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Background: Ribosome-binding protein 1 (RRBP1) has been implicated in the regulation of unfolded protein response, which is
involved in almost every aspect of cancer development. We aimed to explore the significance of RRBP1 in the progression and
prognosis of colorectal cancer (CRC).

Methods: The study population consisted of 856 patients with stage I–III CRC from two hospitals. RRBP1 expression was examined
by immunohistochemisty (IHC) in colorectal tissues. The correlation of RRBP1 expression and CRC occurrence was assessed in
paired cancer-adjacent tissues. Factors contributing to prognosis were evaluated in a training-validation design with univariate
and multivariate Cox analysis. Colorectal cancer aggressiveness caused by RRBP1 knockdown or overexpression was evaluated in
CRC cells.

Results: RRBP1 was aberrantly overexpressed in CRC. Compared with low-RRBP1 patients, high-RRBP1 patients had shorter
disease-specific survival in the training (hazard ratio (HR), 2.423; 95% confidence interval (CI), 1.531–3.835) and validation cohorts
(HR, 3.749; 95% CI, 2.166–6.448) in multivariate Cox analysis. High-RRBP1 independently predicted a shorter disease-free survival
(HR, 4.821; 95% CI, 3.220–7.218) in the validation cohort. RRBP1 knockdown reduced the aggressiveness of CRC cells in vitro and
inhibited the growth of CRC xenografts in vivo.

Conclusions: High RRBP1 expression facilitates CRC progression and predicts an unfavourable post-operative prognosis.

Colorectal cancer (CRC) is the third most common cancer in the
world, with more than one million newly diagnosed patients
annually worldwide (Cunningham et al, 2010). Of those,
approximately 14–25% are diagnosed with distant metastasis
(Jemal et al, 2011), and usually have a poor prognosis. Surgical

resection is especially effective for patients with localised and
regional CRC (Jemal et al, 2011). However, 30–50% of those
patients after surgery will develop local recurrence and metachro-
nous metastases, and many of whom will die from the recurrence
(Schmoll et al, 2012). Post-operative chemotherapy is beneficial to
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those patients who are more likely to develop recurrence. However,
overtreatment of patients who may not develop recurrence tends to
be harmful, owing to many side effects of chemotherapy (Iinuma
et al, 2011; Yothers et al, 2013). Therefore, it is of great importance
to find patients in the early stage and develop certain selection
criteria, such as biomarkers for prognostic classification of CRC.

So far, pathological staging is the most reliable method for
routine prognostication and selection of adjuvant therapy.
However, clinical outcomes differ even among patients within
the same stage (Nagtegaal et al, 2011). About 10–20% of patients
with stage II CRC and 30–40% of those with stage III CRC will
develop recurrence after therapeutic intervention. Among the
biomarkers investigated for CRC, microsatellite instability is the
only reproducible marker proven to be useful for prognostic
prediction in early CRC (Popat et al, 2005; Van Schaeybroeck et al,
2011). Although several molecular signatures have been established
for CRC characterisation and prognostic prediction in recent years
(Van Schaeybroeck et al 2011; Yothers et al, 2013; Chang et al,
2014), no specific signature has yet been used in the clinical
practice. Therefore, effective biomarkers are needed for the
classification of clinical outcomes in CRC.

Cancer usually develops in a stressful microenvironment, such
as rapid proliferation and chronic inflammation, which may
disrupt the protein-folding machinery of endoplasmic reticulum
(ER) to cause accumulation of unfolded or misfolded proteins,
referred to as ER stress (Verfaillie et al, 2013; Wang and Kaufman,
2014). To cope with the stress, unfolded protein response (UPR)
will be evoked to maintain a productive protein-folding environ-
ment in ER. UPR signalling molecules may interact with oncogenes
and tumour-suppressor genes to provide a survival strategy for
transformed cells even in a stressful microenvironment (Wang and
Kaufman, 2014). Both ER stress and UPR activation are involved in
multiple aspects of cancer development (Suh et al, 2012; Verfaillie
et al, 2013; Wang and Kaufman, 2014). Moreover, ER stress may
also trigger autophagy progression (Yorimitsu et al, 2006;
Ciechomska et al, 2013). Unfolded protein response signalling
molecules, such as immunoglobulin heavy-chain binding protein
(BIP; also known as GRP78 and HSP5A), heat shock protein
90 kDa beta (HSP90B1; also known as GRP94) and C/EBP
homologous protein (CHOP; also known as DDIT3 and
GADD153), have been reported to regulate the chemo- and
radio-sensitivities of CRC cells (Mhaidat et al, 2014; Drake et al,
2015), and to be correlated with CRC (Rask et al, 2000; Xing et al,
2006; Takahashi et al, 2011). Notably, BIP, a key molecule in UPR
signalling, has been identified as a novel predictive biomarker for
CRC patients to receive adjuvant chemoradiotherapy (Thornton
et al, 2013; Lee et al, 2015). However, the exact mechanisms and
new members still need to be clarified for a better understanding of
UPR molecules in CRC development and progression.

