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Abstract
Purpose—MicroRNAs are short noncoding RNAs that regulate gene expression and are over- or
under-expressed in most tumors, including colorectal adenocarcinoma. MicroRNAs are potential
biomarkers and therapeutic targets and agents, but limited information on microRNAome
alterations during progression in the well-known adenoma-adenocarcinoma sequence is available
to guide their usage.

Experimental Design—We profiled 866 human microRNAs by microarray analysis in 69
matched specimens of microsatellite-stable adenocarcinomas, adjoining precursor adenomas
including areas of high- and low-grade dysplasia, and nonneoplastic mucosa.

Results—We found 230 microRNAs that were significantly differentially expressed during
progression, including 19 not reported previously. Altered microRNAs clustered into two major
patterns of early (type I) and late (type II) differential expression. The largest number (n = 108)
was altered at the earliest step from mucosa to low-grade dysplasia (subtype IA) prior to major
nuclear localization of β-catenin, including 36 microRNAs that had persistent differential
expression throughout the entire sequence to adenocarcinoma. Twenty microRNAs were
intermittently altered (subtype IB), and six were transiently altered (subtype IC). In contrast, 33
microRNAs were altered late in high-grade dysplasia and adenocarcinoma (subtype IIA), and 63
in adenocarcinoma only (subtype IIB). Predicted targets in 12 molecular pathways were identified
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for highly altered microRNAs, including the Wnt signaling pathway leading to low-grade
dysplasia. β-catenin expression correlated with downregulated microRNAs.

Conclusions—Our findings suggest that numerous microRNAs play roles in the sequence of
molecular events, especially early events, resulting in colorectal adenocarcinoma. The temporal
patterns and complexity of microRNAome alterations during progression will influence the
efficacy of microRNAs for clinical purposes.

Introduction
Colorectal cancer is the second most common cause of cancer deaths in the United States (1)
and results from progressive genetic and epigenetic alterations in the epithelial cells of the
large bowel mucosa (2–6). The adenoma with epithelial dysplasia is the usual benign
precursor neoplasm in a well-known morphologic and temporal nonneoplastic mucosa-
adenoma-adenocarcinoma (NM-A-AC) sequence that provides an opportunity to determine
alterations that are important in progression during tumorigenesis.

Numerous alterations in oncogenes and tumor suppressor genes described in
adenocarcinomas are also found in adenomas, including mutation of APC, KRAS, BRAF,
and P53 genes (2, 4). Tumors with chromosomal instability manifested by gains and losses
of chromosomes and their parts are by far the most frequent molecular subtype of colorectal
neoplasms and often have KRAS or P53 mutation. In contrast, microsatellite instability is
seen in a small subset of colorectal adenocarcinomas due to loss of function of the DNA
nucleotide mismatch repair system usually caused by silencing of MLH1 by
hypermethylation. These tumors often have BRAF mutation (2, 4–6).

Molecular biomarkers in colorectal neoplasms have the potential to improve screening, aid
in patient surveillance and diagnosis, indicate prognosis, predict response to chemotherapy,
and serve as therapeutic targets or agents. MicroRNAs (miRNAs) are 17- to 22-nucleotide
long non-coding endogenous single-stranded functional RNAs that regulate gene expression
by regulating messenger RNA translation and degradation (7). MiRNAs can function as
tumor suppressors or oncogenes depending upon the characteristics of their downstream
targets, and alterations of miRNA expression in colorectal neoplasms have been well
documented, especially differential miRNA profiles in adenocarcinoma as contrasted with
nonneoplastic mucosa (8–22). Furthermore, differences in miRNA expression have been
identified between microsatellite-stable and microsatellite instability high colorectal cancers
(15, 21, 22).

Several studies have examined the colorectal adenoma that is the usual precursor to
adenocarcinoma for expression of small numbers of selected miRNAs (9–13), and one study
has used a global miRNA microarray approach (14). No previous study has addressed the
small subset of adenomas that progress to adenocarcinoma. The paucity of data on miRNA
alterations during the NM-A-AC sequence and the implications for the potential use of
miRNAs as biomarkers and in therapeutic approaches led us to evaluate the differential
expression of 866 human miRNAs by microarray analysis in 20 microsatellite-stable
colorectal adenocarcinomas, their contiguous microdissected precursor adenoma, and nearby
nonneoplastic mucosa. The aim of this study was to identify for the first time the patterns of
variations in miRNA expression during the neoplastic progression that leads to the most
frequent molecular subtype of colorectal cancer.
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Materials and Methods
Patients and sample preparation

