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Combined expression of miR-122a, miR-1, and miR-200b
can differentiate degraded RNA samples from liver, pancreas,

and stomach

Joseph Kim, Na Eun Choi, Su Jin Oh, Sang Jae Park and Hark Kyun Kim

National Cancer Center, Goyang, Republic of Korea

The effect of RNA degradation on the diagnostic utility of
microRNA has not been systematically evaluated in clini-
cal samples. We asked if the microRNA profile is pre-
served in degraded RNA samples derived from mouse and
human tissue. We selected tissue-specific microRNA can-
didates from published human microarray data, and vali-
dated them using quantitative reverse transcription
polymerase chain reaction (QRTPCR) analyses on flash-
frozen, normal mouse liver, pancreas, and stomach tissue
samples. MiR-122a, miR-1, and miR-200b were identified as
tissue-specific, and the 3-microRNA-based QRTPCR could
predict the tissue origin for mouse tissue samples that
were left at room temperature for 2 h with an accuracy of
91.7%. When we applied this 3-microRNA predictor to clini-
cal specimens with various degree of RNA degradation,
the predictor differentiated degraded RNA samples from
liver, pancreas, and stomach with an accuracy of 90% (26/
29). Expression levels of miR-122a, miR-1, and miR-200b
were modestly changed after the extended (2-4 h) storage
at room temperature, but the magnitudes of expression
changes were small compared to the expression differ-
ences between various tissues of origin. This proof-of-
principle study demonstrates that RNA degradation due to
extended storage at room temperature does not affect the
predictive power of tissue-specific microRNA QRTPCR
predictor.
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INTRODUCTION

MicroRNAs are evolutionarily-conserved, RNA molecules of
19-22 nucleotides, and can function as potential onco-
genes or tumor suppressor genes, depending on the cellu-
lar context and the target genes."? Accumulating evidence
suggests the potential utility of microRNA as diagnostic aids
or therapeutic targets." One problem in developing RNA-
based diagnostic tools is that RNA is easily degraded when
it is isolated from RNase-rich tissue samples, such as the
pancreas or gastrointestinal tract. Ischemic time of resected
samples may sometimes be extended up to an hour or two,
resulting in the RNA degradation. The stability of microRNA
in such degraded RNA samples is under active investiga-
tion, but not clearly understood.®>* Xi et al. reported that the
expression profiles of microRNAs were in good correlation
between fresh frozen and formalin-fixed, paraffin-embedded
(FFPE) samples (R? = 0.86-0.89),% suggesting the relative
stability of microRNA in clinical samples with poor RNA
quality. Thus, it seems that microRNAs are less susceptible
to degradation than the longer mRNAs, but the stability of
microRNAs in tissue samples in which RNAs have been
degraded due to extended storage at room temperature
has not been systematically evaluated in clinical tissue
specimens.

One of the most important clinical uses of microRNA
profiling of cancer tissue samples is its ability to predict
the tissue origin of metastasis.® MicroRNA is crucial to devel-
opment and is known to be tissue-specific.” Several investi-
gators have suggested that monitoring microRNA expression
profile may be a feasible approach to the diagnosis of primary
tissue origin.® To address the question of whether the
microRNA profile is preserved in tissue samples with
degraded RNA, we tested the predictive power of a set
of tissue-specific microRNA in clinical samples of various
RNA qualities. We selected tissue-specific microRNAs
by performing microRNA quantitative real-time reverse
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transcription polymerase chain reaction (QRTPCR) on
flash-frozen tissue samples derived from mouse liver, pan-
creas, and glandular stomach. These three organs develop
from the same foregut endoderm® and may have relatively
similar microRNA expression profiles. In addition, these are
among most common primary cancer organ sites in Japan
and Korea. Pancreatic and gastric cancers often metastasize
to the liver, sometimes as sole lesions. In these cases, it
becomes important to differentiate between primary and
metastatic cancers in the liver.

