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Abstract MicroRNA-96 (miR-96) is an oncomiR that facili-
tates the development of malignant tumors by promoting
growth, proliferation, and survival of cancer cells. Previous
studies using high-throughput techniques have shown that
miR-96 is upregulated in colorectal cancer compared to adja-
cent normal colorectal tissue. The aim of this study was the
investigation of the potential clinical value of miR-96 as a
molecular prognostic biomarker in colorectal adenocarcino-
ma. For this purpose, total RNA was extracted from 108 pri-
mary colorectal adenocarcinoma samples and 54 paired non-
cancerous colorectal tissue specimens. After polyadenylation
and reverse transcription, miR-96 molecules were determined
using an in-house developed real-time quantitative PCR based
on SYBR Green chemistry. Calculations were carried out with
the comparative Ct method, using SNORD48 as endogenous
reference gene. Finally, extensive biostatistical analysis was
performed and showed that miR-96 is significantly upregulat-
ed in colorectal adenocarcinoma specimens compared to their
non-cancerous counterparts (»p<0.001) as well as in tumors
having invaded regional lymph nodes (p =0.009) and those of
advanced TNM stage (p=0.008). miR-96 expression is an
unfavorable prognostic marker in colorectal adenocarcinoma,
predicting poor disease-free and overall survival (p=0.041
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and 0.028, respectively), independently of classical clinico-
pathological parameters. Most importantly, miR-96 expres-
sion stratifies patients without distant metastasis (MO) at the
time of diagnosis into two groups with substantially different
prognosis (p=0.040). In conclusion, high tissue levels of
miR-96 are associated with advanced stages of colorectal ad-
enocarcinoma and predict an increased risk for disease recur-
rence and poor overall survival, especially in patients without
distant metastasis at the time of diagnosis.

Keywords MicroRNAs (miRNAs) - Molecular tumor
markers - Prognostic biomarkers - Colorectal cancer -
Real-time quantitative PCR (qPCR)

Introduction

Colorectal cancer (CRC) has a yearly incidence of about 1.26
million patients all over the world, thus comprising around
9.4 % of all cancer cases, according to the WHO 2008 report
[1]. CRC, the third most commonly diagnosed cancer in both
men and women, is more frequent in the Western world. In
Europe and the USA, CRC constitutes the second most fre-
quent cancer-related cause of death. In 2008, 608 thousands of
patients died of this malignancy [2]. More than 95 % of CRCs
are carcinomas and about 95 % of these are adenocarcinomas
[3]. Although heritability contributes to CRC risk, the vast
majority of 75 % of CRC patients have sporadic disease [4].
A number of acquired molecular events are associated with
the transition from normal colonic epithelium to adenoma and,
finally, to adenocarcinoma [5].

CRC is highly curable as the pathological tissue can be
surgically removed, provided that the disease is detected early
enough. However, CRC is often diagnosed at an advanced
stage, when the tumor burden has already spread, thus giving
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birth to distant metastasis. As a consequence, these patients
have a rather poor prognosis. Moreover, currently available
tumor markers are non-specific and have a low sensitivity for
CRC detection [6]. Their role is limited, since they are used
only for detection of relapse after surgery and monitoring pa-
tients’ response to treatment [7]. Hence, the discovery of novel,
reliable biomarkers for the early diagnosis, accurate staging,
and follow-up of CRC progression is an indispensable need.

MicroRNAs (miRNAs) were first discovered at
Caenorhabditis elegans in 1993 [8]. They are endogenous,
small (18-24 nucleotides), non-coding, single-stranded RNA
molecules that function as post-translational regulators of
gene expression by binding to partially complementary se-
quences which are usually located at the 3'-untranslated re-
gions (3'-UTRs) of the targeted messenger RNAs (mRNAs).
In most cases, the binding of miRNAs to mRNAs leads to
downregulation of the targeted genes by translational repres-
sion and/or mRNA degradation [9]. A combination of
bioinformatical analyses with functional studies uncovered
the presence of more than 1000 miRNAs in the human ge-
nome. These essential regulators of gene expression control a
wide gamut of cellular processes, such as cell proliferation,
survival, apoptosis, differentiation, motility, invasiveness,
epithelial-mesenchymal transition (EMT), and morphogenesis
[10].

