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Abstract

Background MicroRNAs (miRNA) are tiny, noncoding,
small, endogenous RNAs that play major roles in neo-
plastic transformation and could therefore offer a better
quantitative and noninvasive method for the diagnosis and
prognosis of colorectal cancer (CRC) using feces. In the
present study, we screened feces for 648 miRNAs and
analyzed the role of miR-144* as a potential CRC diag-
nostic marker.

Methods Fecal miRNA expression was profiled with
RT-pre-amplification-qPCR, and the stability was deter-
mined using both endogenous and exogenous miRNA by
RT-gPCR. ROC analysis was performed to enhance the
diagnosing power of the CRC patients’ fecal specimens.
Results We detected 39% of all the miRNAs screened in
feces. Endogenous miRNAs are more stable over time and
temperature, while exogenous miRNAs degraded rapidly.
miR-144* was overexpressed in feces, suggesting that it
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could be a potent candidate diagnostic marker for CRC
detection, with a sensitivity of 74% and a specificity of
87% (n =75, p < 0.0001). Moreover, RT-qPCR analysis
showed that miR-144* was also overexpressed in paired
CRC tissues, thus suggesting its possible utilization as a
diagnostic marker.

Conclusions We demonstrated that miRNAs are stable in
the fecal microenvironment, and that, among them, miR-
144* represents a novel fecal-based diagnostic marker for
CRC screening. Nevertheless, our data need to be validated
in a large cohort of subjects.
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Introduction

MicroRNAs (miRNAs) are a small class of regulatory
RNA molecules that modulate the activity of specific
mRNA targets and display important roles in a wide range
of physiological and pathological processes [1—4]. They
guide the RNA-induced silencing complex to target sites,
which are thought to be most prevalent in the 3’ untrans-
lated region of some mRNAs [5]. Moreover, they also
potentially target up to one-third of all human coding
genes, making their role in cellular biology even more
important [6]. Initially, miRNAs were discovered in
Caenorhabditis elegans as small temporal RNAs (stRNAs)
that regulate developmental transitions [7]. Since then,
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hundreds of members of the class of miRNAs have been
found in worms, flies, plants and mammals. Although the
mechanisms through which miRNAs regulate their target
genes are still gradually being discovered, the finding that
at least some miRNAs feed into the RNA interference
(RNAI) pathway has provided a starting point for the dis-
covery and elucidation of the biological roles of miRNAs
in normal physiology and human diseases, particularly
cancers (for more on this topic, refer to [7, 8]).

At the time that this manuscript was written, 1413
human miRNAs had been reported bioinformatically in
miRBase (http://www.mirbase.org/cgi-bin/query.pl?terms=
hsa-miR), and these require experimental validation. These
molecules are implicated in numerous cellular processes,
including development, differentiation, proliferation,
apoptosis, DNA damage repair and stress responses, and
they are frequently deregulated in cancers [9, 10]. miRNA
expression varies with tumor type, including colorectal
cancer (CRC) [1, 2, 9-12]. Furthermore, miRNA expres-
sion signatures have been shown to be clustered according
to tumor type, and to predict prognosis [11-14].

Recent reports have proposed the possibility of detecting
miRNAs from serum and blood-based bodily fluids as
novel targets to interpret disease state and as biomarkers in
various malignancies [15—17]. miRNA expression is tissue
specific, and it has unusually high stability in formalin-
fixed tissues [18-20] and in bodily fluids [15-23]. In view
of this observation, and reports published previously, the
expression profile of deregulated miRNAs may represent
an enhanced quantitative and diagnostic tool for cancer
detection. Although various molecular methods have
recently been proposed for CRC detection, most of them
have presented relatively low sensitivities as screening
modalities.

Cells exfoliated from malignant colonocytes undergo
genetic changes that confer upon them the ability to escape
from programmed cell death and shed more frequently than
normal colonocytes in feces [24, 25]. This phenomenon
allows us to distinguish the altered expressions of dereg-
ulated miRNAs in order to detect CRC using feces (for a
detailed explanation, see [24-27]).

In this study, we assessed whether the altered expression
of miRNAs detected in feces could serve as a good can-
didate biomarker for CRC detection. We profiled 648
miRNAs in pooled samples from subsets of diseased and
healthy individuals and determined whether miRNAs are
stably detected in feces. Moreover, RT-qPCR was per-
formed to determine whether differential miRNA expres-
sion can be robustly and reliably measured in feces. With
regards to the generated microarray data, we validated a
chosen set of miRNAs that could diagnose CRC accurately
with acceptable sensitivity and specificity. We showed that
endogenous miRNAs are stably detected in feces, and that,
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among them, miR-144* represents a novel fecal-based
diagnostic marker for CRC screening.