Ribosome-binding protein 1 (RRBP1) is mainly localised on the
ER membrane, and is critical for the transportation and secretion
of nascent proteins in mammalian cells (Savitz and Meyer, 1993).
Recently, RRBP1 has been reported to be associated with the
regulation of UPR signalling molecules, such as BIP and activating
transcription factor 6 (ATF6) (Tsai et al, 2013). A strong
correlation was observed between RRBP1 and BIP in lung cancer
(Tsai et al, 2013). It is also suggested that RRBP1 may be involved
in the accumulation of perinuclear autophagosomes in cancer cells
via interaction with kinesin family member 5B (KIF5B)
(Diefenbach et al, 2004; Cardoso et al, 2009). The above evidence
support RRBP1 may be a key molecule in the signalling network of
ER stress, UPR and autophagy. Recently, it is reported that elevated
RRBP1 is frequently observed in CRC (Krasnov et al, 2009), breast
cancer (Telikicherla et al, 2012) and lung cancer (Tsai et al, 2013).
Moreover, RRBP1 expression in Her-2-positive breast cancer
correlates with shorter survival (Liang et al, 2015). However, the
study of RRBP1 expression in CRC and its correlation to

clinicopathological features of CRC only included a small sample
size and provided inconclusive results (Krasnov et al, 2009).
Furthermore, the role of RRBP1 in CRC progression is largely
unknown. The present study aimed to investigate the association
between RRBP1 expression in tumour tissues from CRC patients
and adjacent normal tissues. The relationship between RRBP1
expression and CRC characteristics, and its role as a potential
prognostic biomarker in patients with early CRC, were also
evaluated. Moreover, we conducted in vitro and in vivo studies to
evaluate the effects of RRBP1 alterations on the aggressiveness of
CRC cells.

MATERIALS AND METHODS

Genomic data mining. Five CRC microarray datasets (GSE37364,
GSE23878, GSE22598, GSE9348 and GSE8671) were retrieved
from Gene Expression Ominous (GEO) database (http://
www.ncbi.nlm.nih.gov/geo/). Each of those datasets contained
more than 10 cancerous and 10 non-cancerous specimens and was
examined by Affymetrix plus 2.0 array platform (Santa Clara, CA,
USA). After downloading the raw datasets, mRNA profiling was
then extracted using the fRMA package (McCall et al, 2010) under
R 3.0.1 statistic environment (http://www.r-project.org/). Values of
RRBP1 mRNA expression were manually obtained and then
evaluated. Differences between cancerous and non-cancerous
specimens were compared using paired or unpaired student-t tests
corresponding to the original study designs (Sabates-Bellver et al,
2007; Hong et al, 2010; Uddin et al, 2011; Okazaki et al, 2012;
Valcz et al, 2014).

Patients. Pathologically proven, formalin-fixed paraffin-
embedded specimens of 856 patients with stage I–III CRC were
included in this study. Of those, 174 received curative surgery in
Shuguang Hospital, Shanghai University of Traditional Chinese
Medicine (Shanghai, China) between January 2005 and December
2007; and 682 received curative surgery in Changhai Hospital,
Second Military Medical University (Shanghai, China) between
January 2001 and December 2009. Formalin-fixed paraffin-
embedded specimens were obtained from primary tumours of all
patients in the two hospitals, and adjacent pathologically normal
mucosa tissues from 174 patients in Shuguang Hospital were also
collected in this study. Donor information including age, sex,
disease location, grade, tumour size, depth of invasion, number of
examined lymph nodes and TNM stage (determined according to
the American Joint Committee on Cancer staging manual, seventh
edition) were documented. For the Changhai cohort, additional
information of rule-based post-operative chemotherapy (FOLFOX
regimen), serum CEA, and CA 199 levels were also obtained. All
participants are self-reported Han Chinese. This study was
approved by the institutional review boards of Shuguang Hospital
and Changhai Hospital. A written informed consent was obtained
from each patient.

Immunohistochemistry. Tissue microarrays (TMAs) containing
the formalin-fixed paraffin-embedded specimens from Shuguang and
Changhai hospitals were commercially developed (Outdo Biotech,
Shanghai, China). For each donor block, a 1.2-mm diameter tissue
core was punched from the identified cancerous or noncancerous
area and transferred into a recipient block. The construction of
TMAs has been described previously (Chang et al, 2014). Immuno-
histochemistry (IHC) examination was carried out on 4-mm-thick
sections. Deparaffinisation and rehydration were performed according
to the standard procedures. Endogenous peroxidase activity was
blocked for 20min with 0.3% hydrogen peroxide solution. Subse-
quently, the antigen of RRBP1 was retrieved at 98 1C for 25min with
10mM citrate buffer (pH 6.0). Tissue microarrays were incubated
overnight with rabbit polyclonal antibodies to human RRBP1
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(1 : 6000; ab95983, Abcam, Cambridge, UK). Specificity of the
antibody has been verified with whole-cell lysate of HepG2 by the
manufacturer. After incubation for 50min with EnVisionþDual
Link System-HRP (Dako, Carpinteria, CA, USA), TMAs were
visualised using DAB reagent (Vector Laboratories, Redwood City,
CA, USA) for 3–5min. The arrays were then rinsed with running
water and counter-stained with haematoxylin. All arrays were
stained simultaneously to eliminate interassay variation. RRBP1
was semi-quantitated using the H-score method as previously
reported (Finn et al, 2009; Dziadziuszko et al, 2010). The intensity
of the staining (0, 1þ , 2þ , 3þ ) and the total percentage of
positive epithelial cells were independently assessed by two
observers (WC and SG) who were blinded to the clinical status.
A minimum of 100 cells were evaluated to calculate the IHC-score.
An equation, IHC-score¼ (%1þ � 1)þ (%2þ � 2)þ (%3þ � 3),
was used to calculate the IHC-score for each specimen. The
average IHC-score from the two observers was applied in further
analysis. Controversial cases (defined by the difference of IHC-
scores more than 10% of the average score) were re-evaluated
jointly until a consensus was reached. The interobserver con-
cordance in our study was high with a correlation coefficient of
0.912 (Po0.001).