The expression of many miRNAs is deregulated in cancer.
Alterations in miRNA expression can arise from deletions,
duplications, point mutations, and changes at the methylation
pattern of miRNA genes, which are often located in cancer-
related genomic regions and/or fragile sites [10, 11].
Furthermore, changes in the transcription rate of miRNA
genes and/or the two-step maturation of their primary tran-
scripts account also for aberrant expression of these tiny reg-
ulators of gene expression [12, 13]. Apart from their tremen-
dous biological significance, miRNAs may constitute very
useful biomarkers in many diseases [14].

Extensive ongoing research tries to identify miRNAs
with clinical relevance in CRC, particularly focusing on
miRNAs as promising diagnostic and/or prognostic tumor
biomarkers [15]. One such miRNAs is microRNA-96
(miR-96) [16], the expression of which is deregulated in
several other human malignancies, such as prostate cancer
[17], breast cancer [18], ovarian carcinoma [19], hepato-
cellular carcinoma [20], non-small-cell lung cancer [21],
and pancreatic cancer [22]. The MIR96 gene is part of a
miRNA gene cluster, miR-183-96-182, mapped at the
7q32.2 genomic regions, between the MET and BRAF
oncogenes. miR-96 is considered to be an oncomiR reg-
ulating the expression of many cancer-related genes.
Among them, the transcription factors FOXO1 and
FOXO3A as well as the KRAS oncogene are perhaps the
most important ones with regard to colorectal adenocarci-
noma [18, 23]. Other validated targets of miR-96 include
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IRS1, HTRIB, ADCY6, MITF, AQP5, CELSR2, ODF2,
MYRIP, and RYK, according to the miRecords database
[24].

The aforementioned data prompted us to evaluate the prog-
nostic potential of miR-96 expression and its putative clinical
application in colorectal adenocarcinoma prognosis. For this
purpose, we developed a highly sensitive real-time quantita-
tive PCR (qPCR) methodology for the quantification of miR-
96 levels in colorectal adenocarcinomas and in adjacent non-
cancerous colorectal mucosae.

Materials and methods
Tissue samples

The tissue bank used in the current study included 108 colo-
rectal adenocarcinomas and 54 paired non-cancerous colorec-
tal tissue specimens from patients who underwent surgical
treatment for primary colorectal adenocarcinoma at the
University General Hospital “Attikon,” between 2000 and
2010. All specimens were histologically characterized by a
pathologist and frozen in liquid nitrogen immediately after
resection. The study was approved by the institutional Ethics
Committee of the University General Hospital “Attikon” in
accordance with the ethical standards of the Declaration of
Helsinki and informed consent was obtained from the patients.

Clinicopathological variables taken into account in this
study included the tumor size, histological grade, and disease
stage as defined according to the TNM classification. The
TNM staging system combines tumor invasion (T), regional
lymph node status (N), and presence or absence of distant
metastasis (M); it has been updated for the last time in
May 2011 [25]. Clinical and biological characteristics of all
patients are summarized in Table 1. Follow-up information
included disease status (disease-free or recurrence) and surviv-
al status (alive or deceased), as well as the dates of the events
and the cause of death. The median disease-free survival
(DFS) was 26.0 months (range 3.0-120.0) and the median
overall survival (OS) was 27.0 months (range 1.0-120.0).
Patient age ranged from 37.0 to 93.0 years with a mean+SE
of 67.0+1.1 (Table 2).