We searched the database of the Department of Pathology at The University of Texas MD
Anderson Cancer Center and selected 21 patients who had invasive microsatellite-stable
colorectal adenocarcinoma arising from a pre-existing adenoma and adjacent nonneoplastic
mucosa in a resection specimen to permit pairwise analyses, and who had informed consent
for research use of their residual tissue. In one of these patients, adenocarcinoma was no
longer present in the sections cut for RNA extraction and only adenoma and nonneoplastic
mucosa were analyzed. All 20 adenocarcinomas and the 21 adenomas were microsatellite
stable by immunohistochemical analysis for nuclear expression of MLH1, MSH2, PMS2,
and MSH6 mismatch repair proteins. Ten of the adenocarcinomas with remaining tissue
were also microsatellite stable on testing of DNA by PCR amplification of a panel of 6
National Cancer Institute Workshop recommended microsatellite markers, as described
elsewhere (23).

A hematoxylin and eosin-stained slide from each formalin-fixed, paraffin-embedded tissue
block was used to select one block that had invasive adenocarcinoma and adenoma with
low- and high-grade dysplasia with minimal contamination by stromal and inflammatory
cells, and adjacent full thickness nonneoplastic mucosa including the surface epithelium and
proliferative zone. This approach provided intraspecimen consistency, and 9 blocks
contained all 4 tissue types. The hematoxylin and eosin slide from each selected block was
then marked with insoluble ink on the coverslip to delineate the tissue for extraction.
Unstained recut slides with 5-mm sections and no coverslip were laid over the marked slide,
and the corresponding demarcated areas were manually microdissected. Clinical and
pathologic characteristics are provided in Supplementary Table S1. The study was approved
by The University of Texas MD Anderson Cancer Center Institutional Review Board.

Total RNA labeling and hybridization
All specimens from each case were processed and analyzed simultaneously to avoid bias.
Total RNA, including miRNAs, was isolated from the microdissected deparaffinized tissue
with the RecoverALL TM Total Nucleic Acid Isolation Kit (Ambion, Inc.) and labeled using
the miRNA Complete Labeling and Hyb Kit (Agilent Technologies). Each labeled sample
was hybridized to the Human miRNA Microarray Kit (V3, Agilent) containing
oligonucleotide probes for 866 human miRNAs and 89 human viral miRNAs (product
number G4470C, Design ID 021827) according to the miRNA Microarray System Protocol
version 2.1. Twelve viral miRNAs were found to have statistically significant differences in
expression, but their relevance was uncertain and these were not considered further.

MicroRNA data processing and statistical methods
Microarray data were processed using the statistical R package, Limma (Linear Models for
Microarray Data; ref. 24). A linear mixed-effects model was fitted to the expression of each
miRNA to identify differentially expressed miRNAs in the adenoma-adenocarcinoma
sequence. The Beta-Uniform Mixture method was applied to control false discovery rate
(FDR; ref.25). Hierarchical clustering analysis was done using Pearson correlation
coefficients as distance metric and Ward's linkage rule. The robustness of sample clusters
was verified by a bootstrapping method with 200 iterations. Principle component analysis
was conducted to examine the data structure composed of multiple miRNA expressions.
Pairwise comparisons were done by the simultaneous inference procedure (26). Values of P
≤ 0.05 were considered statistically significant. Further details are provided in
Supplementary Text S2.
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Real-time quantitative PCR for miRNA expression
To confirm the miRNA signature derived from the microarray analysis, ABI TaqMan
miRNA assays (Applied Biosystems, Inc.) were done with the manufacturer's protocol for 6
selected miRNAs. Briefly, 7 ng of total RNA were reverse transcribed with RNase inhibitor,
MultiScribe RT enzyme, and miRNA-specific stem-loop primer (Applied Biosystems). The
RT reaction was used subsequently in TaqMan miRNA real-time PCR with the
manufacturer's protocol and an ABI 7900 Sequence Detection Instrument and associated
software. Each sample was run in triplicate. RNU48 pre-developed assay (Applied
Biosystems) was used as the normalizer. Further details are provided in Supplementary Text
S2.

Immunohistochemistry and quantitative image analysis for nuclear expression of β-
catenin

Archival paraffin-embedded blocks of buffered formalin-fixed tissue from each case were
used for immunohistochemistry with the polymeric biotin-free horseradish peroxide (HRP)
method (Leica Microsystems) on a Bond Max Stainer (Vision Biosystems). Briefly, sections
were cut at 4-μm thickness onto positively charged slides, pretreated with enzyme-induced
epitope retrieval, and incubated with primary β-catenin antibody (mouse antibody clone 14,
1:500, BD Biosciences). The Refine Polymer Detection Kit was used for immunostaining
with 3, 3-diamiobenzidine serving as chromagen.