Here we report that tissue-specific microRNAs identified
using mouse flash-frozen samples can differentiate degraded
RNA samples from liver, pancreas, and stomach with a high
accuracy. This proof-of-concept study demonstrates that
degraded RNA samples from liver, pancreas, and stomach
can be used for tissue origin prediction using QRTPCR for
miR-122a, miR-1, and miR-200b.

MATERIALS AND METHODS
RNA preparation

Liver, pancreas, and glandular stomach tissues were pro-
cured from severe combined immunodeficiency (NOD/SCID)
mice aged 5-10 weeks under isoflurane anaesthesia. Liver,
pancreas, and glandular stomach tissue samples were either
rapidly frozen in nitrogen immediately after resection (n = 4
mice; flash-frozen/0-h, hereafter), left at room-temperature
for 2 h (n = 4; 2-h, hereafter), or formalin-fixed and paraffin-
embedded (FFPE, n=4). While there are various experimen-
tal methods for degrading RNA, such as exposure to high
temperature* or UV light,° we intended to introduce RNA
degradation by mimicking clinical situations. Hence, fresh
tissue organs were wrapped in aluminium foil and left at room
temperature for 2 h.

We also used 29 total RNA samples which were collected
from 16 patients with cancers originating from liver, pan-
creas, distal common bile duct, or stomach. Informed con-
sents for the use of tissue samples in genetics research
were signed by these patients. The median age of patients
was 48 years (interquantile range, 56-66) with 7 (43.8%)
males. Nineteen of the 29 clinical samples were surgically
collected either from cancer lesions or from adjacent benign
lesions (Table 3). Surgical tissue samples were rapidly
frozen in liquid nitrogen within 30 min of procurement (flash-
frozen or 0-h, hereafter), left at room temperature for 2 h
longer than flash-frozen samples as described above for
mouse samples (2-h, hereafter), or incubated at room tem-
perature for 4 h longer than flash-frozen samples (4-h,
hereafter). Ten of 29 clinical samples were derived from
endoscopic biopsy tissue collected from gastric cancer
patients. These endoscopic biopsy samples were once

thawed while they were processed for a proteomics study'®
and considered to have degraded RNA. Frozen tissue
samples were mechanically crushed in liquid nitrogen,
homogenized, and subject to RNA isolation using TRI
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. RNA was isolated from FFPE
samples using MasterPure kit (Epicentre Biotechnologies,
Madison, WI, USA). The concentrations of isolated total
RNA samples were determined using the NanoDrop ND100
(NanoDrop Technologies, Wilmington, DE, USA). The
average Ageo/Asgo ratio for all of the 65 RNA samples ana-
lyzed in this study was 1.9 £ 0.2 (Mean £+ SD). The 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
was used to evaluate the RNA integrity. RNA integrity
number (RIN) is calculated by the instrument software to
simplify the assessment of RNA integrity.”” A RIN of 1 rep-
resents almost fragmented and degraded RNA and a RIN
of 10 represents intact and non-fragmented RNA. A previ-
ous report demonstrated that RIN is better correlated with
the QRTPCR expression of the house-keeping genes than
is the 28S5/18S ribosomal ratio.™

microRNA quantitative RT-PCR (QRTPCR)