Human cancer cell line culture

The human prostate carcinoma DU 145 cell line, in which
miR-96 is highly expressed, was chosen as calibrator for the
normalization in real-time PCR, as described below. DU 145
cells were subcultured in Dulbecco’s modified Eagle’s medi-
um (DMEM), adjusted to contain 10 % fetal bovine serum
(FBS), 100 kU/L penicillin, 0.1 g/L streptomycin, and 2 mM
L-glutamine. Cells were seeded at a concentration of 0.5 x 10°
cells/mL and incubated for 48 h at 37 °C, in a humidified
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Table 1 Clinical and biological characteristics of the colorectal
adenocarcinoma patients

Total number of patients 108
Sex (male/female) 55/53
Number of patients (%)

Histological grade

1 11 (10.2 %)

I 74 (68.5 %)

I 23 (21.3 %)
T (tumor invasion)

T1 2 (1.8 %)

T2 10 (9.3 %)

T3 67 (62.0 %)

T4 29 (26.9 %)
N (nodal status)

NO 59 (54.6 %)

N1 31 (28.7 %)

N2 18 (16.7 %)
M (distant metastasis)

MO 95 (88.0 %)

M1 13 (12.0 %)
TNM stage

1 11 (10.2 %)

I 46 (42.6 %)

I 38 (35.2 %)

v 13 (12.0 %)

atmosphere containing 5 % CO,, before collecting them for
further use.

Total RNA extraction, polyadenylation, and reverse
transcription

Tissue specimens were homogenized and then dissolved in
TRI Reagent® (Molecular Research Center, Inc. Cincinnati,
OH). Following the manufacturer’s instructions, total RNA
was extracted from pulverized tumors and trypsinized DU

145 cells, diluted in RNA Storage Solution (Life
Technologies Ltd., Carlsbad, CA, USA), and stored at
—80°C until use. The concentration and purity of total RNA
were assessed spectrophotometrically at 260 and 280 nm.
Total RNA polyadenylation and reverse transcription into
first-strand complementary DNA (cDNA) were then per-
formed as described in Suppl. Materials and methods.

Real-time PCR

gPCR was carried out using the SYBR Green chemistry in a
7500 Fast Real Time PCR System (Applied Biosystems,
Foster City, CA, USA). Taking into account the published
sequences of mature miR-96 and SNORD48 (small nucleolar
RNA, C/D box 48; also known as RNU48 or U48) with
GenBank® accession numbers NR 029512.1 and
NR_002745.1, respectively, two specific primers were de-
signed and used along with a common reverse primer to gen-
erate two respective amplicons. Primer sequences, contents of
the reaction mixture, cycling conditions, and melting curves
are presented in Suppl. Materials and methods. Each real-time
PCR reaction was performed in duplicate, so as to evaluate the
reproducibility of data (Suppl. Fig. 1a, b).

Calculations and validation of the comparative Ct
(27**T) method for miR-96 quantification

Calculations were made using the comparative Ct (274ACT
method. SNOR48 was used as an endogenous control gene so
as to normalize PCRs for the RNA amount added to the re-
verse transcription reactions, while the prostate adenocarcino-
ma cell line DU 145 was used as a calibrator in order to render
PCRs from distinct runs comparable [26]. The prerequisites
for the application of the comparative Ct (272%CT) method
[27] were checked in a validation experiment, in which Cr
values of miR-96 and SNORD48 were measured in a dilution
series of DU 145 cDNA covering five orders of magnitude (1—-
107%). The qPCR efficiency (E) for the amplification of each

Table 2 Characterization of

colorectal adenocarcinomas in the Variable Mean +SE Range Percentiles
cohort, including 108 patients
25th 50th (median) 75th
miR-96 expression (RQU)
In malignant tumors (n = 108) 27.22+2.55 0.50-99.74 791 16.87 40.27
In non-cancerous specimens (n = 54) 5.85+0.71 0.75-25.37 2.05 424 7.52
Patient age (years) 67.0+1.1 37.0-93.0 583 68.0 76.0
Tumor size (cm?) 23.6+1.8 0.8-132.0 10.5 18.8 31.9
DFS (months) 38.1+3.1 3.0-120.0 17.0 26.0 51.0
OS (months) 38.9+2.9 1.0-120.0 17.0 27.0 53.0

