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MicroRNAs (miRNA), small noncoding RNAs, are po-
tential diagnostic and prognostic markers, as well as
therapeutic targets. miRNA profiles of colorectal carci-
nomas have not been studied extensively in the context
of microsatellite instability (MSI) status. We therefore
evaluated 55 paired colorectal adenocarcinomas (CRC)
and non-neoplastic mucosa samples using a panel of 24
miRNAs selected by literature review and prior studies
in our laboratory. Stem-loop reverse transcriptase quan-
titative (real-time) polymerase chain reaction assays
were done on RNA extracted from formalin-fixed, par-
affin-embedded tissue of resection specimens. When
miRNA expression was compared with clinicopatho-
logic features and MSI status, eleven miRNAs (miR-183,
-31, -20, -25, -92, -93, -17, -135a, -203, -133b, and -223)
were over-expressed in CRC relative to mucosa, and
nine (miR-192, -215, -26b, -143, -145, -191, -196a, -16,
and let-7a) were under-expressed in CRC. Relative ex-
pression of miR-92, -223, -155, -196a, -31, and -26b were
significantly different among MSI subgroups, and
miR-31 and miR-223 were overexpressed in CRC of pa-
tients with hereditary non-polyposis colorectal cancer
syndrome (Lynch syndrome). Our findings indicate that
miRNA expression in CRC is associated with MSI sub-
groups, including low MSI and HNPCC-associated can-
cers, and that miRNAs may have posttranscriptional
gene regulatory roles in these MSI subgroups and
possible effects on the clinicopathologic and bi-
omarker characteristics. (J Mol Diagn 2010, 12:433–440;
DOI: 10.2353/jmoldx.2010.090154)

Colorectal adenocarcinoma (CRC) is the fourth most
common cancer and the second most common cause of
cancer deaths in the United States.1 CRC can be divided
broadly into two groups: those exhibiting complex chromo-
somal abnormalities (chromosomal instability) and those
exhibiting microsatellite instability (MSI).2 The 10 to 15% of
CRC exhibiting high levels of MSI (MSI-H) is a complex and

heterogeneous group, the vast majority of cases being spo-
radic due to acquired somatic methylation of the MLH1
mismatch repair gene. The remaining MSI-H CRCs include
those resulting from germline mutation in a mismatch repair
gene, usually MSH2 or MLH1, that causes hereditary non-
polyposis colorectal cancer syndrome (HNPCC, Lynch syn-
drome, Warthin-Lynch syndrome),3,4 and an approximately
equal number of MSI-H non-CpG island methylator pheno-
type-high CRCs.5–7 Owing to biological heterogeneity in
CRC, biomarkers may be useful in classification and thera-
peutic evaluation in individual patients. MSI status has been
repeatedly validated in this context, both in HNPCC and in
sporadic carcinomas.8–11 MSI-H evaluation contributes to
the diagnosis of patients who have HNPCC. The presence
of MSI-H also indicates a better prognosis and lack of
improved survival after adjuvant chemotherapy, possibly
leading to different treatment strategy.8–12 Recent data sug-
gest that patients with MSI-H colon cancer may have better
survival in the postoperative adjuvant setting after treatment
with a 5-fluorouracil and irinotecan regimen than after 5-flu-
orouracil alone.13

Recently, evaluation of the predictive and prognostic
capability of microRNAs (miRNA) in cancer, including
CRC, has been the focus of several studies.14–16 miRNA
are short 21 to 25 nucleotide noncoding RNA molecules
that regulate gene expression at the posttranscriptional
level by repressing translation or cleaving RNA tran-
scripts. miRNAs are implicated as crucial factors in di-
verse regulatory pathways in human tissues, including
cell differentiation, proliferation, apoptosis, and stress re-
sponse.17–22 Emerging data implicate miRNA in onco-
genesis and suggest that miRNA function both as tumor
suppressor genes as well as oncogenes.23–26 Pre-
dicted targets for differentially expressed miRNA are
enriched for genes that encode tumor suppressors and
oncogenes.27
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miRNA expression levels have been associated with
prognosis and treatment response in cancer24,28 and
have the potential to be exploited as specific therapeutic
targets, or even used as therapeutic agents.29,30 Though
studies have implicated specific miRNA in colorectal car-
cinogenesis through their role as gene expression mod-
ifiers,15,31–33 only recently have the first attempts been
made to correlate miRNA levels with MSI status.16 In our
study, expression of a selected panel of miRNA was
evaluated by stem-loop reverse transcriptase quantita-
tive (real-time) polymerase chain reaction (RT-qPCR) as-
say of formalin-fixed paraffin-embedded (FFPE) samples
obtained from microsatellite-stable (MSS), microsatellite
instability low (MSI-L), and microsatellite instability high
(MSI-H) CRC and compared with clinicopathologic char-
acteristics. We provide new insights into miRNA expres-
sion in relation to MSI status and other clinicopathologic
features.