Immunohistochemical sections were evaluated by light microscopy for nuclear expression of
β-catenin. Areas of histopathologically identified nonneoplastic mucosa, low-grade and
high-grade dysplasia in adenoma, and adenocarcinoma were demarcated with permanent ink
on the coverslips. No nuclear expression was found in nonneoplastic mucosa. Nuclei
positive for β-catenin in adenomas and adenocarcinomas were quantitated by automated
image analysis at 20× magnification using the Aperio ScanScope XT (Aperio Technologies,
Inc.) and Aperio Genie Pattern Recognition software with a custom Genie Training Macro
that was 98% sensitive and specific in separating tumor from stroma. Genie Nuclear
Algorithm version 9.1 was then used to create a custom β-catenin classifier with curvature
threshold adjustment to decluster closely apposed nuclei and with reduced cytoplasmic
intensity to avoid false-positives. All algorithm adjustments were tested to assure accurate
detection of positive and negative nuclei as visualized by light microscopy. Nuclear labeling
index, defined as number of immunohistochemically positive nuclei divided by total number
of nuclei and expressed as percentage, was calculated for each adenocarcinoma, high-grade
dysplasia, and low-grade dysplasia. Further details are provided in Supplementary Text S2.

The Friedman rank sum test was applied to test the null hypothesis of no difference in the β-
catenin labeling index in the progression from nonneoplastic mucosa to adenocarcinoma.
Correlation between miRNA expression and labeling index in each tissue type of all
specimens was measured using Spearman rank correlation coefficient.

miRNA target prediction and pathway identification
The P values of the miRNAs differentially expressed between nonneoplastic mucosa and
low-grade dysplasia and between high-grade dysplasia and adenocarcinoma were rank
ordered to identify the first 10 miRNAs, all of which were upregulated. Three miRNAs were
statistically significantly differentially expressed in the comparison between low- and high-
grade dysplasia, and these were downregulated. We first made a graphical presentation of
the comparisons to distinguish the 5 “common” steps in the NM-A-AC sequence from the 3
“specific” steps, as shown in Fig. 1. The comparison between low- and high-grade dysplasia
was not included in the common steps because only 3 miRNAs were statistically
significantly differentially expressed.

Bartley et al. Page 4

Clin Cancer Res. Author manuscript; available in PMC 2013 January 14.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



We used the http://www.microrna.org resource to retrieve the genes predicted by the
algorithm MIRANDA to be targeted by the statistically significant miRNAs considered
above. We used PERL to sort the genes based on the number of common miRNAs that
targeted them and generated 4 gene lists as follows: First, genes targeted in common by at
least 3 of the 11 miRNAs significant in at least 4 pairwise comparisons (the 10 most
significantly differentiated miRNAs in 4 comparisons together with let-7i that was the only
significantly differentiated miRNA in 5 comparisons, designated as the common steps).
Second, genes targeted in common by at least 3 miRNAs of the 10 most significant for the
transition from nonneoplastic mucosa to low-grade dysplasia, designated specific step 1
(Fig. 1). Third, genes targeted in common by the 2 miRNAs significant for the transition
between low- and high-grade dysplasia, designated specific step 2, and for which the
microrna.org database provided results. Fourth, genes targeted in common by at least 3
miRNAs of the 10 most significant for the transition from high-grade dysplasia to
adenocarcinomas, designated specific step 3. We then used “DAVID” Bioinfomatics
Resources 6.7 (http://david.abcc.ncifcrf.gov/) to determine the pathways involving these
genes (Supplementary Table S3). To confirm the involvement of the Wnt signaling pathway
during the earliest transition from nonneoplastic mucosa to low-grade dysplasia, we also
examined the results from other miRNA target prediction algorithms:microT(http://
diana.cslab.ece.ntua.gr/microT/), TargetScan (http://www.targetscan.org/), and PITA (http://
genie.weizmann.ac.il/pubs/mir07/; Supplementary Table S4).

Results
Altered miRNA expression in the NM-A-AC sequence

We evaluated the microRNAome in 69 matched specimens microdissected from one
histopathologic section with a microsatellite-stable colorectal adenocarcinoma arising in a
contiguous precursor adenoma and nearby nonneoplastic mucosa of 21 patients (Fig. 1). In
one of the patients with adenocarcinoma, the histopathologic sections recut for the study had
only nonneoplastic mucosa and villous adenoma with low- and high-grade dysplasia
remaining (Supplementary Table S1). The adenocarcinoma therefore could not be analyzed
for miRNA expression, resulting in a study set with 20 cancers.