SE standard error, RQU relative quantification units, DFS disease-free survival, OS overall survival
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molecule (Suppl. Fig. 1c) was calculated using the following
formula: E=—1+10""", where « is the slope of the respec-
tive amplification plot. The slopes of miR-96 and SNORD48
amplification plots are very similar (—3.488 and —3.422, re-
spectively), which clearly indicates similar efficiencies for the
corresponding amplicons (93.5 and 96.0 %, respectively).
The normalized miR-96 expression in each sample was
calculated as the ratio of miR-96 copies to SNORD48 copies
divided by the same ratio that had been previously calculated
for the DU 145 cell line. The normalized (2~**“T) miR-96
levels were then multiplied with the average ratio of miR-96
copies to SNORD48 copies of DU 145 cells (27>%*%), calcu-
lated based on the difference between the y-intercepts of the
regression lines (Suppl. Fig. 1c), therefore resulting in com-
parable results which are independent of the miR-96 expres-
sion levels in DU 145 cells. Finally, normalized results were
multiplied by 1000 and designated as relative quantification
units (RQU), standing for miR-96 copies/1000 SNORD4S8
copies. Calculations are summarized in the following formula:

( Crmir-96 )
Csnorpag Sample_X_Plate_i

RQUgample x = ( o 7-(18249-12.611)

Crmir-96 )
Csnorn4s / Calibrator_Plate_i

% 1000

_ | AEoom samplex x 27508 % 1000

( Cmir-96 )
Csxoro4s / Calibrator Plate_i

where “Sample X is a random tissue specimen, “Cyir.06” 1S
the number of miR-96 copies, “Csyorpss” 1s the number of
SNORDA48 copies, and “Plate i” is a random qPCR run.

Biostatistical analysis

As the distribution of the expression levels of miR-96 in our
cohort of patients was not Gaussian, miR-96 levels between
paired tissue specimens (colorectal adenocarcinomas vs. non-
cancerous mucosae) were compared using the non-parametric
Wilcoxon signed-rank test. Moreover, analysis of the differ-
ences among subgroups of patients—stratified according to
each clinicopathological parameter—was performed with the
Mann-Whitney U test or Kruskal-Wallis test, where appropri-
ate. To examine the discriminatory value of miR-96 expres-
sion in colorectal adenocarcinoma, we constructed receiver
operating characteristic (ROC) curves for miR-96 expression
levels by plotting sensitivity versus (1-specificity); the areas
under the ROC curves (AUC) were analyzed by Hanley and
McNeil method. Moreover, we performed univariate logistic
regression analysis, using miR-96 expression both as a con-
tinuous and as a dichotomous variable, after splitting the
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continuous variable at the optimal cutoff value, as explained
below.

In order to determine the optimal cutoff point for categori-
zation of patients into miR-96 positive and miR-96 negative
as there are no established cutoff points, we used the X-tile
software, an algorithm that facilitated the determination of an
optimal cutoff point by correcting for the use of minimum p
value statistics algorithm [28]. This cutoff point was 24.10
RQU, equal to the 64th percentile. According to this cutoff
value, miR-96 expression in each specimen was categorized
as negative or positive.

Relationships between miR-96 expression status and pa-
tients’ survival were assessed by Kaplan-Meier DFS and OS
curves. The differences between the curves were evaluated by
the log-rank (Mantel-Cox) test. We also developed Cox pro-
portional hazard regression models to assess the association
between the prognostic markers and the relative risks for re-
lapse and death of patients. Multivariate Cox regression
models were adjusted for the aforementioned established clin-
icopathological parameters. The level of statistical signifi-
cance was defined at a probability value of less than 0.05
(p<0.05).

