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Clinical significance of ribosomal protein S15 expression in
patients with colorectal cancer liver metastases
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genes (DEGs) and prognosis in patients with colorectal cancer liver metastasis (CRLM).

of 80 CRLM patients were studied to assess the expression of RPS15, character-
istics, and outcomes. We examined the relationships of RPS15 expression to cell
viability and apoptosis in vitro and vivo.

Results: Significance analysis identified 33 DEGs. In our cohorts, the overall survival
rates were significantly lower in the high-RPS15-expression group, and high expres-
sion of RPS15 was an independent and unfavorable prognostic factor in recurrence-free
survival and overall survival. Knockdown of RPS15 expression reduced the prolifera-
tive capacity of colorectal cancer cells and increased BAX-induced apoptotic cell death.
Conclusions: RPS15 expression is an independent prognostic factor for CRLM
patients and might be a novel therapeutic target for CRLM.
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1 | INTRODUCTION cancer-associated death in CRC patients." The 5-year
survival rate is 92% for patients with local disease, while
Colorectal cancer (CRC) is one of the most common diges- it declines sharply to 53% and 11% for patients with re-

tive tract malignancies worldwide, with high prevalence gional and distant metastasis.” Colorectal liver metastasis
and mortality. Distant metastasis is the leading cause of =~ (CRLM) is one of the most prognostic factors in colorectal
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cancer, and surgery is the first choice if the primary tumor
or other distant metastatic lesions are controlled and re-
sectable.** However, the residual liver recurrence rate
after hepatic resection is still high at about 70%, and the
5-year survival rate after radical resection is about 40%.>°
There is therefore an urgent need to explore the mecha-
nism of liver metastasis and seek a new strategy for CRLM
treatment.

In many previous studies, the gene expression pro-
files of paired tumor and normal tissue samples from
The Cancer Genome Atlas (TCGA) datasets were an-
alyzed, and a number of genes that are significantly
up- or downregulated in different types of cancer in
comparison with their expression in normal tissue were
identified.” However, analysis of the primary cancer and
normal tissue samples has not led to the development
of drugs that can improve prognosis. Thus, some stud-
ies using samples from metastases, especially liver me-
tastases from colorectal cancer, have been conducted in
recent years.8

To explore the mechanism of liver metastasis, we as-
sessed the relationship between the expression of differ-
entially expressed genes (DEGs) from liver metastatic
lesions, lung metastatic lesions, and primary lesions,
using the public databases. We then identified the candi-
date gene set specific to liver metastasis and evaluated the
clinical significance of the specific genes to explore effec-
tive therapeutic targets for liver metastases of colorectal
cancer.

2 | METHODS

2.1 | Reagents

These materials included low-glucose Dulbecco's modi-
fied Eagle's medium (DMEM), phosphate-buffered salts,
penicillin/streptomycin, ethylenediamine tetraacetic
acid, fetal bovine serum (FBS), bovine serum albumin,
and Tween 20. The materials used in this study were
purchased from various reputable suppliers, including
Nacalai Tesque (Kyoto, Japan), Gibco (Invitrogen, Life
Technologies, Ghent, Belgium), Sigma-Aldrich (Bornem,
Belgium), and Fujifilm Wako Pure Chemical Corporation
(Osaka, Japan).

2.2 | Cancer cell lines and
culture conditions

We used three human colorectal cancer cell lines (DLD-
1, SW480, HCT116) purchased from the American Type
Culture Collection (Virginia, USA). Cells were maintained

in low-glucose DMEM supplemented with 10% FBS and
cultivated in a humidified incubator at 37C with 5% CO,.

A highly liver metastatic colorectal cancer cell line
(HCT116-LM) was established as previously described.’
Briefly, a suspension of 10 x 10° HCT116 cells was injected
into the spleen of each of two mice in a volume of 100 pL.
Three or 4weeks after injection, liver metastatic tumors
were removed, minced, and incubated with collagenase
type I. The tumor cells were then injected back into the
spleens of a second set of mice. This procedure was re-
peated for three cycles. The liver metastatic cells obtained
from the HCT116 cells after three cycles were designated
HCT116-LM.

2.3 | Capture gene expression
profiles and clinical information from
TCGA dataset and GEO database

RNA sequence data and corresponding clinical informa-
tion on colon adenocarcinoma cases were obtained from
TCGA via the Broad Institute's Firehose (http://fireb
rowse.org/?cohort=COAD, RNA-seq, Illumina). This re-
source provides RNA-seq data generated using Illumina
technology, as previously described.’® Clinical informa-
tion was available for 57 of the 457 COAD cases with
mRNA expression profiles. Moreover, expression profiles
were obtained for 57 paired noncancerous colon samples.
Additionally, mRNA expression profiles of colorectal can-
cer were obtained from the Gene Expression Omnibus
(GEO) database (GSE41258) (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GPL11154). Expression pro-
files were also acquired for 186 primary colorectal cancer
samples and 54 noncancerous colon samples, 47 liver me-
tastasis samples and 13 noncancerous liver samples, and
20 lung metastasis samples and seven noncancerous lung
samples. DEGs were identified for each of (1) primary tu-
mors, (2) liver metastases, and (3) lung metastases based
on fold change >1.5 and p<.05. (4) TCGA was used to
identify the genes involved in overall survival (p<.1).
Next, we narrowed down the DEGs specific to liver me-
tastases using (1)-(3) and identified genes common to (4)
as candidate DEGs that contribute to survival. Using the
median ribosomal protein S15 (RPS15) expression in the
TCGA cohort as a cutoff value, we divided patients into
two groups (a high-RPS15-expression group and a low-
RPS15-expression group).