Follow-up and survival analysis. Follow-up information of the
856 patients was collected in the two hospitals, following a
standard procedure as previously described (Chang et al, 2014).
The primary outcome of interest was disease-specific survival
(DSS), which was defined as months from the date of receiving
surgery to the date that patient died of CRC. Disease-free survival
(DFS) was measured in months from the date of receiving
surgery to the date of first relapse. Only DSS information was
obtained in the Shuguang cohort. An optimal cut-off value of
RRBP1 IHC-scores was selected to define patient subgroups
(high vs low RRBP1 subgroup), which can most effectively
discriminate the survival differences of patients in Shuguang
cohort as a training set. Subsequently, the Changhai cohort was
used as an external validation set to evaluate the prognostic value
of RRBP1 protein using the same cut-off value of IHC-score
identified in the training set.

Gene dosage analysis. To assess the gene dosage effect (DNA
copy number status correlated with mRNA expression levels) of
RRBP1 on CRC, the dataset of GSE40967 (Marisa et al, 2013) from
GEO and the CRC dataset of The Cancer Genome Atlas (TCGA)
(Cancer Genome Atlas Network, 2012) (https://tcga-data.nci.nih.
gov/docs/publications/coadread_2012/) were downloaded for
further use. The GSE40967 dataset contained 463 patients with
comparison genome hybridisation data, and 160 of those had
corresponding mRNA expression profiling examined by Affyme-
trix plus 2.0 arrays. The status of ‘GNL’ (G: gain; N: normal; L:
loss) was directly retrieved from the ‘gnl’ file in the original study
(Marisa et al, 2013) and the mRNA profile was extracted using the
fRMA package (McCall et al, 2010) from the raw data. The TCGA
CRC dataset contained 564 patients with comparison genome
hybridisation data, and 252 of those had corresponding mRNA
profile by RNA-Seq examination. The status of ‘GNL’ in the CRC
study from TCGA was described in GISTIC marker file.
Polynomial regression was applied to explore the correlation of
RRBP1 mRNA expression and corresponding chromosomal status
(gain, normal or loss).

Cell lines, quantitative RT–PCR, RNA interference and
overexpression. SW480, HT29, HCT116 and LoVo CRC cells
(obtained from American Type Culture Collection, Manassas,
VA, USA) were grown in Dulbecco’s Modified Eagle Medium
(GIBCO, Grand Island, NY, USA) with 10% heat-inactivated foetal
calf serum (GIBCO), 100Uml� 1 penicillin, and 100 mgml� 1

streptomycin in 5% CO2 incubator. RRBP1 mRNA was examined

by quantitative RT–PCR (Q–PCR) using the following primers: 50

GAG ATG GCG AAA ACT CAC CAC 30 (forward) and 50 CTC
GAA GGA GGA CAG TCA CAT 30 (reverse). Human GAPDH
was used as internal control using primers 50 GGA GCG AGA
TCC CTC CAA AAT 30 (forward) and 50 GGC TGT TGT CAT
ACT TCT CAT GG 3 (reverse). The relative expression of RRBP1
mRNA was detected by LightCycler480 II (Roche, Basel, Switzer-
land) and normalised to the corresponding GAPDH mRNA level.
The negative control siRNA and siRNA targeting RRBP1 were
designed and synthesised at Shanghai Invitrogen (Shanghai,
China). The sequences of RRBP1 siRNA were: 50-GCU CUG
UAG UGA AUU CCA UTT-30 (sense) and 50-AUG GAA UUC
ACU ACA GAG CTT-30 (antisense). The sequences of the control
siRNA were: 50-UUC UCC GAA CGU GUC ACG UTT-30 (sense)
and 50-ACG UGA CAC GUU CGU AGA ATT-30 (antisense).
With Lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, CA,
USA), siRNAs were transfected into CRC cells with a final
concentration of 20 nM as previously described (Chang et al,
2014). After 48 h of the transfection, Q–PCR and western blot were
performed to validate the efficiency of RRBP1 knockdown. The
expression vector encoding Myc-tagged RRBP1 under CMV
promoter was obtained from OriGene Technologies (Beijing,
China), and transfected into CRC cells using Lipofectamine 2000
(Invitrogen). Western blot examination was performed with rabbit
polyclonal antibodies to human RRBP1 (1 : 1000, ab95983,
Abcam), Myc tag antibody (1 : 500, ab18185, Abcam) and rabbit
polyclonal antibodies to human GAPDH (1 : 1000, AP0063,
Bioworld Technology, St Louis Park, MN, USA) as previously
described (Chang et al, 2014).