Results

Overexpression of miR-96 in colorectal adenocarcinoma
tissue specimens compared to paired non-cancerous
colorectal mucosae

miR-96 expression was significantly higher in colorectal ade-
nocarcinoma tissues than in non-cancerous mucosae, ranging
from 0.50 to 99.74 RQU with a mean+ SE of 27.22+2.55 in
the former, while varying between 0.75 and 25.37 RQU with a
mean=+SE of 5.85+0.71 in the latter (Table 2 and Fig. 1a).
Comparison of miR-96 levels among 54 pairs of colorectal
tumors and their adjacent non-cancerous mucosae uncovered
the profound overexpression of this molecule in the vast ma-
jority (83.3 %) of malignant colorectal tumors (p<0.001;
Fig. 1b).

Interestingly, miR-96 levels were elevated in colorectal ad-
enocarcinomas of patients with positive regional lymph
nodes, compared to tumors of those with negative nodal status
(p=0.009) (Fig. 1c). Moreover, colorectal adenocarcinomas
classified at an advanced TNM stage showed stronger expres-
sion of miR-96 than early-stage tumors (p=0.008) (Fig. 1d).

Discriminatory value of miR-96 expression in colorectal
adenocarcinoma

So as to assess the ability of miR-96 expression to discrimi-
nate between colorectal adenocarcinoma and non-cancerous
colorectal tissues, we performed ROC and logistic regression
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Fig. 1 Comparison of miR-96 levels between all colorectal
adenocarcinoma samples and adjacent non-cancerous mucosae (a), as
well as among pairs of colorectal adenocarcinoma tissues and their
adjacent non-cancerous mucosae (b). miR-96 expression is significantly
upregulated in colorectal adenocarcinoma specimens. Comparison of the
distribution of miR-96 expression levels between colorectal
adenocarcinoma specimens from node-negative (N0O) and node-positive
(N1 or N2) patients (c), as well as between early-stage (TNM stage I or II)

analyses. As illustrated by the ROC curve in Fig. 2, miR-96
expression was found to distinguish very efficiently colorectal
adenocarcinoma from healthy colorectal mucosae (area under
the curve (AUC)=0.84, 95 % confidence interval (95 %
CI)=0.79-0.90, p<0.001).

Univariate logistic regression analysis revealed that high
miR-96 levels constitute a predictor of the presence of colo-
rectal adenocarcinoma (crude odds ratio OR=1.19, 95 %
CI=1.11-1.28, p<0.001). Furthermore, analysis of miR-96
expression as a dichotomous variable showed that miR-96
positivity in colorectal mucosae predicts a 30-fold higher risk
for adenocarcinoma (crude OR=29.96, 95 % CI=3.99—
225.14, p<0.001).

TNM stage

and advanced-stage (TNM stage III or IV) colorectal tumors (d). High
miR-96 expression was associated with positive regional lymph nodes
and advanced TNM stages. The p value was calculated using the Mann-
Whitney U test (a, ¢, and d) or the Wilcoxon signed-rank test (b). The line
bars represent the median value (50th percentile) for each cohort, the
bottom and top of each box indicate the 25th and 75th percentiles,
respectively, the whiskers extend to 1.5 times the height of each box,
and the circles outside boxes show outliers (a, ¢, and d)

miR-96 expression predicts short-term relapse
in colorectal adenocarcinoma patients, independently
of other clinicopathological variables

miR-96 expression values were categorized into one of two
groups (positive or negative), as described in the “Materials
and methods” section; thus, 69 (63.9 %) cases were classified
as miR-96 negative and 39 (36.1 %) as miR-96 positive.
Furthermore, follow-up information was available for 106 pa-
tients; however, 13 patients were diagnosed with distant me-
tastasis before or at the time of surgery and were excluded
from DFS analysis. Out of the remaining 93 patients, 17
(18.3 %) relapsed during the respective follow-up periods.
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Fig. 2 Receiver operating characteristic (ROC) curve for miR-96
expression. miR-96 expression was shown to efficiently distinguish
colorectal adenocarcinoma from non-cancerous colorectal tissues