Candidate tissue-specific microRNAs for subsequent
QRTPCR analyses were chosen from the published
data from a human study.” Published microarray data
were downloaded from Broad Institute website (http://www.
broadinstitute.org/cgi-bin/cancer/datasets.cgi) and expres-
sion levels were thresholded at 500. MicroRNAs that were
differentially expressed according to the data from human
liver, pancreas, and stomach tissue samples were selected
based on analysis of variance (ANOVA) at P cut-off level of
0.01. RNA samples isolated from mouse flash-frozen
tissue samples were first subjected to QRTPCR analyses
for 12 candidate microRNAs selected from published
human data (Table 1). Cycle threshold (C;) value of each
microRNA was normalized to RNU6 by subtraction. The
average expression level of the 12 microRNAs in each
normal mouse organ was correlated to that of the published
human microarray data, and microRNAs with Pearson cor-
relation > 0.9 were selected for subsequent analyses
(Table 1). Overlapping tissue-specific microRNAs were
identified, and monitored for expression in degraded RNA
samples from normal mouse organs. DNAse | (QIAGEN,
Valencia, CA, USA) -treated total RNA (1 microgram) was
used for reverse transcription, and 5% of the reverse tran-
scription product was used for real-time PCR. The miScript
PCR system (QIAGEN) was used for QRTPCR. Each
QRTPCR reaction was performed in duplicate reactions in a
96-well plate, using a LightCycler 480 Instrument Il (Roche,
Basel, Switzerland). Annealing temperatures were set at
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Table 1
published human microarray data
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QRTPCR analyses on flash-frozen normal NOD/SCID mouse organs using candidate tissue-specific microRNAs adopted from

Normalized Cit (Mean + SD)

microRNAT Liver Pancreas Stomach Correlation§
Hmr_miR-122a 1.1+£09 148 £5.3 8.3+17 0.998
Hm_miR-1 149 +29 15.7 £ 2.5 10.5 + 3.1 0.993
Hmr_miR-21 50+1.9 74+15 5.8+26 -0.998
Hmr_miR-143 12.2 + 3.1 121 +£27 6.8+24 0.814
Hmr_miR-214 132+ 04 116+ 0.6 11.4+0.9 0.442
Hmr_miR-181a 11.1+0.3 8.3+0.6 84+04 0.475
Hm_miR-199a* 52+17 7.0+35 27+35 -0.211
Hmr_miR-23a 50+28 46+0.6 42+04 0.513
Hmr_miR-181¢c 141 £ 04 11.4+0.6 11.1+05 0.423
Hmr_miR-125a 71 +3.0 50+1.7 6.2+ 0.6 0.786
Hmr_miR-221 85+1.8 104 £ 0.8 9.9+0.38 -0.750
Hm_miR-200b 12.0 £ 0.5 9.0+0.5 83+0.7 0.983

tNormalized C; = C; of a given microRNA — C; for RNU6.

tSorted according to the ascending order of ANOVA P value for feature selection based on published microarray data.
§Pearson correlation coefficient between the mean QRTPCR expression (20-normalized Ct) of each organ with mean signal value in the published microarray

data.

ANOVA, Analysis of variance; C;, Cycle threshold; QRTPCR, Quantitative Reverse Transcription Polymerase Chain Reaction; SCID, Severe Combined

Immunodeficiency; miR-199a*, miR-199 star strand.

50°C for miR-122a, miR-1, and miR-200b and at 55°C for
RNUG.

Statistical analysis

BRB-Arraytools (version 3.8, NCI)2 was used for unsuper-
vised and supervised analyses. QRTPCR C; data were first
normalized for RNU6 as described above, and (20-
normalized C; value) was used as the QRTPCR microRNA
expression level. Hierarchical clustering and principal com-
ponent analyses were performed using 1-correlation as a
distance metric. Class prediction analyses were performed
on flash-frozen, normal NOD/SCID mouse liver (n = 4),
pancreas (n = 4), and stomach tissues (n = 4) as a training
set. Leave-one-out cross validation was performed for the
training set using linear discriminant analysis, 1-nearest
neighbor, 3-nearest neighbors, and nearest centroid predic-
tors, which are offered by BRB-ArrayTools. The best of
these four predictors, which was selected for having the
lowest misclassification rate in the training set, was nearest
centroid in this study. This algorithm was used to predict the
class label of the following three test sets; the same mouse
tissue samples either left at room temperature for 2 h (n =
12) or formalin-fixed (n = 12), and clinical tissue samples (n
= 29). In the nearest centroid algorithm, the centroid of
each class (i.e. liver, pancreas, or stomach) is defined as a
vector containing the average QRTPCR microRNA expres-
sion level of the training samples in each class'? (User's
manual, BRB-ArrayTools version 3.8). There is a compo-
nent of the centroid vector for each tissue-specific
microRNA. The distance of the microRNA expression profile
for the test sample to each of the three centroids is mea-
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sured and the test sample is predicted to belong to the
class corresponding to the nearest centroid.