Materials and Methods

Patient Selection

Fifty-five CRC samples with paired non-neoplastic colo-
rectal mucosa were identified from 54 patients, including
one patient with synchronous CRC, in pre-existing spec-
imen sets at The University of Texas M. D. Anderson
Cancer Center. The specimen sets consisted of MSI-H,
MSI-L and MSS colorectal adenocarcinomas evaluated
for MSI status for clinical purposes for which FFPE tissue
blocks, applicable patient consent, and institutional re-
view board approval were available. Cases were acces-
sioned between December 2001 and August 2007.

The 55 specimens included 22 adenocarcinomas with
MSI-H, 8 with MSI-L, and 25 MSS CRC. Six of the patients
with MSI-H CRC had the clinical diagnosis of HNPCC.
Routine immunohistochemistry for mismatch repair gene
products and/or molecular tests for MSI (see below) had
been performed at the request of the attending physicians
in accordance with University of Texas M. D. Anderson
Cancer Center clinical care guidelines. In some cases,
MLH1 promoter methylation (n � 8) and BRAF mutation
analysis (exon 15 codons 595 to 600, n � 3) were also
done. Additionally, nine patients with MSI-H CRC were
tested at reference laboratories for germline mutations in
MLH1 or MSH2.

The study included 30 females and 24 males with a
mean age of 51.3 years. Clinicopathologic characteris-
tics, including age, gender, primary tumor site, stage at
the time of resection, MSI status, and HNPCC diagnosis
were recorded. The characteristics of the patients and
tumors are summarized in Table 1 and presented in detail
in Supplemental Table S1 (see http://jmd.amjpathol.org).

Microsatellite Instability Status

MSI status had been evaluated by fluorescence-labeled
microsatellite marker PCR followed by capillary electro-
phoresis fragment size analysis using an ABI 3130 se-
quencer and Genescan software (Applied Biosystems,
Foster City, CA), and/or by immunohistochemistry for
MSH2, MLH1, and in some cases MSH6 and PMS2 mis-
match repair gene products. Forty-five cases were eval-
uated for MSI by both PCR and immunohistochemistry
and had concordance of MSI status with immunohisto-
chemical status of proteins in 43, 95.6%; nine by immu-

Table 1. Summary of Characteristics of Patients and Colorectal Adenocarcinomas

Tumor category* MSI method for CRC† Mean age and range Sex Tumor side‡ Tumor stage§

All tumors, n � 55
PCR 1 51.3 M 25 Right colon 35 I 5
IHC 9 25–85 F 30 Left colon 15 II 23
Both 45 Indeterminate 5 III 18

IV 1
MSI-H CRC, n � 22

PCR 1 57.2 M 10 Right colon 16 I 3
IHC 3 28–85 F 12 Left colon 2 II 12
Both 18 Indeterminate 4 III 5

IV 2
MSI-L CRC, n � 8

PCR 0 47.5 M 5 Right colon 4 I 0
IHC 0 25–77 F 3 Left colon 4 II 3
Both 8 Indeterminate 0 III 3

IV 2
MSS CRC, n � 25

PCR 0 47.4 M 10 Right colon 15 I 2
IHC 6 28–66 F 15 Left colon 9 II 8
Both 19 Indeterminate 1 III 10

IV 5

*MSI-H CRC � colorectal adenocarcinoma with high levels of MSI, MSI-L � low levels of MSI, and MSS � microsatellite-stable.
†PCR � polymerase chain reaction analysis of panel of mono- and dinucleotide repeat sequences only, IHC � immunohistochemistry for mismatch

repair gene products only.
‡The tumors were assigned to “left” and “right” as follows: Right—from cecum to hepatic flexure; Left—from splenic flexure to rectum;