Cell proliferation assay. Colorectal cancer cells were seeded in
triplicate in 96-well plates at 5000 cells per well, and after 12 h were
transfected with RRBP1 siRNA and control siRNA. The number of
viable cells at 24, 48 and 72 h after transfection was assayed using
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the
manufacturer’s instructions. The absorbance at 450 nm was
measured to reflect the viable cell population.

Colony formation assay. RRBP1 siRNA and control siRNA
transfected cells were cultured in 6-well plates (Corning, Corning,
NY, USA) at a density of 2.0� 103/well. After culturing for 2–3
weeks, the resulting colonies were fixed with ice-cold methanol,
stained with crystal violet solution for counting. The assay was
performed in triplicate.

Cell invasion assay. Twenty-four-well transwell chambers coated
with Matrigel (BD Pharmingen, San Jose, CA, USA) was used to
determine the invasiveness of the CRC cells. Transfected CRC cells
in serum-free medium were added to the upper chamber at the
concentration of 5� 104 cells, from where the cells were allowed to
invade through a polycarbonate membrane with 8-mm pore
(Costar, Cambridge, MA, USA) toward the lower chamber. The
lower chamber was filled with DMEM supplemented with 10%
foetal bovine serum. After the chambers were incubated for 24 h,
invaded cells on the lower chamber were fixed with 4%
paraformaldehyde (Sigma Aldrich, St Louis, MO, USA), stained
with crystal violet (Beyotime, Shanghai, China), and counted under
a microscope (Leica, London, UK).

In vivo tumour growth and in vivo siRNA treatments. For the
establishment of human tumours in Balb/c nude mice, 5� 106

CRC cells were subcutaneously injected in the proximal midline of
the dorsa. For in vivo treatments of CRC tumours, 50 mM RRBP1
siRNAs or control siRNAs were incubated with 100 ml Interfering
siRNA reagents (Polyplus-transfection Company, Illkirch, France)
for 10min, and then the complexes were rapidly injected into the
tumour after the inoculation of tumour cells at multiple sites on
days 7, 10, 12, 14 and 17. After siRNA injection, the efficiency of
RRBP1 silencing was examined by western blot of tissue lysates
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after excision of the tumour. Tumour sizes were measured every
3–5 days and the tumour volumes were determined by measuring
the maximal (a) and minimal (b) diameters using a calibre and
calculated by using the formula a� b2.

Statistical analysis. Paired student t-test was used to evaluate the
discrimination power of IHC scores of RRBP1 toward paired
cancer and normal tissues. Independent sample t-test was used to
compare the differences of IHC scores of RRBP1 between CRC
specimens. The optimal cut-off value of the IHC score to define
risk subgroups was identified by X-tile software (http://medicine.
yale.edu/lab/rimm/research/software.aspx) (Camp et al, 2004).
Kaplan–Meier method was used to estimate the DSS and DFS,
and the log-rank test was used to compare the survival curves. Cox
hazard proportion models were used to estimate the hazard ratios
and corresponding 95% confidence intervals. All statistical tests
were two-sided and performed with Statistical Program for Social
Sciences (SPSS 16.0 for Windows, SPSS, Chicago, IL, USA).
Po0.05 was considered as statistically significant.

RESULTS

Elevated RRBP1 expression in CRC. To explore the potential
significance of RRBP1 in CRC, we initially used five publicly
available microarray datasets totally composing of 181 CRC and
123 adjacent normal tissues to assess the mRNA expression of
RRBP1. Excluding the dataset of GSE37364 (Valcz et al 2014), the
remaining four datasets (Sabates-Bellver et al, 2007; Hong et al,
2010; Uddin et al, 2011; Okazaki et al, 2012) consistently showed
that mRNA expression of RRBP1 was significantly upregulated in
CRC (all P valueso0.05) as compared with adjacent normal tissues
(Supplementary Figure 1).

The expression pattern of RRBP1 was further investigated by
IHC analysis on 174 paired cancer-adjacent specimens from
Shuguang Hospital. RRBP1 staining was mainly distributed in the
cytoplasm of colorectal epithelial cells and stromal cells

(Figure 1A), and only the staining pattern in epithelial cells was
further investigated. The median of IHC-score in CRC tissues was
181 (interquartile range, 131–214), and the median of IHC-score in
normal tissues was 32 (interquartile range, 17–53). RRBP1 protein
showed slight variation in normal tissues but great heterogeneity in
cancer tissues. Results from the paired student t-test showed that
the expression of RRBP1 protein was significantly higher in colon
cancer and rectum cancer than that in corresponding adjacent
specimens (all Po0.001) (Figure 1B). No differences were found
between IHC-scores of stage CRC (Iþ II) and stage III CRC
(Figure 1B) and between IHC-scores of colon cancer and rectum
cancer specimens.