Materials and methods
Feces and tissues samples

Fecal specimens were collected from patients who under-
went colonoscopy following a standardized procedure, as
described previously [26, 27]. Briefly, patients were
instructed to collect an aliquot of feces in a sealed plastic
container and transport it to the hospital in an ice bag. The
samples were stored at —20°C immediately upon receipt
with fecal stabilization buffer. The samples were then
processed according to the standard protocol, as described
previously [26]. During colonoscopy, the colon was visu-
alized until the cecum in all patients, independent of dis-
ease state, and the sizes and locations of any lesions were
recorded. Later, the diagnosis of cancer was confirmed
histologically and pathological stages were scored. Surgi-
cal tissues were also collected from another set of cancer
patients who underwent colonoscopy and surgery in our
institute and kept at —80°C. All subjects gave their
informed consent prior to participation in this study. The
study was approved by our institutional review board.
miRNA analysis was conducted blindly by two technicians
who evaluated the pooled and RT-qPCR assays.

Isolation of miRNAs from the feces of CRC
and healthy subjects

Total miRNA was isolated from approximately 20-30 mg
of feces of CRC and healthy individuals (n = 75) using the
mirVana™ miRNA isolation kit with minor modifications
from the manufacturer’s (Ambion, Inc.) guidelines. For the
initial lysis step, we used 800 pl of lysis/binding solution
diluted in feces and vortexed vigorously. Later, the mixture
was subjected to centrifugation at 13000 rpm for 1 min.
The supernatant was collected and processed according to
the instructions that came with the mirVana isolation kit.
The concentrations of all miRNA samples were quantified
using NanoDrop 1000 (Nanodrop, Wilmington, DE, USA),
and an equivalent amount of the total miRNAs of each
patient was used for RT-qPCR analysis.

Fecal miRNA stability assay

Feces samples were spiked with synthetic cel-miR-238
from C. elegans, which has no sequence homology to
human miRNAs, as described by Mitchell et al. [16]
(miRBase accession number: MIMAT000093-UUUGU
ACUCCGAUGCCAUUCAGA; Primm SRL, Milan, Italy).
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Molar concentrations to be spiked in were derived
empirically to produce Cg values that were comparable to
those of moderately abundant endogenous miRNAs
measured in fecal specimens. Briefly, 20-30 mg of the
fecal sample containing 2 pl of 10 pM cel-miR-238 and
the negative control were re-suspended in duplicate in
400 pl of 2X denaturing solution (Ambion), which con-
tains RNase inhibitor, or in PBS without RNase inhibitor.
Samples were then processed immediately with the mir-
Vana lysis/binding solution. An equivalent amount of
total miRNA from each sample was reverse transcribed,
and the level of cel-miR-238 was quantified based on RT-
gPCR. For the temperature stability analysis, equal
amounts of each fecal sample were placed at 4 and 25°C,
and the levels of miR-16 and cel-miR-238 were monitored
over periods of 0, 2, 4 and 6 days and quantified by
standard curve analysis.

RDML data guidelines

Raw miRNA expression, experimental annotation, and
sample annotation are available in the RDML data format
[28].

Microarray miRNA reverse transcription

Feces from 15 CRC patients and 15 healthy controls were
pooled to analyze the expression of 648 miRNAs. Total
miRNA was extracted using the mirVana™ miRNA iso-
lation kit, and then 8 pl of the total RNA (50 ng/pl) (the
same amount of total miRNA was pooled for each patient,
quantified by a NanoDrop 1000) were reverse transcribed
using an miRNA reverse transcription kit (Applied Bio-
systems) in combination with the stem-loop Megaplex
primer pool (Applied Biosystems), allowing the simulta-
neous reverse transcription of 648 miRNAs and 19
endogenous controls [23, 28]. Briefly, 8 ul of the total
RNA (50 ng/pl) were supplemented with RT primer mix
(10x), RT buffer (10x), MultiScribe reverse transcriptase
(10 U/ul), dNTPs with dTTP (0.5 mM each), MgCl,
(3 mM), and AB RNase inhibitor (0.25 U/ul) in a total
reaction volume of 80 pl. For RT reactions with sub-
sequent pre-amplification, the reaction volume was pro-
portionally reduced to 5 pl. The concentration of each
stem-loop primer in the RT reaction mix was 1 nM, a
50-fold dilution compared with a singleplex RT reaction,
ensuring minimal nonspecific interactions between the
different stem-loop primers. To increase the reverse tran-
scription efficiency, a pulsed RT reaction was used (40
cycles of 16°C for 2 min, 42°C for 1 min and 50°C for 1 s,
followed by a final reverse transcriptase inactivation at
85°C for 5 min).

Pre-amplification of miRNA cDNA

Megaplex RT product (5 pl) was pre-amplified using
Applied Biosystems’ TagMan PreAmp Master Mix (2x)
and the PreAmp Primer Mix (5x) in a 25-pl PCR reaction.
The primer pool consisted of forward primers (50 nM) that
were specific for each of the 667 miRNAs, including 19
endogenous control small RNAs and a universal reverse
primer (50 nM) (Applied Biosystems). The pre-amplifica-
tion cycling conditions were as follows: 95°C for 10 min,
55°C for 2 min and 75°C for 2 min, followed by 14 cycles
of 95°C for 15 s and 60°C for 4 min [29, 30].