A total of 230 miRNAs were identified to be differentially expressed in the NM-A-AC
sequence by the linear mixed-effect model (FDR < 0.01). Two-way unsupervised
hierarchical cluster analysis of the expression of these miRNAs resulted in discovery of 3
major clusters of tissue types (Fig. 2). The clusters were confirmed by the bootstrapping
method. The first cluster was composed exclusively of nonneoplastic mucosae; the second
mainly of nonneoplastic mucosae and low-grade dysplasias in adenomas with a few high-
grade dysplasias and adenocarcinomas; and the third mainly of adenocarcinomas with a few
admixed lowand high-grade dysplasias. The association between these clusters and disease
progression as represented by the 4 tissue types was highly statistically significant (P <
0.001 by Fisher exact test). Principle component analysis revealed that nonneoplastic
mucosae and adenocarcinomas were relatively separable from each other, and that samples
with high- or low-grade dysplasia in adenomas were generally mixed together with the
adenocarcinomas (Supplementary Fig. S5).

Pairwise comparisons among the 4 tissue types in the NM-A-AC sequence identified
marked differences in the number of differentially expressed miRNAs (Fig 3). The largest
number, 216 of the 230 altered miRNAs, was differentially expressed between
nonneoplastic mucosa and adenocarcinoma, followed by 144 between mucosa and high-
grade dysplasia in adenomas, 134 between mucosa and low-grade dysplasia, 99 between
low-grade dysplasia and adenocarcinoma, 25 between high-grade dysplasia and
adenocarcinoma, but only 3 between low-grade and high-grade dysplasia.
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Thirty-six miRNAs were significantly differentially expressed along the entire sequence as
represented by all 4 comparisons between nonneoplastic mucosa paired with the 3 types of
neoplasm and low-grade dysplasia paired with adenocarcinoma (Fig. 3). Upregulated and
downregulated miRNAs were found among the 36, and the extent of changes was variable.
Of the 16 upregulated miRNAs, 11 were increased 2-fold or greater during progression
(miR-7, -19a, -20a, -21, -22, -24, -34a, -34b, -224, and -331-3p and let-7i; range 2–6 fold),
including 5 that were increased more than 2-fold at the earliest step between mucosa and
low-grade dysplasia (miR-20a, -21, -24, -34a, and -224), and 8 that were increased from 2-
to 4-fold between mucosa and high-grade dysplasia (miR-7, -19a, -20a, -21, -24, -34a, -34b,
and -224). Three miRNAs were decreased at least 2-fold (miR-188-5p, -650, and -671-5p).
Nineteen of the miRNAs were not previously described as altered in colorectal
adenocarcinoma, to our knowledge (miR-130b, -188-5p, -202, -331-3p, -371-5p, -455-3p,
-520b, -513a-5p, -601, -617, -636, -650, -671-5p, -708, -939, -1224-5p, -1225-5p, -1226,
and -1308). None of the 36 miRNAs was significantly differentially expressed when
analyzed for site in the colorectum, age, gender, or stage of disease after adjustment for
within-patient correlation.

Confirmation of altered expression of selected miRNAs
The differential expression detected by microarray analysis was evaluated by quantitative
real-time PCR (qRT-PCR) for 6 selected miRNAs. Two were chosen to confirm miRNAs
previously described as altered in colorectal adenomas and/or adenocarcinomas (miRs-17
and -224; refs. 8, 12, 14, 18, 19, 27) and 4 (miR-130b, -601, -939, and -1225-5p) to confirm
miRNAs not previously described as altered in colorectal neoplasms. [MiR-130b is a
paralogous sequence of miR-130a that had been described previously as altered (28).] The
microarray results were confirmed for all 6 miRNAs (Supplementary Table S6).

Patterns of altered miRNA expression in the NM-A-AC sequence
Grouping of the pairwise comparisons among the 4 tissue types that had statistically
significant differences revealed 2 major patterns of altered miRNA expression (Fig. 3, Fig.
4, and Supplementary Table S7). The first major pattern resulted from 134 miRNAs with
early altered expression in which significant changes occurred at the first step in the NM-A-
AC sequence, that is, between mucosa and low-grade dysplasia in adenomas, and was
designated as type I pattern. The second major pattern was composed of 96 miRNAs with
later alteration of expression, designated as type II pattern that was not present in low-grade
dysplasia.

Subgroups were evident within these 2 major groups. In the type I pattern, 108 miRNAs had
altered expression that persisted throughout the progression from low-grade dysplasia
through high-grade dysplasia to adenocarcinoma, termed the early persistent pattern that was
composed of subtype IA miRNAs (Figs. 3 and 4). This group included the 36 miRNAs
identified from the pairwise comparisons of the 4 tissue types, along with 72 others. A
second subgroup of 20 miRNAs had an early intermittent pattern of alteration during
progression and was designated as subtype IB miRNAs. These miRNAs had significant
changes in expression between mucosa and low-grade dysplasia and between mucosa and
adenocarcinoma that did not persist between mucosa and high-grade dysplasia. The third
subgroup consisting of 6 miRNAs had an early transient pattern of differential expression
and was termed subtype IC miRNAs. Although different between mucosa and adenoma, the
early altered expression in these 6 miRNAs did not persist between mucosa and
adenocarcinoma.