Indeterminate—transverse colon and late recurrence at surgical anastomosis.
§Stage based upon American Joint Committee on Cancer, Sixth Edition.
One patient had synchronous MSI-L and MSI-H tumors.
See Supplemental Table 1 at http://jmd.amjpathol.org for characteristics of each case.
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nohistochemistry alone; and one by PCR alone. For mic-
rosatellite marker analysis by PCR, five to seven markers
(BAT25, BAT26, D2S123, D5S346, D17S250 of the Na-
tional Cancer Institute panel with or without BAT40 and/or
TGFBR2) were analyzed. The carcinomas were classified
as MSI-H if two or more markers showed altered allelic
size in tumor DNA, MSI-L if one marker showed allelic
shift and MSS if none showed allelic shift. For immuno-
histochemistry, tumors were considered MSI-H if there
was loss of nuclear staining for MSH2 or MLH1. MSI-H
cases were considered due to HNPCC (n � 6) if Amster-
dam criteria were met and/or germline mutational analy-
sis was positive for MSH2 or MLH1 mismatch repair gene
(See Supplemental Table S1 at http://jmd.amjpathol.org).

RNA Isolation

Manual microdissection of paired tumor and non-neo-
plastic FFPE tissue from unstained glass slides was done
with a corresponding H&E slide as a guide. Total RNA
was extracted and treated with DNAase using the Am-
bion RecoverAll kit (ABI) according to the manufacturer’s
instructions. RNA concentrations were evaluated by mea-
suring absorbance (A260) with a NanoDrop Spectropho-
tometer ND-1000 (Thermo Scientific, Wilmington, Dela-
ware). Extracted total RNA was diluted with nuclease-free
water to ensure a constant starting concentration of 5
ng/�L for each reverse transcription (RT) reaction.

Selection of microRNAs for Analysis

microRNA were chosen on the basis of: i) prior pilot
studies of CRC performed in our laboratory (miR-135a,
-155, -31, -196a, -16, and let-7a); ii) the work of Lanza et
al16 on miRNA array expression from fresh frozen tissue
of CRC, which showed differential expression of miR-223,
-215, -192, -191, -203, -32, -17, -25, -92, -93-1, and -20
between MSI and MSS CRC; and iii) miRNA reported
previously to be abnormally expressed in CRC, including
miR-143 and -145,32 -96, -133b, -135b, and -183.15 As
there is no well accepted miRNA normalizer, we incor-
porated miR-26b, which was suggested as a potential
endogenous control by Applied Biosystems in an appli-
cation note based on examination of the expression lev-
els of 247 miRNAs using TaqMan MicroRNA assays
across 38 normal human tissues and 59 NCI-60 cell lines.
miR-106a that was shown by Lanza et al16 to be differ-
entially expressed in MSI CRC was not included because
the stem-loop reverse transcriptase was not available in
the RT pools available from ABI. The miRNA character-
istics, including chromosomal locations, sequences,
overlapping transcripts and colocalized miRNA (within
10kb) of studied miRNA, are shown in Supplemental
Table S2 (see http://jmd.amjpathol.org).

RT and Real-Time PCR

Multiplex RT reactions were performed using pre-defined
pools of stem-loop RT-primers (ABI). Samples were

stored at �20°C until used for real-time PCR. Immediately
before real-time PCR, cDNA was diluted 10-fold by add-
ing water. Real-time PCR reactions using 2.0 �l of diluted
cDNA were performed on a 7900HT analyzer (ABI) with
384-well PCR plates preloaded with specific TaqMan
primer/probe mixes custom formatted according to our
specific miRNA targets. The first cycle was at 95°C for 10
minutes, then 95°C for 15 seconds and 60°C for 60
seconds � 50 cycles. With the exception of final volumes
of 10 �l for RT and 20 �l for qPCR, reactions were
performed according to the manufacturer’s recommen-
dations (all reagents supplied by ABI).