In Cox univariate regression analysis (Table 3), a margin-
ally significant 2.7-fold higher risk of recurrence was predict-
ed for colorectal adenocarcinoma patients bearing tumors with
positive miR-96 expression status (hazard ratio HR=2.70,
95 % CI=1.01-7.29, p=0.049). We also performed Kaplan-

Meier survival analysis to evaluate miR-96 expression in
terms of predicting DFS. In agreement with the aforemen-
tioned results, Kaplan-Meier DFS curves illustrated that colo-
rectal adenocarcinoma patients with miR-96-positive tumors
had shorter DFS, compared to those who had a miR-96-
negative colorectal adenocarcinoma (p=0.041; Fig. 3a).

In the multivariate Cox regression analysis regarding DFS
(Table 3), miR-96 expression predicted a significantly unfa-
vorable prognostic outcome (HR =3.10, 95 % CI=1.06-9.02,
p=0.038), which was independent of tumor size, histological
grade, tumor invasion, and regional lymph node status.

miR-96 expression is an independent prognosticator
of poor OS in colorectal adenocarcinoma

Regarding OS, out of 106 colorectal adenocarcinoma pa-
tients for whom follow-up data were available, 24 patients
(22.6 %) died during the accrual follow-up period. Cox
univariate regression analysis (Table 3) demonstrated that
patients with miR-96-positive colorectal adenocarcinoma
were at higher risk of death (HR=2.40, 95 % CI=1.07-
5.38, p=0.033), compared to patients whose colorectal
adenocarcinoma was miR-96 negative. Hence, enhanced
miR-96 expression seems to constitute a strong unfavor-
able predictor of OS, as well. Histological grade of the
tumor, tumor invasion, positive status of regional lymph
nodes, and distant metastasis were also significant

Table 3 miR-96 expression and
survival of colorectal
adenocarcinoma patients

Variable

DFS (n=93)
Univariate analysis

Multivariate analysis®

HR® 95 % CI° p value! HR® 95 % CI° p value!
miR-96 expression status
Negative 1.00 1.00
Positive 2.70 1.01-7.29 0.049 3.10 1.06-9.02 0.038
Tumor size 0.97 0.93-1.01 0.099 0.92 0.87-0.98 0.007
Histological grade 247 1.02-5.97 0.045 3.87 1.32-11.41 0.014
T (tumor invasion) 141 0.61-3.23 0.42 143 0.60-3.43 0.42
N (nodal status) 1.07 0.54-2.15 0.84 0.55 0.24-1.26 0.16
Variable OS (n=106)
Univariate analysis Multivariate analysis®
HR® 95 % CI° p value® HR® 95 % CI° p value®
miR-96 expression status
Negative 1.00 1.00
Positive 2.40 1.07-5.38 0.033 248 1.04-5.96 0.041
Tumor size 1.01 0.99-1.03 0.51 0.97 0.95-1.00 0.089
Histological grade 2.65 1.26-5.60 0.010 2.38 1.01-5.60 0.047
T (tumor invasion) 4.24 2.00-8.98 <0.001 244 0.99-6.03 0.054
N (nodal status) 1.97 1.19-3.25 0.008 1.33 0.75-2.35 0.33
M (distant metastasis) 10.77 4.60-25.18 <0.001 8.11 2.72-24.23 <0.001

DFS disease-free survival, HR hazard ratio, CI confidence interval, OS overall survival

*Multivariate models regarding DFS were adjusted for patients’ tumor size, histological grade, tumor invasion
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(T), and regional lymph node status (N)
® Hazard ratio, estimated from Cox proportional hazard regression models
¢ Confidence interval of the estimated HR

9 Statistically significant p values are shown in italics

¢ Multivariate models regarding OS were adjusted for patients’ tumor size, histological grade, tumor invasion (T),

regional lymph node status (N), and presence of distant metastases (M)
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Fig. 3 Kaplan-Meier survival curves for the disease-free survival (DFS)
(a) and overall survival (OS) (b) of colorectal adenocarcinoma patients in
total, as well as for the OS of metastasis-free patients (¢). High miR-96
expression is an unfavorable prognostic biomarker in colorectal
adenocarcinoma patients, particularly in those without distant metastasis
(MO)

prognosticators of OS, as expected. In accordance with
these results, Kaplan-Meier OS analysis revealed that pa-
tients with miR-96-positive colorectal adenocarcinoma
were more likely to succumb to their disease earlier than
patients with a miR-96-negative malignancy (p=0.028;
Fig. 3b).