RESULTS

To select evolutionarily-conserved, tissue-specific microRNAs
that can be used for the current study, we downloaded pub-
lished human microRNA microarray data. From the published
microarray data, we identified microRNAs that are differen-
tially expressed in liver, pancreas, and stomach tissue
samples at a feature selection P-value < 0.01. Next, we
performed QRTPCR on these microRNAs using total RNA
samples isolated from flash-frozen, normal mouse organs
(Fig. 1a). Average expression level of respective microRNAs
in each normal mouse organ was correlated with that of
published human microarray data, and microRNAs with
Pearson correlation > 0.9 were identified (Table 1). Leave-
one-out cross validation was performed on flash-frozen
normal mouse organ RNA samples using these three tissue-
specific microRNAs—miR-122a, and miR-1, and miR-200b.
Of predictive algorithms used (linear discriminant analysis,
1-nearest neighbor, 3-nearest neighbors, and nearest cen-
troid algorithms), nearest centroid gave the lowest misclassi-
fication rate of 8%. Hence, all subsequent class prediction
analyses were performed using nearest centroid predictor.
The three microRNAs were evaluated using QRTPCR for
normal mouse organs that were left at room temperature for
2 h and that were fixed in formalin. RNA samples isolated
from pancreatic tissues that were left at room temperature for
2 h were found to be degraded, with significantly lower RNA
integrity number (RINs) than flash-frozen pancreas samples
(Student ttest P = 0.002; Mean RIN + SD, 6.0 = 0.9 (0-h)
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vs. 2.2 £ 0.3 (2-h)). In liver and stomach, average RIN was
not significantly different between flash-frozen and 2-h incu-
bation samples (Mean + SD, 7.1 £ 2.7 (0-h) vs. 5.9 + 1.9 (2-h)
and 5.8 + 3.2 (0-h) vs. 6.9 + 1.4 (2-h), for liver and stomach,
respectively). RNA was invariably fragmented in FFPE

respectively).

Figure 1 (a) Study scheme. (b) A princi-
pal component analysis (PCA) plot for
mouse normal organs that were left at
room temperature for 2 h, based on the
expression of miR-122a, miR-1, and
miR-200b. Each sphere represents a RNA
sample, and samples with similar
microRNA profiles are located close
together (distance metric, 1-correlation).
The 2-h RNA samples from normal mouse
liver, pancreas, and stomach tissues
tended to be clustered according to their
tissue origin. (¢) A PCA plot for formalin-
fixed, paraffin-embedded (FFPE) mouse
normal organs based on the expression of
miR-122a, miR-1, and miR-200b. (d) Elec-
tropherograms (top) and virtual gel images
(bottom) of FFPE samples of mouse liver
(L1-4), pancreas (P1-4), and stomach (S1-
4), which were generated using an Agilent
2100 Bioanalyzer. RNA 6000 Nano ladder,
which includes 25nt, 200 nt, 500 nt,
1000 nt, 2000 nt, and 4000 nt markers, is
shown alongside (bottom leff). RNA is frag-
mented in all of the FFPE samples.