RT-qPCR Data Analysis

To allow for unbiased comparison across all plates and
target miRNAs, a single threshold of 0.05 was set, with a
baseline from 3 to 15 Cts. The RT-qPCR results were
imported into Microsoft Excel, and the average values of
duplicate Ct values were analyzed with the mean Ct

values of all miRNA analyzed for a particular specimen as
normalizer, using the �Ct method. For the few instances
with successful amplification of only one duplicate, this
single Ct value was used to calculate �Ct. For compari-
sons of CRC to paired mucosa, relative expression was
calculated using the 2��Ct method.34

Statistical Analysis

The 2��Ct values for tumor and non-neoplastic mucosa
samples were compared using a Wilcoxon signed rank
test. Within the set of tumor values, the effect of the three
categories of MSI on �Ct values for each miRNA were
compared using a one-way analysis of variance with
pairwise differences investigated by the Ryan-Einot-Gab-
riel-Welsch multiple range test. The Kruskal-Wallis test
was used to perform a non-parametric analysis of the
2��Ct values with pairwise differences investigated by
applying the Ryan-Einot-Gabriel-Welsch multiple range
test to the rank transformed 2��Ct values. P values of
�0.05 were considered significant after using a false
discovery rate (FDR) to correct for multiple simultaneous
comparisons.35 The rough FDR is an estimate of the
proportion of errors among the identified differentially
expressed miRNA and is defined as (m � 1)/(2m) where
m is the number of potential markers being investigated.
Figure 1 presents the results of our analysis of the 2��Ct

values. The P values presented in Figure 1 represent FDR
adjusted Kruskal-Wallis P values and the results of the
multiple comparisons are indicated through color coding.
Within the set of tumor values, regression analyses were
performed to determine whether �Ct values or the rank
transformed 2��Ct values had significant relationships
with MSI status, age, HNPCC, gender, clinical stage, and
anatomical site. A forward-stepwise selection method
was used with the significance level for a variable to
enter/stay in the model of 0.026. This significance level
represents the nominal level of 0.05 adjusted for the FDR.
The regression analysis is based on the rank transformed
2��Ct values. In general, there was good agreement
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between the regressions of the �Ct values and the rank
transformed 2��Ct values (data not shown).

Results

Technical Performance of miRNA Assays

The no-template controls run for each target miRNA on
each PCR plate showed no amplification. For miR-135b,
all results were “undetermined” and for miR-96, results
were either “undetermined” or had Ct values ranging from
33.7 to 43.9, suggesting a problem with the primer/
probes for these miRNAs on the pre-formatted plate. After
exclusion of miR-135b and -96 from the analysis, results for
the 22 remaining miRNAs were based on successful dupli-
cate amplification in 2321 of 2420 experiments (95.9%) and

successful single amplification in 71 (2.9%). Duplicate Ct

values generally had excellent agreement, with a mean
difference of �0.5 Cts.

Comparison of Tumors and Non-Neoplastic
Mucosa

Twenty of the 22 miRNA selected for evaluation were differ-
entially expressed between CRC and mucosa. Eleven miR-
NAs were over-expressed in CRC (Table 2). This group was
comprised of miR-183, -31, -20, -25, -92, -93, -17, -135a,
-203, -133b, and -223. By contrast, nine, consisting of miR-
192, -215, -26b, -143, -145, -191, -196a, -16, and let-7a,
were underexpressed in CRC (Table 3). Overexpression of
miR-183, -31 and -135a, and underexpression of miR-215,

Figure 1. miRNAs differentially expressed among
MSI-H, MSI-L, and MSS colorectal adenocarcino-
mas. Box plots of the log transformed relative lev-
els of differentially expressed miRs in MSI-H,
MSI-L, and MSS. Each box shows the variation of
relative values of miRs, and the black horizontal
bar shows the median value in each box. In-
creased relative expression of miR-155, �31,
�223, and �26b was significantly associated with
MSI-H status (top panel). Increased relative ex-
pression of miR-92, let-7a, and miR-145 was asso-
ciated with MSI-L status, whereas increased rela-
tive expression of miR-196a was associated with
MSS status (bottom panel). The P values pre-
sented represent FDR adjusted Kruskal-Wallis P
values. Significant differences for a given pairwise
comparison among three subgroups are indicated
by red versus blue.