RRBP1 expression predicts an unfavourable survival. Immuno-
histochemisty-scores of CRC specimens from Shuguang Hospital
were further analysed to investigate the prognostic value of
RRBP1. When tested as a continuous variable, the IHC-score of
RRBP1 was significantly associated with DSS (Po0.001). In
exploratory analysis with different cut-off values to define patient
subgroups with high RRBP1 or low RRBP1, we found that the
cut-off value of 175 of IHC-score identified by X-tile software
could most effectively discriminate the differences of DSS. Using
the cut-off value, we also found that RRBP1 expression may be
uncorrelated to many clinicopathologic characteristics of CRC
patients, such as age, sex, tumour location, differentiation grade
and TNM stage (Table 1). Kaplan–Meier analysis showed that
patients with high RRBP1 (IHC-score 4175) were significantly
associated with a shorter DSS than those with low RRBP1 (IHC
score p175) (Figure 2). Including high expression of RRBP1,
other factors such as TNM stage and differentiation grade, were
also significantly associated with DSS of CRC patients in
univariate Cox analysis (Table 2). Multivariate Cox regression
analysis showed high RRBP1 in CRC remained a statistically
significant predictor for DSS (hazard ratio, 2.423; 95% confidence
interval, 1.531–3.835) after adjusting for variables as stage, grade,
age, sex, tumour size, depth of tumour invasion and tumour
location (Table 2). Notably, patients with high RRBP1 were
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Figure 1. RRBP1 protein is elevated in colorectal cancer. (A) Representative examples of immunostaining of RRBP1 in CRC and adjacent normal
tissues. RRBP1 is expressed in the cytoplasm of colorectal epithelial cells and stromal cells, and corresponding IHC-score was marked. Bar, 50mm.
(B) Expression pattern of RRBP1 protein in formalin-fixed paraffin-embedded specimens of CRC and adjacent normal tissues. The differences of
RRBP1 protein expression between cancer vs normal, and stage (Iþ II) vs stage III are evaluated (stratified by lesion location).
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significantly associated with a poor DSS in both stage (Iþ II)
CRC and stage III CRC (Figure 2).

Validation of the prognostic value of RRBP1 in an independent
cohort. The cut-off value of IHC-scores of RRBP1 identified in the
Shuguang cohort was then used to dichotomise patients into high-
or low-RRBP1 subgroups in the Changhai cohort. Patients with
high RRBP1 (IHC-score 4175) showed significantly shorter DSS
and shorter DFS than those patients with low RRBP1 at stage I–III
(Figure 2). Multivariate Cox regression analysis demonstrated that
high RRBP1 remained an independent factor for DSS (hazard ratio,
3.749; 95% confidence interval, 2.166–6.448) and for DFS (hazard
ratio, 4.821; 95% confidence interval, 3.220–7.218) (Table 3).
When included more covariates (e.g., CEA and CA 199),
multivariate Cox regression analysis still showed that high RRBP1
was an independent factor for CRC survival in Changhai cohort
(Supplementary Table 1). Importantly, high RRBP1 expression

predicted poor DSS and poor DFS in patients with stage (Iþ II) or
stage III CRC (Figure 2), which was consistent with the results
obtained in the Shuguang cohort. We further assessed prognostic
value of RRBP1 protein for patients with or without post-operative
chemotherapy in the Changhai cohort. Patients with high RRBP1
expression were significantly associated with shorter DSS and
shorter DFS in patients with or without post-operative chemother-
apy (Supplementary Figure 2).

RRBP1 expression is related to chromosomal aberrations. As
chromosomal imbalance may cause gene expression alteration, we
hypothesised that there might be a correlation between chromo-
some aberrations and mRNA alterations of RRBP1. To determine
the relationship, two publicly available datasets (GSE40967 and a
dataset from TCGA) were used. We found that chromosomal gains
of RRBP1 and chromosomal losses of RRBP1 in CRC were 40.8%
(189/463) and 15.8% (73/463), respectively, in the dataset of

Table 1. Characteristics of patients with CRC dichotomised by RRBP1 protein expression in the Shuguang and Changhai cohorts

Shuguang cohort (n¼174) Changhai cohort (n¼682)

Characteristics
High expression

(n¼94)
Low-expression

(n¼80) P-valuea
High expression

(n¼208)
Low expression

(n¼474) P-valuea

Age (years)
Mean (s.d.) 67.67 (11.50) 66.90 (10.36) 0.646b 59.45 (13.58) 60.24 (12.36) 0.456b

Sex, n (%)
Women 44 (46.8) 27 (33.8) 0.081 78 (37.5) 213 (44.9) 0.071
Men 50 (53.2) 53 (66.2) 130 (62.5) 261 (55.1)

