






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 signif-
icant for the transition between low- and high-grade dys-
plasia, designated specific step 2, and for which the micro-
rna.org database provided results. Fourth, genes targeted in
common by at least 3miRNAs of the 10most significant for
the transition from high-grade dysplasia to adenocarcino-
mas, designated specific step 3. We then used "DAVID"
Bioinfomatics Resources 6.7 (http://david.abcc.ncifcrf.gov/)
to determine the pathways involving these genes (Sup-
plementary 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 speci-

mensmicrodissected fromonehistopathologic sectionwith
amicrosatellite-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 nonneoplasticmucosa and villous adenoma
with low- and high-grade dysplasia remaining (Supplemen-
tary Table S1). The adenocarcinoma therefore could not be
analyzed formiRNA expression, resulting in a study set with
20 cancers.

A total of 230miRNAs were identified to be differentially
expressed in the NM-A-AC sequence by the linear mixed-
effect model (FDR < 0.01). Two-way unsupervised hierar-
chical 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 secondmainly of nonneoplas-
tic 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 low-
and 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 dif-
ferentially 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.

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 neoplasmand low-gradedysplasia pairedwith
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 increasedmore
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
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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,þ3 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 thirdmainly 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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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 colo-
rectal 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).Noneof the 36miRNAswas significantly
differentially expressed when analyzed for site in the color-
ectum, age, gender, or stage of disease after adjustment for
within-patient correlation.

Confirmation of altered expression of selectedmiRNAs
The differential expression detected by microarray anal-

ysis 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 ade-
nomas and/or adenocarcinomas (miRs-17 and -224;
refs. 8, 12, 14, 18, 19, 27) and 4 (miR-130b, -601, -939,
and -1225-5p) to confirmmiRNAs not previously described
as altered in colorectal neoplasms. [MiR-130b is a para-
logous 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

Groupingof 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, betweenmucosa and low-grade
dysplasia in adenomas, andwas 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 dys-
plasia 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

Figure 3. Pairwise comparisons of nonneoplastic mucosa with low-grade
dysplasia in adenoma (NM:ALG), with high-grade dysplasia in adenoma
(NM:AHG), andwith adenocarcinoma (NM:CA); andbetween low-grade2
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.MiRNAswith late intermediate (2A) and late (2B) alterations are
illustrated.
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the 36miRNAs 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 miR-
NAs. 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 con-
sisting of 6 miRNAs had an early transient pattern of differ-
ential expression and was termed subtype IC miRNAs.
Althoughdifferent betweenmucosa 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 ¼ 96) that lacked altered expression at the earliest step
betweenmucosa and low-grade dysplasia, 33miRNAs were
altered in the mid portion of the NM-A-AC sequence,
resulting in a late intermediate patternof subtype IIAmiRNAs.
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 andmucosa or dysplasia, but not between
mucosa and the premalignant tissue types.

Patterns of altered miRNA expression and b-catenin
localization

We compared the miRNA alteration patterns to nuclear
b-catenin localization because dysregulation of the WNT
signaling pathway resulting frommutation of the APC gene
is well known to be an important early step in colorectal
tumorigenesis and leads to abnormal b-catenin transloca-
tion into tumor cell nuclei, although Wnt activation can
also occur in the absence of detectable nuclear b-catenin
accumulation (29–31).We foundnonuclear localizationof
b-catenin in nonneoplastic mucosa. The means and stan-
dard deviations of the b-catenin nuclear labeling indices by

immunohistochemistry and morphometric image analysis
were 3.8% � 1.4% (range 1.6%–6.5%) for low-grade dys-
plasia 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 (P¼ 0.01 by Friedman
rank sum test). Thus, the type I early alterations in miRNA
expression preceded major nuclear localization of
b-catenin.

In our exploratory analysis, we found statistically signif-
icant correlation (P < 0.05, absolute value of Spearman
correlation coefficients > 0.56) between nuclear labeling
index for b-catenin and expression levels of 23 miRNAs,
most included in subtype 1I, in adenomas with low-grade
dysplasia. Thirteen of these miRNAs were positively corre-
lated with nuclear b-catenin expression (let-7a andmiR-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
betweenmiRNA expression and labeling indexwas stronger
in adenomas with low-grade dysplasia than in adenocarci-
noma (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 abnor-

mally expressedmiRNAs during theNM-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 Ontol-
ogy 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 ¼ 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,

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 formiRNAs that are not altered in expression betweenmucosa and low-grade dysplasia but are altered late in theNM-
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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-21, -19a) were upregulated during all steps frommucosa to
low-grade dysplasia to high-grade dysplasia to adenocarci-
nomas, whereas one (miR-320a)was downregulated. These
9 miRNAs were members of subtype IA. The tenth miRNA
(miR-133b) was downregulated frommucosa 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-acti-
vated 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 (Supple-
mentary Table S3).More importantly, whenwe determined
the gene 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 adeno-
carcinoma, we found that in the earliest step of colorectal
tumorigenesis (mucosa compared with low-grade dyspla-
sia) the Wnt pathway that is well known to be aberrant in
colorectal adenocarcinoma was involved (P ¼ 0.001). In
addition, 8 of the alteredmiRNAs (miR-20a, -23a, -25, -27a,
-34a, -92a, -148a, and -203) had 9 identified targets in the
canonical, planar cell polarity, and calcium ion compo-
nents of theWnt 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/; Supple-
mentary Table S4).