Table 2. miRNAs Significantly Overexpressed in Tumors Relative to Non-Neoplastic Mucosa

miRNA
Relative expression* in tumors

(Mean � SD)
Relative expression* in NM†

(Mean � SD)
Fold increase in

tumors‡ p-Value§

miR-183 0.04 � 0.03 0.007 � 0.004 5.40 2.47E-16
miR-31 1.4 � 1.9 0.15 � 0.87 8.94 6.02E-13
miR-20a 3.5 � 2.3 2.1 � 2.5 1.66 1.52E-10
miR-25 1.6 � 0.70 1.1 � 0.54 1.49 3.92E-07
miR-92 61.8 � 45.8 35.4 � 11.4 1.75 1.96E-06
miR-93 3.9 � 1.9 2.8 � 0.74 1.41 3.33E-05
miR-17 0.44 � 0.32 0.28 � 0.10 1.55 4.38E-04
miR-135a 0.010 � 0.009 0.004 � 0.005 2.53 1.12E-03
miR-203 1.6 � 1.0 1.1 � 0.49 1.44 3.14E-03
miR-133b 0.21 � 0.59 0.17 � 0.12 1.20 1.36E-02
miR-223 9.8 � 9.0 6.6 � 3.8 1.49 3.69E-02

*2-�Ct.
†NM � Non-neoplastic mucosa.
‡Relative expression in T/NM.
§Wilcoxon Signed Rank test, adjusted for FDR.
FDR is defined as (m � 1)/(2m) where m is the number of potential markers being investigated.
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-143, -145, and -192 were the most apparent differences.
Two miRNAs were not statistically differentially expressed
(miR-155 and -32).

Comparison of MSI-H, MSI-L and MSS CRC

The MSI categories of CRC differed in expression of
miRNA in the tumors (Figure 1). Statistically significant
differences in relative expression (2��Ct) with Kruskal-
Wallis test were observed for miR-155 (P � 0.00017),
miR-223 (P � 0.0086), miR-92 (P � 0.011), miR-196a
(P � 0.011), miR-31 (P � 0.017), and miR-26b (P �
0.044). Differences in relative expression trended toward
statistical significance for let-7a (P � 0.052) and miR-145
(P � 0.064). Increased relative expression of miR-92,
let-7a and miR-145 were associated with MSI-L status,

while increased relative expression of miR-155, �223,
�31, and �26b were significantly associated with MSI-H
status. Increased relative expression of miR-196a was
associated with microsatellite-stable CRC. Excluding
HNPCC-associated CRCs from analysis did not alter the
results observed (data not shown).

Associations of Relative miRNA Expression with
Clinicopathologic Characteristics

In CRC, statistically significant relationships on multiple re-
gression analysis were found between multiple miRNA and
several clinicopathologic characteristics (Table 4). The re-
sults presented in the table represent the regressions
based on the rank transformed 2��Ct values. Significant

Table 3. miRNAs Significantly Underexpressed in Tumors Relative to Non-Neoplastic Mucosa

miRNA
Relative expression* in tumors

(Mean � SD)
Relative expression* in NM†

(Mean � SD)
Fold decrease in

tumors‡ p-Value§

miR-192 17.7 � 9.0 39.1 � 14.9 2.21 3.51E-16
miR-215 0.28 � 0.40 1.3 � 0.88 4.68 2.37E-13
miR-26b 2.8 � 1.2 4.8 � 2.2 1.69 8.91E-09
miR-143 0.09 � 0.07 0.20 � 0.11 2.29 2.47E-08
miR-145 1.0 � 0.81 2.2 � 1.6 2.13 9.39E-08
miR-191 4.3 � 1.7 5.7 � 1.5 1.33 3.71E-06
let-7a 2.0 � 0.83 2.7 � 1.2 1.30 4.93E-04
miR-196a 0.57 � 0.42 0.83 � 0.40 1.46 7.72E-04
miR-16 14.5 � 6.5 18.4 � 7.7 1.27 1.78E-03

*2-�Ct.
†NM � Non-neoplastic mucosa.
‡Relative expression in NM/T.
§Wilcoxon Signed Rank test, after correction for FDR.
FDR is defined as (m � 1)/(2m) where m is the number of potential markers being investigated.