Disease location, n (%)
Colon 48 (53.3) 40 (47.6) 0.451 100 (48.1) 205 (43.2) 0.243
Rectum 42 (46.7) 44 (52.4) 108(51.9) 269 (56.8)

Differentiation grade, n (%)
Well 3 (3.2) 2 (2.5) 0.096c 6 (2.9) 19 (4.0) 0.295c

Moderately 49 (52.1) 53 (66.3) 133 (63.9) 254 (53.6)
Poorly 42 (44.7) 25 (31.3) 65 (31.3) 163 (34.4)
Missing 0 (0) 0 (0) 4 (1.9) 38 (8.0)

Number of lymph nodes examined, n (%)
o12 78 (83.0) 67 (83.7) 0.892 81(38.9) 228(48.1) 0.027
X12 16 (17.0) 13 (16.3) 127 (61.1) 246(51.9)

Tumour size, n (%)
p4.5 cm 38 (40.4) 32 (40.0) 0.955 120 (57.7) 257 (54.2) 0.401
44.5 cm 56 (59.6) 48 (60.0) 88 (42.3) 217 (45.8)

Depth of invasion, n (%)
T1 0 (0) 2 (2.5) 0.474c 1 (0.5) 8 (1.7) 0.168c

T2 12 (12.8) 6 (7.5) 19 (9.1) 55 (11.6)
T3 69 (73.4) 67 (83.8) 187 (89.9) 409 (86.3)
T4 13 (13.8) 5 (6.2) 1 (0.5) 2 (0.4)

TNM stage, n (%)
I 9 (9.6) 7 (8.8) 0.897c 10 (4.8) 42 (8.9) 0.872c

II 47 (50) 42 (52.5) 103 (49.5) 208 (43.9)
III 38(40.4) 31 (38.7) 95 (45.7) 224 (47.3)

Adjuvant chemotherapy, n (%)
Yes NA NA NA 180 (86.5) 394 (83.1) 0.261
No NA NA 20 (9.6) 80 (16.9)
Missing NA NA 8 (3.8) 0(0)

Serum CEA (ngml�1)
Median (range) NA NA NA 3.49 (0–303.40) 3.33 (0–577.80) 0.770c

Serum CA199 (Uml�1)
Median (range) NA NA NA 11.64 (0–896.7) 12.56 (0–1000.0) 0.397c

Abbreviations: CA19-9¼ carbohydrate antigen 19-9; CEA¼ carcinoembryonic antigen; CRC¼ colorectal cancer; NA¼ not avaliable; s.d.¼ standard deviation; TNM¼ tumour to node to
metastasis.
aChi square test or Fisher’s exact test. Missing values are excluded for all statistic tests.
bStudent’s t test.
cMann–Whitney U test (nonparametric). Missing values are excluded for all statistic tests.
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GSE40967. The frequency of gains was significantly higher than
that of losses (Po0.001). In this dataset, only 160 patients had data
for RRBP1 mRNA expression and corresponding chromosomal
aberration. In patients with chromosomal gains, RRBP1 mRNA
level was the highest, followed by chromosomal normal, and was
the lowest in patients with chromosomal loss (Ptrendo0.001),
which showed a dose–response between RRBP1 mRNA levels and
chromosomal aberration, as shown in Supplementary Figure 3.
Similar analysis was also performed for the TCGA dataset.
Chromosomal gains and chromosomal losses of RRBP1 in 564
TCGA CRC specimens was 41.7% and 15.3%, respectively, which
was consistent with the results obtained from the dataset of
GSE40967. Among TCGA CRC patients, 252 had RRBP1 mRNA
expression data. A dose–response between RRBP1 mRNA levels
and chromosomal aberration (Ptrendo0.001) was observed again in
the TCGA dataset (Supplementary Figure 3).

RRBP1 promotes the growth and aggressiveness of CRC
cells. To explore the roles of RRBP1 in CRC progression, we
examined the effects of RRBP1 expression on growth and
aggressiveness of CRC cells. RRBP1 is highly expressed in
SW480, HT29 and HCT116 cells, but is relatively low in LoVo