Real-time qPCR

For each cDNA sample, 648 miRNAs and 19 endogenous
control small RNAs were profiled using a gene maximi-
zation PCR plate setup in a 384-well plate. This approach
allowed us to profile one sample per 384-well plate. The
RT product was diluted 400-fold; when pre-amplification
was applied, the dilution factor was 1600. PCR amplifi-
cation reactions were carried out in a total volume of 8 pl,
containing 4 pl of TagMan Master Mix (Applied Biosys-
tems), 1 pl of cDNA and 3 pl of miRNA TagMan probe
and primers (primer details can be accessed through the
Applied Biosystems website: http://www.appliedbio
systems.com). Cycling conditions were as follows: 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s, and
60°C for 1 min. All PCR reactions were performed on the
7900HT RT-qPCR system (Applied Biosystems). Raw Cgy
values were calculated using SDS software v.2.1 with
automatic baseline settings and a threshold of 0.224. The
crossing point between the baseline-corrected amplification
curve and the threshold line is called the quantification
cycle (Cy) (according to RDML guidelines, http://www.
rdml.org) [28].

Selection of miRNAs/small RNA controls
that resemble the mean expression value

In order to perform the robust and unbiased selection of
genes with expression levels that had the highest correla-
tions with the mean expression levels, we used the geo-
metric mean calculation method [30, 31]. In brief, for each
miRNA and small RNA control, we initially calculated the
geometric mean of the RT-pre-amplification-q-PCR
microarray data, and then we normalized our miRNA
expression with the calculated geometric mean. Next, the
standard deviations of the Cy values of both groups were
determined for every miRNA and small RNA control. The
miRNAs and/or small RNA controls with the lowest
standard deviations were considered to be good candidate
reference genes for RT-qPCR analysis [30].
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RT-gPCR analysis of miR-144%*, miR-532-3p,
and miR-378

We analyzed feces from 35 CRC patients and 40 healthy
individuals for the expression of miR-144*, miR-532-3p,
and miR-378 using multiplex RT-qPCR. After RNA
extraction, the samples were retrotranscribed using a stan-
dard ABI RT reaction that contained 4 pl RNA (200 ng),
0.40 pl deoxynucleotide triphosphate mix, 3.0 pl 50 U/ul
MultiScribe reverse transcriptase, 2.0 pl 10x RT buffer,
0.25 pul AB RNase inhibitor, 7.35 pl water, and 1.0 ul of
each of the three primers in a total reaction mixture of
20.0 pl. The RT reaction was carried out at 16°C for 30 min
and 42°C for 30 min. The reverse transcription products
were diluted onefold with water (final concentration of 5 ng/
pl), and 3.0 pl of cDNA were used for RT-qPCR assays. RT
products were processed as follows: 95°C for 10 min, and
then 95°C for 15 s and 60°C for 30 s for up to 40 cycles. The
experiments were repeated twice with three technical repli-
cates, and then the geometric mean of C, for each sample was
calculated for gene expression via the 2~22% method.

Isolation and quantification of miR-144*
from CRC paired surgical tissues

Fifteen CRC paired surgical tissues (n = 30) were used for
miR-144* expression analysis. Briefly, total RNA was
extracted from tissues using the miRNeasy mini kit (Qia-
gen, Hilden, Germany), following the manufacturer’s
instructions. The final elution volume was 30 pl. The
concentrations of all miRNA samples were quantified using
the NanoDrop 1000. RT-qPCR detection was carried out
for each patient sample using the method described above
for fecal miRNA detection.

Statistical analysis

Data analysis was performed using the MedCalc (v.9.2.0.1)
software package. Receiver operating characteristic (ROC)
curve analysis was used to determine the best cutoff value
for the highest assay sensitivity and specificity. In addition,
contingency table analysis, the independent paired Stu-
dent’s ¢ test, and one-way ANOVA were performed to
evaluate the significance of the data where appropriate.
Two-sided P values <0.05 were considered significant.

Results
Occurrence of miRNAs in feces

We first determined whether miRNAs could be detected in
feces, which contain inhibitors and materials of nonhuman
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origin, such as DNA, RNA, proteins, polysaccharides and
possible noncoding RNAs [26]. We isolated miRNAs from
the feces of healthy and CRC individuals and checked the
expression levels of miR-16 and miR-21 in the first instance.
As expected, we detected the expression of these miRNAs in
feces, independent of their disease state (data not shown).

Endogenous miRNAs are stably detected
in the fecal microenvironment

Before checking for candidate miRNAs that can discriminate
healthy from diseased subjects, we first carried out an
experiment to verify the stability of miRNAs in feces. We
assumed that endogenous fecal miRNAs are protected from
degradation through their association with the macromole-
cules in feces. To test our assumption, we performed a spiked
experiment with a known nonhuman miRNA sequence and
measured the degradation pattern caused by endogenous
RNase activity. We used cel-miR-238 as a model of exoge-
nous miRNA, as this lacks sequence homology with human
miRNAs. We were able to amplify the spiked cel-miR-238 in
RT-gPCR analysis after inhibiting the existing RNase
activity (Fig. 1A-a). A control experiment was carried out
where the RNase activity was not inhibited, and it was found
that cel-miR-238 was rapidly degraded within 10 min of
exposure to the fecal samples (Fig. 1A-b). Conversely, when
RNase inhibitor was added, we observed no decrease in the
cel-miR-238 level. In addition to the spiking experiment, we
also analyzed the expression of miR-16 in our spiked sam-
ples, and found that the miR-144* level was unaltered (data
not shown). Thus, we demonstrated that endogenous miR-
NAs are more stable and resistant to RNases than exogenous
miRNA in feces (Fig. 1a).