Within the group of miRNAs with the type II late pattern (n = 96) that lacked altered
expression at the earliest step between mucosa and low-grade dysplasia, 33 miRNAs were
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altered in the mid portion of the NM-A-AC sequence, resulting in a late intermediate pattern
of subtype IIA miRNAs. These miRNAs differed between mucosa and high-grade dysplasia
and adenocarcinoma (Figs. 3 and 4). The final subgroup of 63 miRNAs was altered only
late, at the step of adenocarcinoma. This late pattern, resulting from subtype IIB miRNAs,
had significantly altered expression between adenocarcinoma and mucosa or dysplasia, but
not between mucosa and the premalignant tissue types.

Patterns of altered miRNA expression and β-catenin localization
We compared the miRNA alteration patterns to nuclear β-catenin localization because
dysregulation of the WNT signaling pathway resulting from mutation of the APC gene is
well known to be an important early step in colorectal tumorigenesis and leads to abnormal
β-catenin translocation into tumor cell nuclei, although Wnt activation can also occur in the
absence of detectable nuclear β-catenin accumulation (29–31). We found no nuclear
localization of β-catenin in nonneoplastic mucosa. The means and standard deviations of the
β-catenin nuclear labeling indices by immunohistochemistry and morphometric image
analysis were 3.8% ± 1.4% (range 1.6%–6.5%) for low-grade dysplasia in adenomas, 7.1%
± 2.7% (range 2.9%–10.7%) for high-grade dysplasia in adenomas, and 9.1% ± 7.8% (range
1.2%–30.5%) for adenocarcinomas (P = 0.01 by Friedman rank sum test). Thus, the type I
early alterations in miRNA expression preceded major nuclear localization of β-catenin.

In our exploratory analysis, we found statistically significant correlation (P < 0.05, absolute
value of Spearman correlation coefficients > 0.56) between nuclear labeling index for β-
catenin and expression levels of 23 miRNAs, most included in subtype 1I, in adenomas with
low-grade dysplasia. Thirteen of these miRNAs were positively correlated with nuclear β-
catenin expression (let-7a and miR-22, -30d, -95, -98, -99b, -127-3p, -130a, -133a, -151-3p,
-185, -196b, and -425), and 10 were inversely correlated (miR-184, -498, -500, -501-5p,
-520-3p, -617, -877, -921, -1288, and -1305). In addition, we observed that the correlation
between miRNA expression and labeling index was stronger in adenomas with low-grade
dysplasia than in adenocarcinoma (bimodal distribution of correlation coefficients in
adenomas as contrasted with distribution around zero in carcinomas; Fig. 5).

MiRNA-targeted pathways in the NM-A-AC sequence
To gain further insight into the possible roles of abnormally expressed miRNAs during the
NM-A-AC sequence, we used the http://www.microrna.org/ data resource and “DAVID”
Bioinformatics Resources version 6.7 to carry out searches for the predicted targets,
followed by Gene Ontology Pathway Analysis of the commonly predicted targets (Fig. 6
and Supplementary Table S3). We identified let-7i as the only miRNA differentially
expressed in all 5 pairwise comparisons (P < 0.05; max value of P = 2.87E-02). Ten
additional miRNAs were significantly differentially expressed in 4 of 6 pairwise
comparisons (P < 0.01). Eight of these miRNAs (miR-7, -21*, -224, -34b*, -34a, -193a-3p,
-21, -19a) were upregulated during all steps from mucosa to low-grade dysplasia to high-
grade dysplasia to adenocarcinomas, whereas one (miR-320a) was downregulated. These 9
miRNAs were members of subtype IA. The tenth miRNA (miR-133b) was downregulated
from mucosa to low-grade dysplasia and from mucosa to high-grade dysplasia, but
upregulated from both low- and high-grade dysplasia to adenocarcinoma.