cells (Figure 3A). Therefore, we decreased RRBP1 expression in
SW480, HT29 and HCT116 cells, and overexpressed RRBP1 in
LoVo cells. We synthesised three pairs of siRNA specific for
RRBP1, and found that the second siRNA pair (referred to as
RRBP1 siRNAs) could most efficiently downregulate RRBP1
expression, as examined by both Q–PCR and western blot
(Figure 3B). Then, we examined the proliferation, clone formation
and invasion of CRC cells transfected with RRBP1 siRNA in vitro
(Figure 3C). The results showed that RRBP1 knockdown
significantly inhibited the proliferation, colony formation and
invasiveness of SW480, HT29 and HCT116 cells (Figure 3D–F).
Meanwhile, RRBP1 overexpression significantly promoted the
proliferation, colony formation and invasiveness of LoVo cells
(Figure 3D–F). To exclude the possible off-target effects, we
transiently overexpressed RRBP1 in SW480 cells after RRBP1
knockdown, and found that RRBP1 could rescue the effects of
RRBP1 knockdown on cell proliferation (Supplementary Figure 4).
These data suggest that RRBP1 may promote the growth and
aggressiveness of CRC cells in vitro. To further investigate the
effects of RRBP1 on CRC progression, we inoculated SW480,
HT29 and HCT116 cells in Balb/c nude mice and treated the
neoplasm with RRBP1 siRNAs (Figure 3G). The results showed
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Figure 2. High IHC-score of RRBP1 predicts poor survivals of patients with CRC. Patients with stage I–III, stage I–II or stage III tumour were
dichotomised into the subgroups with high- or low-RRBP1 protein expression according to RRBP1 IHC-score (cut-off value¼ 175) in the Shuguang
and Changhai cohorts, respectively. Disease-specific survival and DFS are presented. Log-rank P values and hazard ratios (HRs) from univariate Cox
regression analysis are shown.
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that RRBP1 siRNA could significantly inhibit the growth of CRC
xenografts in vivo (Figure 3H). Consistently, RRBP1-overexpressed
LoVo xenografts demonstrated increased growth in nude mice
(Figure 3H). These data indicate that RRBP1 is involved CRC
progression in vivo and knockdown of RRBP1 may be a potential
therapeutic for CRC.

DISCUSSION

In this study, we applied a genomic data-mining strategy to explore
the expression pattern of RRBP1 mRNA in CRC. Among five
published microarray datasets, four studies consistently supported
that RRBP1 mRNA is higher in CRC than adjacent normal tissues.
This result is consistent with a previous proteomic study (Krasnov
et al, 2009), in which only 11 CRC and corresponding normal
specimens were used. Thus, the bioinformatics approach has been
proven to be a fast and effective measure to identify candidate
molecules. Coupled with our IHC analysis using 174 paired CRC
and adjacent normal tissues, we showed that the expression of
RRBP1 protein was elevated in CRC tissues as compared with
adjacent normal tissues, which was quite consistent with that from
RRBP1 mRNA. Moreover, we did not observe any gradation of
RRBP1 protein expression in the tumour specimens of CRC

patients in different TNM stages, which indicate that the roles of
RRBP1 in CRC progression may be different to many oncogenes
that usually correlated to TNM stages. Similar results are also
reported in lung cancer (Tsai et al, 2013) and breast cancer
(Telikicherla et al, 2012). Therefore, RRBP1 expression is distinctly
different between CRC and non-cancerous tissue, and might serve
as a potential biomarker for CRC diagnosis, even in early stage
tumours.

In exception of a recent study (Liang et al, 2015) in breast
cancer, previous studies (Krasnov et al, 2009; Telikicherla et al,
2012; Tsai et al, 2013) have not clearly established the association
between RRBP1 expression and the prognosis of cancer patients.
With an optimal cut-off value of RRBP1 IHC-score (175), we
found that CRC patients with high RRBP1 expression had shorter
DSS than those patients with low RRBP1 expression in the training
cohort. Further, RRBP1 expression also efficiently discriminated
CRC patients with distinct prognosis (both DSS and DFS) in the
validation cohort. Colorectal cancer prognosis is usually dependent
on tumour stage and grade. After balancing TNM stage and grade
in both cohorts, high RRBP1 expression still independently
predicted an unfavourable prognosis. These results strongly
support that RRBP1 expression is independently correlated with
clinical outcomes of CRC patients. Notably, RRBP1 expression was
significantly associated with post-operative prognosis of stage (Iþ
II) and stage III CRC patients (Figure 2). Dichotomisation of CRC

Table 2. Cox regression analysis of RRBP1 expression and clinicopathological factors with DSS in the Shuguang cohort

Univariate analysis Multivariate analysis

Variables HR (95% CI) P-value HR (95% CI) P-value
RRBP1 expression (high vs low) 2.252 (1.445–3.510) o0.001 2.423 (1.531–3.835) o0.001

TNM stage (III vs Iþ II) 2.322 (1.529–3.526) o0.001 2.715 (1.719–4.286) o0.001

Differentiation grade (poorly vs wellþmoderately) 1.614 (1.066–2.444) 0.024 1.399 (0.914–2.144) 0.122

Tumour size (44.5 cm vs p4.5 cm) 1.062(0.696–1.620) 0.780 1.072 (0.688–1.670) 0.760

Depth of invasion [(T3þT4) vs (T1þ T2)] 1.485 (0.718–3.072) 0.286 1.216 (0.570–2.596) 0.613

Age (460 vs p60 years) 1.937 (1.142–3.285) 0.014 2.010 (1.161–3.480) 0.013

Sex (men vs women) 0.943 (0.621–1.434) 0.785 1.231 (0.792–1.914) 0.355

Disease location (rectum vs colon) 1.285 (0.841–1.963) 0.246 1.020 (0.646–1.609) 0.933

Lymph nodes examined (X12 vs o12) 1.076 (0.627–1.848) 0.790 0.864 (0.494–1.510) 0.607

Abbreviations: CI¼ confidence interval; DSS¼disease-specific survival; HR¼ hazard ratio; TNM¼ tumour to node to metastasis.