Pathway analysis of targets for miRNAs we found were
correlated with b-catenin nuclear expression revealed that
downregulated miRs-617 and -498 (subtype IA) were pre-
dicted to regulate b-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 bymiRNAs 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 inter-
tumoral 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 pro-
filing approach for paired specimensofmicrosatellite-stable
adenocarcinomas that represent the most frequent mole-
cular subtype and their contiguous precursor adenomas.We
showed extensive alterations in miRNA expression with
frequent early changes (n¼ 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 adeno-
mas, 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. Com-
parison of our findings with the other published profile
analysis (14) identified 453 probes in commonbetween the
2 studies. Eleven miRNAs (miR-1, -96, -100, -133a, -135b,

Figure 5. Histograms of Spearman rank correlation coefficients between
levels ofmiRNAexpression andnuclearb-catenin labeling indices. TheX-
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 b-catenin expression. In
contrast, carcinomas (CA) have a normal distribution with only small
numbers of miRNAs with expression correlated with b-catenin
expression. The findings indicate the importance of miRNA alterations at
the earliest step in tumorigenesis.
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-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 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 inour studywere reported previously
to be altered in colorectal cancer (reviewed in reference 8).
Our findings therefore emphasize the importanceof numer-
ous miRNAs in the early phase of colorectal tumorigenesis.

The biological meaning and clinical implications of the 5
subpatterns ofmiRNA alterations we observed remain to be
explored fully. Themajority of alterations occurred between
nonneoplastic mucosa and adenomas with low-grade dys-
plasiawhenmutations of intensely studied genes, including
APC, and other structural DNA alterations are uncommon
(2) and before nuclear localization of b-catenin was a

prominent feature in our study. Intratumoral heterogeneity
poses a challenge in understanding these cellular events
becausemiRNA expression represents the net result of levels
in the population of evaluated cells, and mechanistic stud-
ies 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 iden-
tified throughout progression the deregulated expression of
19 miRNAs not previously described in colorectal adeno-
carcinoma to our knowledge. In addition, we describe for
the first time the relationships among the individual steps in
morphologic progression along theNM-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 progres-
sion than the ubiquitously altered miRNAs, although few
miRNAs were altered between low-grade and high-grade
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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 b-catenin (orange).
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dysplasia in adenomas that were contiguous with an ade-
nocarcinoma 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 thera-
peutic 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 exam-
ined the effects of chemotherapy on miRNAs in human
colon cancer cell lines (18, 39). Three miRNAs (miR-16,
-34a, and -34b) thatwere increased in 2human coloncancer
cell lines treated with adriamycin (39) are in subtype IA.
Among these, miR-34a inhibited cell proliferation, contrib-
uted to induction of apoptosis andG1 arrest, downregulated
theE2F family of transcription factors, andbothupregulated
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 thymi-
dylate synthase, a target enzyme of 5-FU (41). Three 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-monooxy-
genase/tryptophan 5-monooxygenase activation protein
zeta polypeptide (YWHAZ) in the 14-3-3 family that med-
iates signal transduction (Targetscan 5.1) and that is impli-
cated in carcinogenesis (42), and aquaporin-1 thatmediates
membrane permeability in human colon cancer cell lines
and affects invasion andmetastasis (43). Reported targets of
miR-939 include RasL10B that is downregulated in human
breast cancer cell lines, suggesting that thismiRNAmay be a
tumor suppressor (44), and tumornecrosis factor alpha that
has been associatedwith 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

Table 1. Summary of identified miR targets in the Wnt signaling pathway illustrating redundant
relationships in the functional pathway components

Designation Frizzled Ebil CBP NLK CycD Prickle PLC CaMKII NFAT

Pathway Can., PCP, Caþþ Canonical PCP Calcium ion

miR
-20a þ þ þ þ þ
-23a þ þ
-25 þ þ þ
-27a þ þ þ þ
-34a þ þ þ
-92a þ þ þ þ þ þ
-148a þ þ þ þ þ þ
-203 þ þ þ þ

Designation Gene symbol Name

Frizzled FZD4 Frizzled homolog 4 (Drosophila)
FZD7 Frizzled homolog 7 (Drosophila)

Ebil TBL1XR1 Transducin (beta)-like 1 X-linked receptor 1
CBP EP300 E1A binding protein p300
NLK NLK Nemo-like kinase
CycD CCND1 Cyclin D1
Prickle PRICKLE2 Prickle homolog 2 (Drosophila)
PLC PLCB1 Phospholipase C, b 1 (phosphoinositide specific)
CaMKII CAMK2A Calcium/calmodulin-dependent protein kinase II alpha
NFAT NFAT5 Nuclear factor of activated T-cells 5, tonicity responsive

Abbreviations: Can., Canonical pathway; PCP, Planar polarity pathway; Caþþ, Calcium ion pathway.
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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 altera-
tions. The large number ofmiRNAs (n¼ 134) thatwe 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, understand-
ing 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 altera-
tions (type II pattern)mayprovide informationonmechan-
isms of benign tomalignant 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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