Fecal miRNAs are time and temperature stable

To further investigate the pre-analytical steps involved in
fecal collection and transportation, we analyzed miR-16
stability profiles in samples stored at two different tem-
peratures (4°C and 25°C) over a period of six days. We
found that feces kept at 4°C (Fig. 1b, d) are more stable
than feces stored at room temperature (Fig. lc, d). We
detected a slight degradation pattern of endogenous miR-
16 in feces stored at room temperature during the fourth
and sixth days relative to 4°C (Fig. 1d). Thus, these data
indicate that endogenous miRNAs are relatively time and
temperature stable in feces.

The presence of miRNAs in feces and the selection
of a putative candidate biomarker

Having demonstrated that miRNAs are detectable and stable
in feces, we further evaluated the deregulated expression of
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Fig. 1 Analysis of the stability of exogenous cel-miR-238 and
endogenous miR-16 in feces over time and at different temperatures.
miRNAs were assessed by an RT-qPCR assay. a A Synthetic version
of the Caenorhabditis elegans miRNA (cel-miR-238) was spiked into
feces after the addition of an equal volume of 2x denaturing solution
(to inhibit RNases). The feces were then incubated at room
temperature for 10 min and a very high amplification was detected
(curve a). The same amount of cel-miR-238 was spiked into feces
prior to the addition of an equal volume of 2x denaturing solution,

miRNAs in a subset of CRC and healthy individuals
(n = 30). To do this, we employed an RT-preamp-qPCR
microarray technique. A total of 648 miRNAs and 19
endogenous control small RNAs were analyzed, and we
observed that 39% (253/648) of the miRNAs in feces. Out of
this 39%, 82% (206/252) of the miRNAs were detected in
healthy individuals, while 93% (234/252) were detected in
CRC subjects. Next, we constructed a linear regression plot
to determine the differences in CRC and healthy individuals
based on the RT-pre-amp-qPCR microarray data. We found
that at least 20% of the miRNAs showed different expression
levels in the feces from CRC and healthy individuals
(R2 = 0.80) (Fig. 2a). Following the identification of dif-
ferentially expressed miRNAs in feces, we identified 21
miRNAs that exhibited greater than fivefold upregulating in
the CRC samples, although variations in the samples from
individual patients may have influenced this result (Table 1;
Fig. 2). We then narrowed down the miRNAs by ordering
them from the highest expression levels to the lowest
(Table 1). Based on this, miR-144* and miR-532-3p showed
the greatest increases in their expression levels in CRC. We
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and a very low signal was detected at end of the RT-qPCR cycle
(curve b). miR-16 stability analysis at 4°C (b) and 25°C (c) over a
period of six days. No changes were observed when the feces were
incubated at 4°C, and a slower degradation pattern was detected at
25°C on the fourth and sixth days. d Histogram demonstrating minor
changes in the expression of miR-16 over a similar period of
incubation (4—6 days) to that shown in b and ¢, using standard curve
analysis

then re-evaluated the scatter plot to determine which of the
miRNAs could serve as a normalizer, since its expression
was not influenced by disease state (Fig. 2b). Thus, the
miRNAs that were at the boundary of the scatter plot were
possible candidates. In the end, we chose miR-378, which
had the lowest standard deviation of C, in the RT-preamp-
gPCR microarray experiment (SD; 0.00026) (Fig. 2b).

Furthermore, the pooled analysis revealed several miR-
NAs with differential expression, in accordance with litera-
ture observations (Table 1; Fig. 2b). However, we could not
consider such miRNAs as candidates, as insignificant data
were obtained for them from our preliminary investigation
(data not shown). We also avoided selecting endogenous
control small RNAs for two main reasons: (1) we could only
detect three endogenous control small RNAs (RNU24,
RNU44 and U6) out of the 19 endogenous controls analyzed,
and these had inconsistent expression levels between CRC
and healthy individuals (data not shown); (2) the data for the
endogenous controls had relatively high standard deviations
and the highest fold changes in expression levels observed in
the RT-preamp-qPCR analysis.
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Fig. 2 Regression plot analysis and relative fold changes in expres-
sion levels of miRNAs in feces of pooled samples from healthy and
CRC subjects. a Linear regression analysis indicated that at least 20%
of the miRNAs showed different levels of expression in the feces of
CRC and healthy subjects. b A total of 648 miRNAs were profiled
with the RT-pre-amplification-qPCR miRNA microarray. The scatter
plot represents the relative fold changes in expression levels between
control and CRC groups. The arrows show upregulated and
downregulated miRNAs. The circles above line A show upregulated
miRNAs, and the circles below line B show downregulated miRNAs,
while the circles in between line A and B represent nonsignificantly
expressed miRNAs. The middle line of the graph represents the
boundary between upregulated and downregulated miRNAs