Table 4. Statistically Significant Associations between miRNAs and Clinicopathologic Parameters (Multivariate Regression Analysis)

miRNA Clinicopathologic parameter p-Value Relationship

miR-155 Age 1.14E-04 Higher expression levels are associated
with increasing age

MSI-L 7.19E-03 Lower expression levels are associated
with MSI-L status

MSS 2.03E-03 Lower expression levels are associated
with MSS status

miR-223 Age 5.50E-04 Higher expression levels are associated
with increasing age

HNPCC 2.08E-02 Higher expression levels are associated
with HNPCC

miR-31 Side 6.61E-04 Higher expression levels are associated
with tumors on the right side

HNPCC 1.63E-02 Higher expression levels are associated
with HNPCC

miR-196a MSS 1.24E-03 Higher expression levels are associated
with MSS status

miR-26b MSS 1.24E-03 Lower expression levels are associated
with stability.

let-7a MSS 1.12E-02 Lower expression levels are associated
with MSS status

miR-92 MSI-L 1.35E-02 Higher expression levels are associated
with MSI-L status

MSS 2.50E-02 Lower expression levels are associated
with MSS status

miR-192 Side 1.48E-02 Lower expression levels are associated
with tumors on the right side

miR-135a Age 1.42E-02 Lower expression levels are associated
with increasing age
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associations between miRNA expression and MSI status
identified in the multivariate analysis were concordant with
those identified in the univariate (Kruskall-Wallis) compari-
son. Additional observations from these comparisons were
over-expression of miR-223 and -31 in CRC from HNPCC
patients; increasing relative expression of miR-155, -223,
and -135a associated with increasing age; and differential
expression of miR-31 (increased) and -135a (decreased)
associated with right-sided location of tumors.

Discussion

Our study provides new information regarding miRNA
expression in relation to MSI subgroups including MSI-L
CRC and associations with HNPCC, patient age, and
anatomical site of the cancer. Further, using RT-qPCR
and RNA extracted from FFPE tissue of the type that is
widely available in pathology specimen repositories, we
corroborated findings from previous publications on
miRNA expression in CRC using different detection meth-
ods and fresh/frozen tissues.

We found overexpression of miR-20a -203, -183, -31,
and -135b and underexpression of miR-143 and -145 in
CRC compared with mucosa, in agreement with previ-
ously published data in CRC.15,28,32 Several miRNA in-
vestigated for association with MSI status of CRC were
also shown to be differentially expressed in our compar-
isons between CRC and mucosa. Additionally, the
miRNA previously described in multiple literature sources
as differentially expressed in CRC tended to show high
levels of differential expression (ratio of miRNA expres-
sion in tumor compared with mucosa) (Tables 2 and 3).
These large relative differences may imply a greater biolog-
ical significance in tumor development, whether causative
or consequential.

Of the eight miRNAs differentially expressed or trend-
ing toward differential expression in the three MSI groups
we studied, three (miR-223, -155, and -92) had been
described by Lanza et al16 to be differentially expressed
between MSI-H and MSS CRC in a study involving 39
frozen specimens (23 MSS and 16 MSI-H) evaluated with
miRNA-chip technology. Nine other differentially ex-
pressed miRNAs (miR-17, -215, -191, -192, -203, -32,
-25, -93, and -20) from their work that were included in
our panel were not significantly differentially expressed
by our methods. However, evaluation of our results with
the Ryan-Einot-Gabriel-Welsch multiple range test revealed
trends toward under- and overexpression in the same di-
rection as in the work of Lanza et al,16 with the exception of
miR-32 and -203 that trended in the opposite direction (data
not shown).

There are many possible explanations for these differ-
ences between the two studies. First, we included the
third category of tumors, the MSI-L group, in our analysis.
In addition, the sample sizes differed, producing differ-
ences between the statistical power of the two studies.
Thirdly, there are differences in the patient populations,
such as geographic region, tissue procurement, and rel-
ative amount of tumor and “contaminating” non-neoplas-
tic tissue, and in laboratory methodologies, such as hy-