2.4 | Clinical tissue samples

Clinical tissue samples were obtained from the
Department of Gastroenterological Surgery, Osaka
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University Hospital, and included liver specimens from
80 patients who had undergone hepatectomy for CRLM
and the specimens of primary lesions from 37 patients
who had undergone surgery for primary colorectal cancer
from January 2010 through December 2016. Classification
of histology was performed by a pathologist according
to the General Rules for the Clinical and Pathological
Study of Colorectal Cancer in Japan, ninth edition. The
human ethics review committee of the Graduate School
of Medicine, Osaka University (20548) approved the use
of resected specimens. All patients gave their written in-
formed consent for the research use of their surgical speci-
mens and clinicopathological data.

2.5 | Immunohistochemistry

To assess RPS15 expression, immunohistochemical
studies of clinical tissue samples were performed as
previously described.”!' The formalin-fixed, paraffin-
embedded tissues were subjected to deparaffinization
and incubated with an RPS15-specific antibody (anti-
RPS15 rabbit polyclonal antibody: Abcam, Cambridge,
UK) overnight at 4°C. Biotin-conjugated secondary an-
tibodies (Vector Laboratories, Burlingame, California,
USA) were utilized for antibody detection. The cyto-
plasmic RPS15 expression in cancer lesions in CRLM
specimens was evaluated, and all sections were coun-
terstained with hematoxylin. Those that stained more
intensely than the positive control esophageal cancer
sample were designated as the high-expression group,
and those that stained less intensely than the esophageal
cancer sample were designated as the low-expression
group. All photographs were taken with a fluorescence
microscope (BZ-X700, Keyence, Osaka, Japan). The
detection of apoptotic cell death was performed by the
transferase-mediated dUTP nick end labeling (TUNEL)
technique using the MEBSTAIN apoptosis TUNEL kit
Direct (MBL, Nagoya, Japan) as described previously."
The counting of apoptotic tumor cells was performed by
using the number of TUNEL-positive nuclei.

2.6 | Quantitative reverse
transcription-polymerase chain reaction

The method of quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) was carried out
in accordance with a previously described protocol.'?
In short, total RNA was isolated using TRIzol reagent
(Invitrogen). Complementary DNA was synthesized with
the reverse transcription system (Promega, Tokyo, Japan).
Then, qRT-PCR was performed using specifically designed

oligonucleotide primers on an Applied Biosystems
ViiA7 Real-Time PCR System (Thermo Fisher Scientific,
Massachusetts, USA). The quantification of amplification
products was performed using Thunderbird SYBR qPCR
Mix (Toyobo, Osaka, Japan). The expression levels of the
target gene were normalized to those of B-actin, which
was used as an endogenous control.

2.7 | Downregulation of RPS15 gene
expression by small interfering RNA

To downregulate RPS15, colon cancer cell lines were
transfected with 5nM small interfering RNA (siRNA;
ID s194765 and s194766, Life Technologies, Carlsbad,
California, USA) using lipofectamine RNAiIMAX reagent
(Invitrogen) according to the manufacturer's instruc-
tions. The same method was performed with nontargeting
siRNA (scramble siRNA, Silencer Select negative control
#1 siRNA; Life Technologies) as a control.

2.8 | Western blotting

Western blot analysis was conducted in accordance with
the previously described protocol.'* Total protein (20 ug)
was separated using 4%-15% SDS-PAGE and then electro-
transferred onto polyvinylidene difluoride membranes.
The membranes were incubated for 1h with several pri-
mary antibodies, including anti-RPS15, anti-cleaved cas-
pase-3 (Abcam), anti-Bcl-2-associated X protein (Bax),
anti-caspase-3 (Cell Signaling Technology, Massachusetts,
USA), and anti-B-actin (Sigma-Aldrich, St. Louis, USA).
The membranes were incubated with HRP-linked anti-
rabbit IgG (GE Healthcare Biosciences, Piscataway, New
Jersey, USA) at room temperature for 1h. The antigen-
antibody complexes were then detected using an ECL
prime western blotting detection kit (GE Healthcare
Biosciences).