Correlation of miR-378 normalization in the feces
and tumor samples

The linear regression analysis showed that miR-378 had the
lowest R* value with miR-144* in both healthy and CRC
subjects (Fig. 3a), whereas miR-378 had a slightly higher
correlation in CRC with miR-532-3p (Fig. 3b), where 60%
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of the variance was shared between miR-378 and miR-532-
3p. In contrast, only 31% of the variance was shared in the
healthy subjects. Then we analyzed whether both of these
miRNAs were correlated with our selected normalizer. We
found that miR-532-3p was positively correlated (R* =
0.53) (Fig. 3c), while miR-144* which had the lowest
shared variance (R®> = 0.15). These data show that the
expression of miR-144% is independent of the level of miR-
378 in the fecal sample, as only 18% (for the healthy sub-
jects) and 31% (for CRC subjects) of the variance was
shared (Fig. 3a). We then analyzed the relationship between
miR-378 and miR-144* in tissue samples, and found that
miR-144* also had the lowest shared variance, confirming
what we observed in fecal specimens (Fig. 3d).

miR-144* as a novel diagnostic marker
for CRC detection

Finally, we evaluated the potential use of our selected
miRNAs as a noninvasive fecal-based screening marker for
CRC. Based on the C, values obtained, which were nor-
malized to miR-378 [geometric mean expression of all
patients (n = 75): 31.97 with SD of 1.75, Fig. 4] in a
subset of fecal samples (n = 35 CRC and n = 40 healthy
subjects, Table 2), we detected a significant alteration of
AC, between these two groups, as shown in Fig. 5 (toge-
ther with the box and whisker plot for miR-144%, Fig. 4).
Based on this, we detected CRC with a sensitivity of
74.29% (95% CI 56.7-87.5) and a specificity of 87.20%
(95% CI 72.6-95.70), AUC ROC of 0.829 (Fig. 5, left
panel). Nevertheless, we could only detect 63% of the CRC
cases at a specificity of 95%. Next, the cumulative fold
change in miR-144* for the whole group showed an
11-fold upregulation for CRC compared to healthy indi-
viduals (Table 2). Taken together, the RT-preamp-qPCR
microarray and RT-qPCR data led us to conclude that miR-
144* is a novel candidate diagnostic marker for CRC
screening. Apart from this, the elevated expression of miR-
532-3p could not be used to distinguish CRC patients from
healthy individuals, as shown in the box and whisker plot,
p = 0.8676 (Figs. 4, 5, right panel). Moreover, the
expression of miR-532-3p was positively correlated with
that of miR-378 (Fig. 3b, c).

Upregulation of miR-144* expression in CRC tissues

In order to verify that the levels of miR-144* detected in
feces are similar to those in tissue samples, we analyzed 15
CRC paired surgical surrounding tissues by RT-qPCR. As
expected, a strong upregulation of miR-144* expression in
CRC tissue samples (~4.99-fold) was observed compared
to the expression in the surrounding tissues (Table 3).
However, three patients showed downregulation of miR-144*.
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Table 1 miRNAs that showed

at least fivefold changes in their MicroRNA MirBase no. Raw C, of healthy Raw C4 of CRC Fold change
expression levels in feces of hsa-mir-886-5p MIMATO0004905 29.57 26.25 5.13
colorectal cancer patients .
compared to feces of healthy hsa-mir-195 MIMATO0000461 29.53 26.16 5.29
individuals hsa-mir-25 MIMAT0000081 28.92 25.53 5.29
hsa-mir-142-3p MIMATO0000434 25.57 22.19 5.37
hsa-mir-34a MIMATO0000255 29.09 25.73 5.38
hsa-mir-16 MIMATO0000069 25.57 22.17 5.41
hsa-mir-126 MIMATO0000445 29.71 26.27 5.57
hsa-mir-126* MIMATO0000444 32.02 28.56 5.65
hsa-mir-26b* MIMATO0004500 34.95 31.44 5.83
hsa-mir-548c-5p MIMATO0004806 31.23 2771 5.93
hsa-mir-15b MIMATO0000417 28.21 24.59 6.29
hsa-mir-92a MIMATO0000092 26.68 22.97 6.72
hsa-mir-150 MIMAT0000451 30.55 26.54 8.26
hsa-mir-768-3p MI0005117 29.64 25.51 9.05
hsa-mir-223 MIMATO0000280 21.21 17.03 9.32
hsa-mir-628-5p MIMATO0004809 34.44 30.14 10.09
hsa-mir-342-3p MIMATO0000753 32.39 28.08 10.14
e hsa-mir-193b MIMATO0002819 31.13 26.67 11.23
* Pre-amplification of the )
miRNA ¢DNA was performed hsa-mir-135b MIMATO0000758 31.58 26.87 13.41
to improved the sensitivity of hsa-mir-532 MIMAT0002888 30.94 26.06 15.06
the gPCR array and increase the gy mjr-144% MIMATO0004600  32.92 26.76 36.57
number of detectable miRNAs
Fig. 3 Regression plot analysis A %5 1w CRCcases 4 Healthy cases B % 1m cRCcases 4 Healthy cases
of miR-144* and miR-532-3p
for biomarker validation, and a0 @
miR-378 as a normalizer in & g
2 . A ] . L y=05057x+151
feces of healthy and CRC 3 wEo4grxs 1350 3 " R¥=05915
subjects. a A nonsignificant g 31 "y Fi=b11s O 354 -
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together with miR-378. = (<
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gave results similar to those S S
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Nevertheless, this confirmed that the expression of miR-
144%* in fecal miRNA is in accord with its expression in
samples (Fig. 3a, d). Furthermore, this data