bridization efficiency, nucleic acid amplification versus
signal amplification, normalization technique, etc Another
important consideration is that, although differential ex-
pression between MSI-H and MSS groups was signifi-
cantly different in the study of Lanza et al,16 the ratios of
expression levels between the MSI-H and MSS groups
were close to unity, indicating small differences between
the groups. Expression in malignant epithelium may be
disguised by the presence of a miRNA signature derived
from “contaminating” non-neoplastic stroma or inflamma-
tory cells, which are often plentiful in MSI-H CRC, but can
be seen in varying degrees in non-neoplastic mucosa as
well. Importantly, the expression ratios for MSI-H to MSS
for miR-203 and �32, for which our results were discor-
dant with those of the previously reported study, are
among the closest to unity that the authors reported. In
our analysis, some miRNAs had significant differential
expression associated with HNPCC syndrome, age, and
site in the large bowel where the tumor was located
(Table 4). All of these factors may confound the concor-
dance of results because associations between all of
these variables and MSI status are well known.

Most clinical and pathological associations with MSI
tumors have been based on MSI-H CRC compared with
MSS and MSI-L CRC grouped together, or comparisons
of MSI-H CRC to MSS CRC without inclusion of MSI-L
tumors. However, recent studies have shown morpho-
logical and molecular differences among non-MSI-H
CRC.20,36 In our study, we found in both the univariate
Kruskall-Wallis and multivariate regression analyses that
MSI-L tumors have significant differences in miRNA ex-
pression from both MSI-H and MSS CRC. Our findings
substantiate the previous findings and provide additional
evidence suggesting that MSI-L tumors have specific
clinical and molecular characteristics.37 The grouping of
MSI-L tumors with MSS for research purposes may need
to be re-evaluated as more is learned about the relation-
ships among gene regulatory mechanisms and the cat-
egories of MSI CRC.

Current challenges in the field of miRNA include un-
derstanding the biological roles, identifying mRNA tar-
gets, and demonstrating the effects of specific miRNA in
specific tumor types. These areas have been the focus of
numerous studies that have demonstrated potential on-
cogenic or tumor suppressor roles for many of the miR-
NAs evaluated in CRC in our study. Targets for the
miRNA we studied include: for miR-143, ERK532,38; for
miR-145, MYCN, FOS, YES, FLI, cyclin D2, cyclin L1,
MAP3K3, MAPK4K415 and HOXA9;39 for miR-215, SIP140;
for miR-31, AXIN1 (Wnt pathway), FOXC2 and FOXP3;15

and for miR-183, FOXF2, FOXK2, FOXO1A, FOXO3A, and
FOXQ1.15 These relationships highlight the complexity of
the molecular pathogenesis of the subtypes of CRC and
potential influences on biological behavior.41

An additional issue regarding the understanding of
miRNA expression is the upstream regulatory control of
miRNA expression. In our study, miR-17, -20, and -92
were all significantly overexpressed in CRC at similar levels
(ratio of expression in tumor to mucosa of 1.55, 1.66, and
1.75, respectively). These miRNA are located on the well-
known miR-17–92 polycistron on chromosome 13 (see Sup-
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plemental Table S2 at http://jmd.amjpathol.org), and their
transcription is induced by c-myc.42,43 Likewise, miR-25
and �93 are co-localized within 10kb on chromosome 7,
and we observed similar levels of over-expression of these
miRNAs in CRC (ratio of expression in tumor to mucosa of
1.49 and 1.41, respectively). Similar observations were
made for the underexpressed miR-143 and �145 that are
colocalized within 10kb on chromosome 5 (ratio of expres-
sion of 2.29 and 2.13, respectively). The finding of evidence
of co-regulation suggests important roles in CRC for these
types of alterations.

In conclusion, the findings of our study reinforce those
of previous publications on miRNA expression in CRC
and provide proof of concept for quantitative evaluation
of miRNA by RT-qPCR following nucleic acid extraction
from FFPE specimens. If miRNA are to be used as bi-
omarkers, therapeutic targets or therapeutic agents, as is
predicted,44 consistency of results and methodological
considerations will become increasingly important because
of the ubiquity of FFPE specimens in the clinical practice of
pathology and the familiarity with RT-qPCR platforms in
clinical laboratories. Our work also highlights a small panel
of miRNA that may be of future use as prognostic or thera-
py-response indicators in CRC, identifies differences in
miRNA expression in relation to MSI-H, and MSI-L status
and HNPCC-associated CRC. The significance of these
findings and potential roles as molecular classifiers and/or
clinical biomarkers will require vigorous validation in larger
cohort studies.
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