Figure2 (a) RNA integrity of clinical
samples. Electropherograms were gener-
ated using an Agilent 2100 Bioanalyzer.
L1-4, P1-2, and S1-2 represent liver, pan-
creas, and stomach tissue samples
resected from patients, respectively. Each
tissue sample was subjected to RNA iso-
lation at flash-frozen state (0 h) and after
2 h- and 4 h-incubation at room tempera-
ture (2h and 4h). S3-12 endoscopic
biopsy tissue samples from gastric cancer
patients previously underwent a freeze-
thaw cycle™ and therefore demonstrate
various degrees of RNA degradation. The
degradation of ribosomal RNA is reflected
by a shift towards shorter fragment sizes
in electropherograms. (b) Quantitative
reverse transcription polymerase chain
reaction (QRTPCR) expression of tissue-
specific microRNAs in clinical samples
shown in (a). Heatmap generated from a
pseudo-color image after median center-
ing. Red and green indicate high and
low normalized microRNA expression,
respectively. RNA degradation-associated
change in microRNA expression was small
compared to expression difference associ-
ated with the tissue origin.

samples, as shown in Fig. 1d (Mean RIN + SD,2.3 + 0.1,
2.2+ 0.1, and 2.1 + 0.2, for liver, pancreas, and stomach,

According to the principal component analyses (PCA)
based on the QRTPCR expression levels of the three
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microRNAs, degraded RNA samples from normal mouse
liver, pancreas, and stomach tissues tended to be clustered
according to their tissue origin (Fig. 1b,c). The QRTPCR
predictor based on miR-122a, miR-1, and miR-200b was
then applied to predict the class label (liver, pancreas, or
stomach) of two sets of degraded RNA samples from mice.
Combined expression of the three microRNAs predicted the
tissue origin of 2-h samples with an accuracy of 91.7%, while
the accuracy of prediction for FFPE samples was 66.7%
(Table 2). Hence, we conclude that miR-122a, miR-1, and
miR-200b can reliably differentiate between mouse normal
liver, pancreas, and stomach tissue, even when the RNA has
been degraded by the extended storage at room tempera-
ture, but not in FFPE samples.

We moved on to evaluate the tissue specificity of these
microRNAs in clinical samples before and after RNA degra-
dation due to extended storage at room temperature. We
isolated 19 total RNA samples from surgical specimens which
were either flash-frozen (n=8) or left at room temperature for
2—4 h longer than flash-frozen samples (2-h and 4-h, respec-
tively) (n = 11). Most of the 2-h and 4-h tissue samples

Table 2 Prediction for the tissue origin of normal mouse tissue
samples using QRTPCR for miR-122a, miR-1, and miR-200b

True class label
Liver Pancreas

After 2-h  4/4 correct  3/4 correct 4/4 correct  91.7% (11/12)
FFPE 4/4 correct  2/4 correct  2/4 correct 66.7% (8/12)

FFPE, formalin-fixed, paraffin-embedded; QRTPCR, Quantitative
Reverse Transcription Polymerase Chain Reaction.

Stomach Accuracy
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demonstrated the decrease in RIN (Table 3). QRTPCR
expression of RNU6, which was used for normalization, was
found to be relatively unchanged after prolonged incubation at
room temperature (data not shown). QRTPCR expression
levels of miR-1, miR-122a, and miR-200b were changed
modestly after 2-h incubation at room temperature (Fig. 2b).

When we applied the 3-microRNA nearest centroid predic-
tor to flash-frozen surgical specimens, the tissue origin was
accurately predicted in 7 out of 8 flash-frozen surgical speci-
mens (87.5%) (Table 3). Moreover, when the predictor was
applied to 2-h and 4-h samples, the tissue origin was accu-
rately predicted in all of the eleven RNA samples (Table 3).
We also applied this 3-microRNA predictor to 10 endoscopic
biopsy tissue samples that previously underwent a freeze-
thaw cycle for another study.’® As expected, RNA samples
from these 10 tissue samples showed various degree of RNA
degradation (Fig. 2a and Table 3). The prediction was accu-
rate in 8 of 10 endoscopic biopsy samples (80%), and the
prediction accuracy was not associated with the RIN. Overall,
the tissue origin was accurately predicted in 90% of clinical
samples (26/29) by the 3-microRNA predictor, suggesting
that the magnitude of change in expression of individual
microRNA after extended storage at room temperature or
a freeze-thaw cycle is small relative to the expression
differences across tissue types.