strengthens our conclusion that miRNA represents a novel,
noninvasive, fecal-based diagnostic marker for CRC

tissue screening.
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Fig. 4 Box and whisker plot analysis of miR-144*, miR-532-3p and
miR-378 expression in feces of healthy and CRC patients. The direct
C, distribution of the normalizer miR-378 demonstrates that there was
no significant difference between the expressions of miR-378 in
diseased and healthy subjects (CRC X C, expression: 31.92 £ 1.94
with; healthy subject X C, expression: 32.02 £ 1.60), while the Cy
distribution of miR-144* clearly distinguishes between CRC and
healthy subjects with p < 0.0001. However, the direct Cy distribution
of miR-532-3p indicates that there is no significant difference
between the expression levels of miR-532-3p in healthy and CRC
subjects (CRC X C, expression: 33.27 £ 2.96 with; healthy subject ¥
C4 expression: 33.34 £ 1.69), p = 0.8676

Discussion

Although miRNAs can be detected in many body fluids and
in various tissues [15-23], only three reports have been
published so far on the presence of miRNAs in feces [32-
34]. Thus, further investigations of the properties of miR-
NAs in feces are of the utmost importance. As we carried
out our investigation, Ahmed et al. [32] demonstrated that
the detection of specific miRNAs in fecal specimens
clearly discriminated between sporadic human colon can-
cer and active ulcerative colitis in their patient cohort.
Furthermore, Link et al. proposed the use of fecal miRNAs
as novel biomarkers for CRC screening. They showed that
miR-21 and miR-106a are highly overexpressed in ade-
nomas and CRCs compared with individuals who do not
have colorectal neoplasia [34]. On the other hand, Koga
et al. [33] showed that the expressions of the miR-17-92
cluster and miR-135 were significantly higher in feces of
CRC than healthy volunteers. Therefore, miRNA evalua-
tion in feces is a promising and noninvasive approach to
CRC screening, although further validation of pre-analyt-
ical sampling and miRNA stability are required. Thus, our
analysis of the presence and stability of miRNAs and the
identification of a putative candidate miRNA strengthens
their conclusions. In this study, we mainly focused on
determining miRNA stability in feces through methods
such as the consistent detection of miRNAs using two
different temperatures over time.

@ Springer

We have previously shown that long DNA arising from
malignant colonocytes represents a fecal-based diagnostic
marker of CRC [26, 27]. To further investigate the diag-
nostic power of fecal specimens as a noninvasive tool for
CRC screening, we profiled feces for 648 miRNAs in a
subset of CRC and healthy subjects. Based on our micro-
array data, we detected 39% of the miRNAs in the feces.
To further analyze the stability of the miRNAs, we mea-
sured the expressions of endogenous miRNAs and exoge-
nous cel-miR-238 in feces. Chim et al. [15] demonstrated
that cell-free maternal and placental origin miRNAs were
much more stable than exogenous miRNAs. Furthermore,
Park et al. [17] reported that miRNAs could be detected in
saliva samples and are much more stable than exogenous
miRNAs, and a very slow degradation pattern was
observed over time. Nevertheless, Tsui et al. [22] reported
that bodily fluid miRNAs are more stable in their micro-
environment. Taken together, our data confirm that miR-
NAs are also stable in the fecal microenvironment.

Next, to evaluate whether miRNAs are stable at differ-
ent temperatures, we accounted for the fact that fecal
mRNA and DNA can be degraded very quickly due to the
activities of bacterial RNase and DNase [35]. The complex
nature of feces inhibits certain assays like mRNA quanti-
fication and/or protein detection for the purposes of disease
discrimination. The transportation and processing of feces
is a drawback, because the samples need to be stored in
fecal stabilization buffer and/or handled as quickly as
possible. Furthermore, this degradation is common
regardless of the processing method employed, as shown
by the reduced sizes of high molecular weight ribosomal
bands and the presence of low molecular weight RNA. We
found that samples kept for up to 1 year at —20°C could be
processed and quantified for miRNA detection (unpub-
lished observation in our laboratory). Furthermore, we
found that fecal miRNAs were much more stable at 4°C
over a period of six days. Besides, Park et al. [17] showed
that salivary miRNA could identify a diseased state in oral
cancer detection. They reported that mature miRNAs are
bound to a RISC complex, which showed that Ago 2
protein is also present in salivary specimens. This led us to
hypothesize that miRNAs could also be associated with
macromolecules present in feces, making them approxi-
mately as stable in feces as they are in other bodily fluids.