Upon further analysis of let-7i and the 10 miRNAs described above, we identified
significantly enriched (P < 0.05) targets in 12 pathways, including the mitogen-activated
protein kinase signaling pathway (P < 0.001) that contains the FGRBR1 gene and 35 other
members. We also identified 3 pathways in common (Wnt signaling pathway, melanoma,
and pathways in cancer) during the early 2-step transition from mucosa to high-grade
dysplasia (Supplementary Table S3). More importantly, when we determined the gene
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pathways affected by altered miRNAs in the 3 specific steps from mucosa to low-grade
dysplasia, low- to high-grade dysplasia, and high-grade dysplasia to adenocarcinoma, we
found that in the earliest step of colorectal tumorigenesis (mucosa compared with low-grade
dysplasia) the Wnt pathway that is well known to be aberrant in colorectal adenocarcinoma
was involved (P = 0.001). In addition, 8 of the altered miRNAs (miR-20a, -23a, -25, -27a,
-34a, -92a, -148a, and -203) had 9 identified targets in the canonical, planar cell polarity,
and calcium ion components of the Wnt pathway (Fig. 6, Table 1) with redundancy in the
miRNAs affecting each target, and each miRNA having multiple targets in the Wnt
pathway. The Wnt signaling pathway also seemed significant when using the following
algorithms: microT (http://diana.cslab.ece.ntua.gr/microT/), TargetScan (http://
www.targetscan.org/), and PITA (http://genie.weizmann.ac.il/pubs/mir07/; Supplementary
Table S4).

Pathway analysis of targets for miRNAs we found were correlated with β-catenin nuclear
expression revealed that downregulated miRs-617 and -498 (subtype IA) were predicted to
regulate β-catenin (Fig. 6). These predictions affirm the seminal importance of altered Wnt
signaling in colorectal tumorigenesis and indicate that variations in expression of multiple
genes in the pathway provide a mechanism for dysregulation. Because APC mutation is
uncommon in adenomas, our findings also suggest that abnormal regulation by miRNAs is
among the earliest steps in colorectal adenoma development.

Discussion
Our study expands understanding of the complex roles of miRNAs in colorectal
tumorigenesis. Numerous published studies have addressed miRNAs in colorectal cancer
(reviewed in ref. 8), but few have reported on the NM-A-AC sequence (9–14). These studies
have evaluated small numbers of selected miRNAs (9–13) or a miRNA profile (14) without
concentration on pairwise comparison of precursor tissues from the same neoplasm to
reduce intertumoral heterogeneity within individual patients (9–14), the microsatellite
instability status of the cancers (9–13), or the subset of adenomas that give rise to
adenocarcinoma (9–14). In contrast, our study used a microRNAome profiling approach for
paired specimens of microsatellite-stable adenocarcinomas that represent the most frequent
molecular subtype and their contiguous precursor adenomas. We showed extensive
alterations in miRNA expression with frequent early changes (n = 134 type I miRNAs) and
found 5 subpatterns that indicate the complexity of the miRNA alterations, including the
timing of the alterations during progression.

Previous studies of colorectal adenomas that addressed specific miRNAs have reported
alterations compared with nonneoplastic mucosa for 6 members of the miR-17-92 cluster
(12) and miR-21 (11), -135a and -135b (10), -137 (13), and -143 and -145 (9). The
previously reported profiling study (14) evaluating 735 miRNAs identified 31 that had more
than 2-fold change in expression in adenomas, including miR-135a, -135b, and -137 from
the earlier reports, although miR-135a was found to have decreased expression in contrast to
increased expression in the earlier report. We found among 866 miRNAs that miR-19a,
-20a, -21, -92a, and -135b from the previous reports were altered. In addition to confirming
the alteration of these miRNAs in adenomas, we expanded upon these previous results by
identifying that all of these miRNAs had the early persistent pattern (subtype IA),
suggesting that their alteration occurred early in tumorigenesis and was maintained. These
repeatedly identified miRNAs, therefore, are likely drivers rather than consequences of
neoplastic progression. Comparison of our findings with the other published profile analysis
(14) identified 453 probes in common between the 2 studies. Eleven miRNAs (miR-1, -96,
-100, -133a, -135b, -182, -183, -224, -299-5p, -552, and -584) were altered in adenomas in
both profiling studies, and 328 miRNAs were unaltered in adenomas in both (Supplementary
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Table S8). The concordance of results for 339 miRNAs occurred despite methodologic
differences in analysis platforms, miRNA annotation, and criteria for change in expression,
as well as study design differences in patient populations, tissue types (frozen or formalin-
fixed, paraffin-embedded), sample sizes, and relationship of the studied adenomas to
adenocarcinoma (separate or contiguous). In addition, fifty of the miRNAs that were altered
between nonneoplastic mucosa and adenoma in our study were reported previously to be
altered in colorectal cancer (reviewed in reference 8). Our findings therefore emphasize the
importance of numerous miRNAs in the early phase of colorectal tumorigenesis.

