, which promotes liver metastasis, can be
identified by investigating the differential expression of miRNAs.
Tenascin C expression in tumour stroma was identified as a novel
molecular marker of CRC to predict postoperative overall survival
and liver metastasis-free survival.
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