Based on this remarkable finding on the stability of
miRNA in feces, we conducted RT-qPCR assays for a
selected set of miRNA candidates for CRC diagnosis.
Many miRNAs, such as miR-16 and miR-135b, showed
upregulation, in accordance with the literature [36], but
insignificant results were obtained when calculating the
actual sensitivities of these markers in our preliminary
investigation. We therefore selected miR-144* and miR-
532-3p as markers for further evaluation. We also chose
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Table 2 Demographics of the CRC and healthy individuals analyzed for hsa-miR-144* and hsa-378 expression in fecal specimens

Sex Age TNM stage CRC site ¥Raw C, of miR-144* ¥Raw C, of miR-378

M 61 I Sigmoid colon 33.11 30.55

F 68 NA Rectal cancer 35.02 31.15

F 59 I Rectal cancer 33.52 33.18

M 72 11 Rectal cancer 32.18 29.37

F 72 NA Sigmoid cancer 38.45 31.95

F 44 111 Sigmoid cancer 36.04 32.24

M 75 I Cecum cancer 31.02 31.42

F 74 0 Cecum cancer 34.05 31.46

M 58 II Cecum cancer 35 37.73

F 85 NA Rectal cancer 32.51 32.96

M 66 I Sigmoid cancer 29.9 3245

M 49 I Rectal cancer 34.05 33.52

M 60 * Rectal cancer 32.15 32

F 80 0 Rectal cancer 40 33.01

F 75 NA Sigmoid cancer 35.95 33.51

F 78 Unclassified Sigmoid colon 35.91 31.6

F 63 I Sigmoid colon 35.84 31.09

F 82 0 Rectal cancer 29.42 29.24

F 71 NA Rectal cancer 35.93 29.45

F 88 NA Cecum cancer 23.3 29.9

M 65 NA Sigmoid colon 30.83 29.89

F 55 I Sigmoid colon 27.5 28.05

M 75 * Rectal cancer 40 33.13

F 62 NA Rectal cancer 33.08 32.55

M 79 II Sigmoid cancer 27.36 28.42

M 67 0 Cecum cancer 299 32.96

F 85 NA Rectal cancer 38.09 31.15

F 82 0 Cecum cancer 35.12 33.55

F 75 NA Rectal cancer 34.87 32.51

M 60 NA Right colon 38.15 34.6

F 68 NA Sigmoid colon 33.64 35

M 81 I Rectal cancer 31.27 32.08

M 84 I Right colon 31.45 322

F 76 I Left colon 30.25 30.45

M 58 NA Right colon 35.85 32.93

CRCn =35 X raw Cq = 33.45 X raw Cq = 31.92

15 males, median age 72 years, range 4488 years SD = 3.66 SD =194

Healthy individuals n = 40 X raw Cq = 36.99 X raw Cq = 32.02

13 males, median age 61 years, range 32-79 years SD = 1.74 SD = 1.60

Difference in Cy expression between CRC and healthy individuals X raw Cq CRC-CTRL 3.54 X raw Cq CRC-CTRL 0.11
*p = 0.0001 p = 0.81

Total patients analyzed n = 75, CRC n = 35, healthy subjects n = 40
NA and *: histology report not available, as the patient underwent chemoradiotherapy or surgery at a different location
¥ Geometric mean of Cq withn =2

miR-378 as our quality control and as our reference miR-  found that miR-378 is consistently expressed across heal-
NA for data normalization, because it showed a very low  thy and neoplastic individuals. Moreover, we observed that
standard deviation in Cy values in our pooled analysis. We =~ miR-144* was significantly overexpressed in CRC
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compared to normal controls. When we calculated the
overall fold change between these two groups, we found
that this miRNA is upregulated at least 11-fold, and is
easily detected in fecal samples. To further strengthen

miR144# miR532-3p
100 | 100 F
80 p :
> 1l > 80 ;
S 60f S 60}
B al D !
o

8 ol g
20 ~1 | 20 |
0 4. L L L L 1 0 :

0 40 80

100-Specificity 100-Specificity

Fig. 5 Receiver operating characteristic (ROC) curve analyses of
miR-144* and miR-532-3p in the fecal samples of a subset of CRC
and healthy subjects, as derived from ACq calculation. The left-hand
figure shows the ROC analysis along with the corresponding area
under the curve (AUC) for miR-144* expression. The ROC demon-
strated a sensitivity of 74% and a specificity of 87%, AUC = 0.829.
The right-hand figure shows the sensitivity and specificity of the miR-
532-3p expression level when used to detect disease. Solid line
represents the actual sensitivity and specificity of the test, while the
dashed lines represent the 95% confidence interval

these data, the expression pattern of miR-144* was also
analyzed in paired surgical tissues. As expected, we found
that the expression was fivefold higher in CRC tissues
compared to their surrounding tissues. These data further
demonstrate that the levels of miRNA detected in feces
strongly reflect the changes occurring in corresponding
tissues. However, we observed a significant difference in
the fold changes in the fecal and tumor samples (11- vs.
5-fold). This can be explained by the expression analysis,
as it was done on two different subpopulations in our pilot
study.