DISCUSSION

Our data demonstrate that 3-microRNA QRTPCR profiling
of degraded RNA samples can differentiate between liver,

Table 3 Prediction for the tissue origin of clinical tissue samples using QRTPCR for miR-122a, miR-1, and miR-200b

Patient RNA Accurate

ID Sex/Age Diagnosis Source tissue RINon  RIN2n  RIN4p prediction
Surgical samples

L1 M/35 HCC Cancer 6.8 6.6 2/2

L2 M/35 HCC Adjacent liver 6.5 4.4 2/2

L3 M/55 CBD cancer Normal liver 9.2 3.0 1.9 3/3

L4 F/48 HCC Adjacent liver 7.7 4.1 1.8 3/3

P1 F/48 Pancreas cancer Cancer 6.5 2.7 2/2

P2 M/55 CBD cancer Normal pancreas 7.4 1.8 1.9 2/3 (2h, 4h)

S F/61 Stomach cancer Cancer 6.0 2.5 1

S2 F/65 Stomach cancer Cancer 7.3 2.1 11
Biopsy samples (previously thawed and frozen)

S3 M/51 Stomach cancer Cancer 2.2 1

S4 F/73 Stomach cancer Cancer 4.2 1

S5 F/56 Stomach cancer Cancer 3.2 11

S6 M/60 Stomach cancer Cancer 5.5 1

S7 F/70 Stomach cancer Cancer 4.5 1

S8 M/54 Stomach cancer Cancer 6.3 1

S9 M/81 Stomach cancer Cancer 7.3 1

S10 F/40 Stomach cancer Cancer 2.3 0/1

S M/46 Stomach cancer Cancer 2.0 il

S12 F/75 Stomach cancer Cancer 8.5 o

0 h, flash-frozen; CBD, Common Bile Duct (distal); QRTPCR, Quantitative Reverse Transcription Polymerase Chain Reaction; RIN, RNA Integrity

Number.
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pancreas, and stomach tissue samples. Jung et al. reported
robust stability of microRNAs in RNA samples degraded by
heat (80°C).* According to Ibberson et al., liver and duodenum
samples from the same mouse showed distinct, tissue-
specific microRNA profiles even after being incubated on ice
for up to 4 h, although expression of individual microRNA is
compromised by RNA degradation.® Our study confirms and
extends these preclinical experimental data onto clinical
samples. Combined expression of miR-1, miR-122a, and
miR-200b, a novel microRNA combination, was found to
be useful for differentiating between liver, pancreas, and
stomach tissue samples from patients. Although this small set
of primary tumor data cannot be directly applicable to clinical
practice, it suggests the feasibility of evolutionarily-conserved
microRNA QRTPCR as a possible approach to the diagnosis
of primary tissue origin of metastatic lesions, given the accu-
rate prediction results and the reported strong correlation in
microRNA expression profile between metastasis and primary
tumors.® miR-122a is a liver-specific microRNA.™ miR-200
family members are important in the epithelial-mesenchymal
transition. miR-200c, as well as miR-141, is expressed at
significantly higher levels in non-hepatic epithelial tumors than
primary liver cancers.'® Functional roles for our three tissue-
specific microRNAs in the development of foregut epithelium
have been largely unexplored.

This proof-of-principle study suggests that RNA degrada-
tion due to extended storage at room temperature or a
freeze-thaw cycle may not affect the ability of miR-122a,
miR-1, and miR-200b to differentiate between liver, pan-
creas, and stomach tissue samples. Changes in QRTPCR
expression levels of miR-122a, miR-1, and miR-200b with the
extended storage at room temperature, which mimics the
typical clinical situations that lead to RNA degradation, are
found to be small compared to the expression difference
associated with the tissue origin. Relatively small number of
clinical samples is a limitation of this analysis, but consistent
mouse data supports our conclusion that RNA degradation
due to extended storage at room temperature does not affect
the predictive power of the tissue-specific microRNA profile.
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