The biological meaning and clinical implications of the 5 subpatterns of miRNA alterations
we observed remain to be explored fully. The majority of alterations occurred between
nonneoplastic mucosa and adenomas with low-grade dysplasia when mutations of intensely
studied genes, including APC, and other structural DNA alterations are uncommon (2) and
before nuclear localization of β-catenin was a prominent feature in our study. Intratumoral
heterogeneity poses a challenge in understanding these cellular events because miRNA
expression represents the net result of levels in the population of evaluated cells, and
mechanistic studies are therefore needed to explain our observations. From the clinical
perspective, we identified among the large number of type I miRNAs a set of 36 that had
significantly increased or decreased expression throughout the entire progression from
nonneoplastic mucosa to adenoma and adenocarcinoma. These miRNAs are likely to be of
interest for exploration as markers and as therapeutic targets (32) and agents (33) due to
their ubiquitous changes. We identified throughout progression the deregulated expression
of 19 miRNAs not previously described in colorectal adenocarcinoma to our knowledge. In
addition, we describe for the first time the relationships among the individual steps in
morphologic progression along the NM-A-AC sequence and dysregulation of numerous
miRNAs. These subtypes of miRNAs have potential as markers and therapeutic targets and
agents with greater specificity for steps along progression than the ubiquitously altered
miRNAs, although few miRNAs were altered between low-grade and high-grade dysplasia
in adenomas that were contiguous with an adenocarcinoma in our study.

The subtypes of altered miRNA expression seem to be associated with propensity of the
miRNAs to be detectable in plasma, affected by chemotherapy, and serve as therapeutic
targets. Use of plasma miRNAs as biomarkers for early detection of colorectal neoplasia has
been proposed (34–38). In plasma samples from patients with advanced adenomas, miR-29a
and -92a (34) and miR-17-3p and -92 (36) that are all in our subtype IA were associated
with the presence of an adenoma, suggesting that plasma miRNA may have propensity to be
derived from the early persistent subtype of miRNA. In addition, several studies have
examined the effects of chemotherapy on miRNAs in human colon cancer cell lines (18, 39).
Three miRNAs (miR-16, -34a, and -34b) that were increased in 2 human colon cancer cell
lines treated with adriamycin (39) are in subtype IA. Among these, miR-34a inhibited cell
proliferation, contributed to induction of apoptosis and G1 arrest, downregulated the E2F
family of transcription factors, and both upregulated and was a target for the p53 pathway
(27). A study of the effects of 5-fluorouracil (5-Fu), the most commonly used
chemotherapeutic agent for colorectal cancer, in human colon cancer cell lines (18) found 19
miRNAs upregulated and 3 downregulated. Fifteen of these miRNAs (miR-19a, -20, -21,
-23a, -25, -27a, -27b, -29a, -133a, -135b, -151, -182, -185, -210, and -224) are in our
subtypes IA and IB.

Among the novel miRNAs we found, we confirmed by qRT-PCR the alteration of 4 of
interest, including the upregulation of miR-130b. A recent study described this miRNA as
rescuing human mammary epithelial cells from Ras-induced senescence by preventing
RasG12V-induced upregulation of the cell cycle inhibitor p21Waf1/Cip1 (40) that is known
to downregulate expression of thymidylate synthase, a target enzyme of 5-FU (41). Three
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other downregulated novel miRNAs, miR-601, -939, and -1225-5p, are in subtype IA and
have a variety of targets of interest. Putative targets of miR-601 include tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein zeta polypeptide
(YWHAZ) in the 14-3-3 family that mediates signal transduction (Targetscan 5.1) and that
is implicated in carcinogenesis (42), and aquaporin-1 that mediates membrane permeability
in human colon cancer cell lines and affects invasion and metastasis (43). Reported targets
of miR-939 include RasL10B that is downregulated in human breast cancer cell lines,
suggesting that this miRNA may be a tumor suppressor (44), and tumor necrosis factor alpha
that has been associated with clinical characteristics of colorectal tumors (45). A putative
target of miR-1225-5p is HIC2 (hypermethylated in cancer 2)/HRG22 (HIC1-related gene
on chromosome 22) that has been identified as a tumor suppressor gene (46) and is
transcriptionally inactivated in numerous human cancers including colorectal carcinoma (47,
48). Another possible target is the paternally expressed 10 (PEG10) gene that is
overexpressed in hepatic adenomas and hepatocellular carcinomas (49, 50).