Table 3. Cox regression analysis of RRBP1 expression and clinicopathological factors with survivals in the Changhai cohort

DFS DSS

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

Variables HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value
RRBP1 expression (high vs low) 4.619 (3.170–6.731) o0.001 4.821 (3.220–7.218) o0.001 4.115 (2.444–6.928) o0.001 3.749 (2.166–6.448) o0.001

TNM stage (III vs Iþ II) 2.616 (1.779–3.847) o0.001 2.017 (1.324–3.073) 0.001 2.105 (1.249–3.548) 0.005 1.709 (0.958–3.049) 0.070

Differentiation grade (poorly
vs wellþmoderately)

1.994 (1.370–2.902) o0.001 1.913 (1.268–2.885) 0.002 1.954 (1.165–3.276) 0.011 1.879 (1.059–3.336) 0.031

Tumour size (44.5 cm vs
p4.5 cm)

0.813 (0.581–1.138) 0.228 0.859 (0.608–1.213) 0.388 1.042 (0.649–1.673) 0.865 0.999 (0.616–1.621) 0.998

Depth of invasion [(T3þT4)
vs (T1þT2)]

1.801 (0.965–3.363) 0.065 1.384 (0.732–2.617) 0.318 3.047 (1.023–9.073) 0.045 2.333 (0.815–6.681) 0.115

Age (460 vs X60 years) 0.873 (0.607–1.256) 0.466 0.844 (0.577–1.235) 0.383 1.261 (0.758–2.097) 0.372 1.252 (0.734–2.136) 0.409

Sex (men vs women) 1.179 (0.813–1.708) 0.386 1.178 (0.794–1.746) 0.415 1.340 (0.792–2.265) 0.275 1.207 (0.696–2.093) 0.503

Disease location (rectum vs colon) 1.051 (0.731–1.512) 0.788 0.908 (0.618–1.335) 0.625 1.218 (0.733–2.023) 0.446 0.943 (0.554–1.605) 0.828

Lymph nodes examined
(X12 vs o12)

2.085 (1.416–3.071) o0.001 1.583 (1.056–2.372) 0.026 1.879 (1.105–3.195) 0.020 1.459 (0.836–2.545) 0.184

Abbreviations: CI¼ confidence interval; DFS¼disease-free survival; DSS¼disease-specific survival; HR¼ hazard ratio; TNM¼ tumour to node to metastasis.
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Figure 3. RRBP1 promotes the growth and aggressiveness of CRC cells. (A) Relative levels of RRBP1 mRNA in CRC cells examined by Q–PCR
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patients within the same stage by biomarkers like RRBP1 is of great
promise in the field of prognostic classification. GRP78 (BIP), a key
player in UPR, has been reported to be correlated with TNM stage
and 5-year overall survival of CRC patients (Thornton et al, 2013).
It may be better to examine the expression of RRBP1 together with
GRP78 for the understanding of UPR in CRC.

Recently, the studies in cancer systems biology hold the notion
that genes with somatic mutations or chromosome aberrations are
more likely to drive cancer development and progression,
especially for those genes with dosage effects (Akavia et al, 2010;
Mine et al, 2013; Tang and Amon, 2013). Through integrating with
published data, we found chromosomal regions of RRBP1 were
more frequently gained than lost in CRC, and RRBP1 chromoso-
mal gains were positively associated with the mRNA levels of
RRBP1. These results suggested that RRBP1 might serve as a driver
in the initiation and/or progression of CRC. Importantly, our
in vitro and in vivo data of RRBP1 knockdown or overexpression
in CRC cells suggested that RRBP1 may participate in the control
of growth and progression of CRC. It also has been reported that
knockdown of RRBP1 significantly reduced the in vivo tumour-
igenicity of lung cancer cells (Tsai et al, 2013). These results,
together with the results from the CRC cohorts, suggest that
RRBP1 may function as an oncogene in CRC. However, underlying
mechanisms for RRBP1 in regulating CRC tumourigenicity need
further investigation.

On the basis of a large study population and a training-
validation study design, we effectively evaluated the prognostic
value of RRBP1 protein. The current study also has a few
limitations. First, we cannot exclude the selection bias in our
cohorts because of the loss of patients to follow-up or tissue
samples owing to the unappreciated factors and the potential
differences when the specimens for original objects were
collected. Second, cancer-adjacent normal tissues were used,
which could not completely mimic the differences between cancer
and real normal tissues. Third, some important prognostic factors
such as microsatellite instability and extramural venous invasion
was not included (data unavailable for the present study owing to
the damage of tissues during the preparation of TMAs), which led
to an incomplete inclusion of variants in multivariate Cox
analysis.

In summary, our study suggests that RRBP1 expression is a poor
prognostic marker in early colorectal cancer (stage I–III) and
potentially a useful IHC marker for the diagnosis of CRC. Further
prospective studies are required for better understanding of RRBP1
as a prognostic marker in CRC.
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