In the multivariate Cox regression analysis (Table 3),
miR-96 positivity remained a statistically significant indi-
cator of poor OS in colorectal adenocarcinoma, indepen-
dent of tumor size, histological grade, invasion, nodal
status, and distant metastasis (HR=2.48, 95 %
CI=1.04-5.96, p=0.041). More importantly, Kaplan-
Meier analysis in the subgroup of patients without distant
metastasis (M0) demonstrated that positive miR-96 ex-
pression status predicts again a significantly unfavorable
outcome (p=0.040; Fig. 3c).

Discussion

Colorectal cancer is usually curable provided that it is detected
early enough. The progression of the disease from normal
mucosa to adenoma and, finally, to adenocarcinoma and me-
tastasis to other tissues is a multistep process, involving mu-
tations of tumor suppressors and oncogenes as well as altered
expression of miRNAs and proteins, accompanied by im-
paired apoptosis. During the last decades, clinical researchers
have focused their efforts on the discovery of novel molecular
biomarkers that could be used in clinical practice for early
diagnosis and/or reliable prognosis of CRC patients.

The emerging roles of miRNAs during carcinogenesis have
been well highlighted in the recent past. miRNA functional
studies in CRC have uncovered their implication in critical
pathways involving EGFR [29], p53 [30], NF«B [31], Wnt,
[3-Catenin [32], and APC [33], as well as in the regulation of
EMT [31] and cancer stem cell maintenance [31, 34].
Apparently, alterations of the expression pattern of specific
miRNAs contribute significantly to colon carcinogenesis.
Hence, their important functional roles in the initiation and
progression of colorectal cancer as well as their stability and
integrity even in formalin-fixed paraffin-embedded tissues
render them potential first-class tumor biomarkers for this
cancer type [35]. Their expression signatures are studied in
tumor tissues [36], blood (plasma) [37, 38], and feces
[39—41]. Thus, miRNA transcriptome constitutes a rich pool
of novel, putative tumor biomarkers.
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Focusing on miR-96, this one belongs to a miRNA
family with high homogeneity and conservation among
different species; all the members of this miRNA family
have been shown to be deregulated in various human ma-
lignancies, including CRC, and are involved in critical
cell processes, such as cellular differentiation, prolifera-
tion, apoptosis, and metabolism [18, 20, 23]. miR-96 ex-
pression is upregulated in a plethora of cancer types, in-
cluding prostate, breast, bladder, lung, endometrial, and
gastric cancer as well as hepatocellular and testis carcino-
ma [42, 43]. Our results regarding the remarkable upreg-
ulation of miR-96 expression in colorectal adenocarcino-
ma, compared to adjacent normal colorectal tissue, agree
with those of previous studies [16, 43—45]. However, its
potential diagnostic, prognostic, and/or predictive poten-
tial in colorectal adenocarcinoma have not been exten-
sively studied, so far.