Finally, when we calculated the sensitivity and speci-
ficity of this assay, we demonstrated that miR-144* rep-
resents a novel fecal-based screening marker for CRC. Our
findings are in agreement with the results reported by
Koga et al. [33], with a sensitivity and a specificity of 74.1
and 79.0%, respectively.

Recently, Ahmed et al. [32] and Link et al. [34] showed
that the expressions of miR-21 and miR-106a are strongly
upregulated in feces of CRC patients. Their studies were
also supported by Schetter and colleagues [14], who
observed increased expressions of miR-21 and miR-106a in
CRC and adenoma associated tissue from patients with
poor survival and therapeutic outcomes. Our data from

Table 3 Demographics of CRC surgical tissues and the expression of hsa-miR-144*

Patients analyzed (n = 15 paired tissue samples)

Raw C4 of miR-144*

Raw Cy of miR-378

Fold change

Sex Age TNM stage CRC sites CRC ST CRC ST
F 46 NA Undifferentiated carcinoma 34.35 36.41 30.69 30.37 5.21
of the cecum

F 70 I Left colon 35.17 36.31 31.03 30.74 2.69
F 76 1 Left colon 25.88 30.76 26.89 27.98 13.83
M 83 I Right colon 33.34 28.91 30.61 29.34 0.11
M 74 1I Right colon 36.14 32.18 29.31 29.61 0.05
F 89 I Cecum 31.00 33.56 29.35 28.42 11.24
F 62 I Rectal 31.93 34.54 29.87 29.69 6.92
M 72 NA Rectal 28.87 35.92 28.52 28.77 111.43
M 82 1 Rectal 28.86 30.54 28.64 26.86 11.00
M 79 I Left colon 30.04 30.79 28.75 29.55 0.97
M 56 I Rectal 29.50 33.60 30.50 29.95 25.11
M 70 1 Left colon 28.26 33.33 31.48 28.89 202.25
F 53 I Rectal 29.59 27.52 30.87 27.74 2.08
M 58 I Right colon 30.99 3143 29.85 29.29 2.00
M 84 I Right colon 29.16 32.99 28.58 28.79 12.30
9 Males, median age 72 years, range 46—89 years X raw Cq = 30.87 X raw Cq = 29.66

SD =283 SD = 1.24
Paired surrounding tissues X raw Cq = 32.59 X raw Cq = 29.07

SD = 2.64 SD = 1.03

Overall fold change 2—AAC, 4.99

ST surrounding tissues, NA not available

@ Springer
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pooled analysis also confirmed these miRNA increases in
CRC, with a borderline fold change for miR-21 (1.8-fold)
and a significant fold change in the expression of miR-106a
(threefold). Moreover, Xie et al. [23] demonstrated that the
expression of miR-21 is significantly higher in sputum
samples from patients with non-small cell lung cancer than
in those from cancer-free individuals.

Moreover, our chosen miRNA, miR-144%, has not been
reported to be correlated with CRC incidence, but we
found significant upregulation of miR-144* in both feces
and tissue samples from CRC patients. We found that miR-
144* may be involved in programmed cell death mecha-
nisms, as this miRNA targets APAF1, a cytoplasmic pro-
tein that initiates apoptosis (http://www.microrna.org/), and
other potential targets and pathways that are yet to be
identified.

The results of our study suggest that further experi-
mentation in this area is needed. The use of a pooled
sample approach for candidate miRNA screening is eco-
nomically very attractive, but our data could be biased due
to individual sample variation. Thus, in order to validate
these findings, additional experiments using another set of
patients who are undergoing CRC screening should be
studied to determine the robustness of this approach.
Moreover, the overexpression of miR-144* could reflect its
involvement in the tumorigenesis of CRC. Therefore, fur-
ther experimental analysis is needed to rule this out and
establish the actual function of miR-144%, in order to show
that miR-144* is a viable fecal-based diagnostic marker.
The selection of an miRNA as an internal control in our
study could be biased due to the unknown function of the
miRNA itself. This selection could also differ from labo-
ratory to laboratory and from study to study. Furthermore,
in our own experience, endogenous control small RNAs
(i.e., RNU19, U6) are not consistently expressed in cells,
tissues, or even in fecal samples. Therefore, a better choice
for a universal internal control for miRNA is necessary.
Finally, an early diagnostic marker should emphasize the
presence of premalignant CRC lesions. Thus, the detection
of miR-144* in adenoma samples would be ideal, and
would add further weight to the idea of using miRNAs as a
screening modality.

This proof of principle study has revealed the potential
of fecal miRNAs as practical molecular markers for
diverse physiological and pathological conditions, such as
cancer. We have demonstrated the ease and reliability
with which fecal miRNAs can be determined, which may
pave the way to their wider application as a possible
noninvasive tool for CRC detection. Thus, large random-
ized control studies are urgently required to validate the
results found here, and to discover other specific miRNAs
that could represent the new generation of biomarkers for
rapid diagnosis.
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