In conclusion, we speculate that the 5 patterns of miRNA alterations we identified in the
NM-A-AC sequence reflect both primary events and processes that are reactive and adaptive
to previous genetic, epigenetic, and miRNA alterations. The large number of miRNAs (n =
134) that we found to be altered between nonneoplastic mucosa and low-grade dysplasia in
adenomas (type I pattern) at the outset of the NM-A-AC sequence likely produces early
dysregulation of numerous cellular pathways (51). As a result, understanding of the
mechanisms for and consequences of these complex early miRNA changes may provide
important insights into potential strategies to prevent progression that leads to cancer in the
NM-A-AC sequence. The late alterations (type II pattern) may provide information on
mechanisms of benign to malignant conversion. Understanding the nature of the alterations
is essential to effective use of miRNAs as biomarkers and therapeutic targets or agents
because many of the alterations are linked to steps in the sequence.
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Translational Relevance

We show for the first time the complex patterns of altered microRNA expression during
the mucosa-adenoma-adenocarcinoma sequence in the colorectum. In addition, through
bioinformatic analysis of the pathways targeted by the altered microRNAs, we highlight
the importance of microRNAs as another mechanism for dysregulation of the Wnt
signaling pathway at the earliest step in tumorigenesis between nonneoplastic mucosa
and low-grade dysplasia in adenomas. Because microRNAs are of interest as biomarkers
and as therapeutic targets and agents, our findings identify specific microRNAs that are
altered during the steps in colorectal tumor progression and may guide translation into
clinical usage of microRNAs.
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Figure 1.
Photomicrograph illustrating the NM-A-AC sequence and histopathologic identification of
tissue areas for microdissection, RNA extraction, and microRNAome profiling. The 4 boxes
from left to right indicate nonneoplastic mucosa, villous adenoma with low-grade dysplasia,
high-grade dysplasia in the adenoma, and contiguous adenocarcinoma invading submucosa,
respectively. Graphic presentation of comparisons to distinguish “common” pathways (red
arrows) from “specific” pathways (blue arrows) for our pathway analysis is also illustrated.
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Figure 2.
Two-way unsupervised hierarchical clustering of the 230 differentially expressed miRNAs
in the 4 tissue types with nonneoplastic mucosa indicated by orange bars, low-grade
dysplasia in adenoma by cyan green bars, high-grade dysplasia in adenoma by purple bars,
and invasive adenocarcinoma by blue bars. Black represents median expression; pure red,
+3 and higher expression; and pure green, −3 and lower expression. Three clusters of tissue
types are evident. The first is composed exclusively of nonneoplastic mucosae; the second
mainly of nonneoplastic mucosae and low-grade dysplasias in adenomas and a few high-
grade dysplasias and adenocarcinomas; and the third mainly of adenocarcinomas with a
mixture of low-grade and high-grade dysplasias. The association between these clusters and
disease progression represented by the 4 tissue types was highly significant (P < 0.001,
Fisher exact test).
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Figure 3.
Pairwise comparisons of nonneoplastic mucosa with low-grade dysplasia in adenoma
(NM:ALG), with high-grade dysplasia in adenoma (NM:AHG), and with adenocarcinoma
(NM:CA); and between low-grade 2 or high-grade dysplasia and adenocarcinoma (ALG:CA
and AHG:CA, respectively). Each row represents the P values for each pairwise comparison
for the miRNA listed in the right column 1. The type 1 pattern is 1 defined by miRNAs that
are altered between mucosa and low-grade dysplasia and includes 3 subtypes of miRNAs
with early persistent (1A), early intermittent (1B), and early transient (1C) alterations. The
type 2 pattern is evident for miRNAs that are not altered in expression between mucosa and
low-grade dysplasia but are altered late in the NM-A-AC sequence. MiRNAs with late
intermediate (2A) and late (2B) alterations are illustrated.
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Figure 4.
Illustration of the 5 patterns of altered miRNA expression for individual patients. The type I
pattern is defined by miRNAs that are altered between nonneoplastic mucosa and low-grade
dysplasia and includes 3 subtypes of miRNAs with early persistent (IA), early intermittent
(Ib), and early transient (IC) alterations. The type II pattern is evident for miRNAs that are
not altered in expression between mucosa and low-grade dysplasia but are altered late in the
NM-A-AC sequence. MiRNAs with late intermediate (IIA) and late (IIB) alterations are
evident. Asterisk on 877 indicates low expression relative to the opposite arm of the hairpin.
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Figure 5.
Histograms of Spearman rank correlation coefficients between levels of miRNA expression
and nuclear β-catenin labeling indices. The X-axis has the correlation coefficient values, and
the Y-axis indicates the percentage of the 230 miRNAs that were differentially expressed in
the NM-A-AC sequence with the corresponding correlation coefficient values. A biomodal
distribution is evident in adenomas with low-grade dysplasia (ALG) indicating that
numerous miRNAs have positive or inverse correlation of their expression with β-catenin
expression. In contrast, carcinomas (CA) have a normal distribution with only small
numbers of miRNAs with expression correlated with β-catenin expression. The findings
indicate the importance of miRNA alterations at the earliest step in tumorigenesis.
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Figure 6.
Members of WNT signaling pathway predicted by MIRANDA algorithm to be targeted by
miRNAs that are significantly differential expressed early in the NM-A-AC sequence
(yellow) or that are significantly correlated with nuclear expression of β-catenin (orange).
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