The role of deregulated miR-96 expression during co-
lon carcinogenesis is critical, as this oncomiR facilitates
the development of tumors by promoting growth, prolif-
eration, and survival of cancer cells [46, 47]. According to
our data, miR-96 levels are significantly higher in colo-
rectal adenocarcinomas having invaded regional lymph
nodes and in those of advanced TNM stage (III or IV).
This finding along with the previously described associa-
tion of miR-96 expression with liver metastasis [48] sup-
ports the notion that upregulation of miR-96 expression is
related to the progression of colorectal adenocarcinoma.
Similar conclusions have been drawn in non-small-cell
lung cancer, as increased miR-96 expression in such ma-
lignant tumors of the lung was significantly associated
with lymph node metastasis [49]. On the other hand, our
results disagree with those of Ress et al. [46], who con-
cluded that low miR-96 expression in primary colorectal
tumors is associated with distant metastasis at the time of
diagnosis. This could be attributed to the use of RNU6B
(U6 snRNA) as a normalizer in that study, which consti-
tutes a weakness due to the fact that RNU6B is an endog-
enous reference gene with the least stability in expression
[50]. Another substantial difference between our study
and the one of Ress et al. [46] is the cutoff value used
for the dichotomization of miR-96 expression; in our
study, we used an appropriate algorithm [28] to determine
the optimal cutoff value for this purpose, whereas Ress
et al. chose to split miR-96 expression at the median
and hence create two cohorts of CRC patients [46].

In accordance with our aforementioned results, Cox
univariate regression analysis showed that high miR-96
expression is a poor prognosticator in patients with colo-
rectal adenocarcinoma, as it predicts an increased risk of
relapse and/or death. Similarly, Kaplan-Meier survival
analysis demonstrated significantly inferior DFS and OS
rates for miR-96-positive patients. Again, our conclusions
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disagree with those drawn in the study of Ress et al. [46],
according to which low miR-96 expression is likely to be
associated with poor clinical outcome in CRC patients.
The reasons for this apparent difference between the two
studies are described in the previous paragraph. More in-
terestingly, we hereby show that miR-96 positivity
retained its unfavorable prognostic value in the subgroups
of patients without distant metastasis at the time of
diagnosis.

In summary, we examined the putative discriminatory
and prognostic value of miR-96 expression in colorectal
adenocarcinoma using a newly developed, in-house, low-
cost, sensitive, and accurate SYBR Green-based qPCR
technique for the quantification of the levels of this
miRNA. The generation of an optimal cutoff and the sub-
sequent dichotomization of miR-96 expression (positive
vs. negative expression status) alleviates the need for ut-
most sensitivity that could be achieved by using a ready-
to-use probe-based qPCR assay, rendering such assays
much less cost-effective. Our study provides evidence that
miR-96, an important oncomiR with anti-apoptotic behav-
ior belonging to the miR-183-96-182 cluster, is able to
distinguish colorectal adenocarcinoma tissues from non-
malignant colorectal tissues. A novel finding of our study
is that miR-96 expression is higher in primary colorectal
adenocarcinoma of patients with metastasis in regional
lymph nodes or advanced disease stage. In accordance
with these results, strong miR-96 expression constitutes
an unfavorable prognostic biomarker for this malignancy,
predicting short DFS and OS time intervals. Most impor-
tantly, the prognostic value of miR-96 expression seems
to be independent of classical clinicopathological param-
eters including tumor size, histological grade, tumor inva-
sion, and regional lymph node status. In addition to these
findings, we demonstrate that high miR-96 expression
predicts poor OS even among patients with apparently
similar OS probabilities, such as those without distant
metastasis (M0), thus suggesting its putative future ex-
ploitation by multiparametric prognostic models compris-
ing various molecular biomarkers with prognostic signif-
icance in colorectal adenocarcinoma.

In conclusion, the current study provides strong evidence
that miR-96 expression constitutes a promising biomarker for
colorectal adenocarcinoma. Under this perspective, trying to
determine miR-96 levels in serum or plasma and to analyze its
potential clinical value as a non-invasive molecular biomarker
for colorectal adenocarcinoma would be particularly interest-
ing. Our future efforts will focus on high-throughput small-
RNA profiling in adenocarcinomas and adenomas as well as
matched normal tissues of the colon and rectum by means of
RNA-seq, in an attempt to identify miRNAs with high varia-
tions in their expression and study their combinatorial prog-
nostic significance and ability to predict patient outcome.
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