2.9 | Invitro proliferation assays

Tumor cell viability was evaluated using a cell counting
kit-8 (CCK-8) assay (Dozindo Laboratories, Kumamoto,
Japan), as previously described.” Each cancer cell line was
seeded into a 96-well plate (2% 10> cells/well) and incu-
bated for 24 h. Following transfection with RPS15 siRNA
or nontargeting siRNA, the CCK-8 solution was added to
each well at 0, 24, 48, 72, and 96 h. The cells were then in-
cubated for 3h, and the absorbance was measured using a
microplate reader. The results are presented as the absorb-
ance relative to 0 h of CCK-8 exposure.
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For the detection of apoptotic cells, Annexin V as-
says were performed as previously described.” At 72h
after transfection with RPS15 siRNA and nontargeting
siRNA, cells were stained with annexin V-FITC and PE-
conjugated propidium iodide (PI; BioVision Research
Products, Mountain View, California, USA) according to
the manufacturer's instructions. The number of apoptotic
cells, defined as those positive for annexin V or PI, was
determined by counting approximately 10000 cells using
a FACS Canto II (BD Biosciences, Franklin Lakes, New
Jersey, USA). The TUNEL technique was also used to de-
tect apoptotic cell death using the MEBSTAIN apoptosis
TUNEL kit direct (MBL, Nagoya, Japan) as described pre-
viously.'® Apoptotic cells were identified and quantified
using a FACS Canto II (BD Biosciences) by analyzing cells
positive for TUNEL. Each sample was tested with approxi-
mately 10000 cells.

2.11 | Animal studies

Animal experiments were conducted using 8-week-old
male BALB/cAJcl-nu/nu immunodeficient mice (CLEA
Japan, Tokyo, Japan). For in vivo tumor formation, 5 x 10°
HCT116 cells were injected into the spleen using a 27G
needle, and then the spleen was removed as described pre-
viously.14 Four weeks later, the mice were sacrificed. The
metastatic liver tumors were harvested, minced, and then
incubated with collagenase type I. The tumor cells were
filtered through a 70-pm cell strainer, placed in DMEM
in a 10-cm dish, incubated until they reached confluency,
and then again injected into the spleens of mice. We re-
peated this procedure for three cycles. The original human
colorectal cancer cell line was designated as HCT116, and
the colorectal cancer cells obtained after three cycles were
designated as HCT116-LM.

All trials were conducted under the ethical guide-
lines of the Declaration of Helsinki, the Japanese Ethical
Guidelines for Human Genome/Gene Analysis Research,
and the Osaka University Ethical Guidelines for Medical
and Health Research Involving Human Subjects.

2.12 | Statistical analysis

The clinicopathological characteristics of the patients
were compared using statistical tests appropriate for the
data type. The recurrence-free survival (RFS) and overall
survival (OS) were analyzed using a well-established sta-
tistical method, and differences between survival curves
were compared using a commonly accepted test. To eval-
uate the potential risks associated with the prognostic
variables, both univariate and multivariate analyses were
conducted using a Cox model. The hazard ratio (HR) and
95% confidence interval (CI) were determined. In vivo
data are presented as the mean *standard error of indi-
vidual mice from a representative experiment. Statistical
analyses were performed using either JMP software ver-
sion 15.0 (SAS Institute Inc., Cary, NC, USA) or R version
3.1.1 (Vienna, Austria; http://www.r-project.org/).

3 | RESULTS

3.1 | Identification of differentially
expressed genes in colorectal liver
metastases

By mRNA expression analysis, DEGs were identified for
each of (1) primary tumors, (2) liver metastases, and (3)
lung metastases based on fold change >1.5 and p<.05:
for (1) 61 genes, for (2) 480 genes, and for (3) 236 genes.
We also identified 3961 genes in TCGA that contribute to
survival. We identified 326 DEGs as specific to liver me-
tastases that were identified as DEGs of liver metastasis
and not as DEGs of primary tumor and lung metastasis.
The schema is shown in Figure 1a. In addition, we identi-
fied 33 genes among 326 DEGs specific to liver metastasis
that influence overall survival (Table S1). Among the list
of 33 genes, we excluded the previously reported genes
related to colorectal cancer progression. Then, we found
several ribosome-related genes among 33 candidate genes
and focused on ribosome-related genes that regulate cell
activity. Among the remaining ribosome-related genes,
we selected RPS15 for further investigation, as it plays the
most important role in ribosome formation and activity.

FIGURE 1 (a)The selection of differentially expressed genes in the Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus
(GEO) database. (b) Immunohistochemical analysis of RPS15 expression in primary colorectal cancer specimens. Upper panel: high RPS15
expression in primary colorectal cancer. Lower panel: low RPS15 expression in primary colorectal cancer. (c) The box plot of the correlation
between primary tumor size and RPS15 expression. (d) Overall survival curves for colorectal cancer (CRC) patients after colectomy. (e)
Immunohistochemical analysis of RPS15 expression in colorectal cancer liver metastasis (CRLM) specimens. Left upper panel: high RPS15
expression in CRLM in a low-power field. Right upper panel: low RPS15 expression in CRLM in a low-power field. Left lower panel: high
expression in CRLM in a high-power field. Right lower panel: low expression in CRLM in a high-power field. (f) Recurrence-free survival
curves for CRLM patients after hepatectomy. (g) Overall survival curves for CRLM patients after hepatectomy. Scale bar, 50 ym.
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