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MiRNAs regulate gene expression by post-transcriptionally suppressing mRNA translation or by causing mRNA
degradation. It has been proposed that unique miRNAs influence specific tumor molecular phenotype. In this
paper, we test the hypotheses that miRNA expression differs by tumor molecular phenotype and that those
differences may influence prognosis. Data come from population-based studies of colorectal cancer conducted
in Utah and the Northern California Kaiser Permanente Medical Care Program. A total of 1893 carcinoma samples
were run on the Agilent Human miRNA Microarray V19.0 containing 2006 miRNAs. We assessed differences in
miRNA expression between TP53-mutated and non-mutated, KRAS-mutated and non-mutated, BRAF-mutated
and non-mutated, CpG island methylator phenotype (CIMP) high and CIMP low, and microsatellite instability
(MSI) and microsatellite stable (MSS) colon and rectal tumors. Using a Cox proportional hazard model we
evaluated if those miRNAs differentially expressed by tumor phenotype influenced survival after adjusting for
age, sex, and AJCC stage. There were 22 differentially expressed miRNAs for TP53-mutated colon tumors and
5 for TP53-mutated rectal tumors with a fold change of 41.49 (or o0.67). Additionally, 13 miRNAS were
differentially expressed for KRAS-mutated rectal tumors, 8 differentially expressed miRNAs for colon CIMP high
tumors, and 2 differentially expressed miRNAs for BRAF-mutated colon tumors. The majority of differentially
expressed miRNAS were observed between MSI and MSS tumors (94 differentially expressed miRNAs for colon;
41 differentially expressed miRNAs for rectal tumors). Of these miRNAs differentially expressed between MSI and
MSS tumors, the majority were downregulated. Ten of the differentially expressed miRNAs were associated with
survival; after adjustment for MSI status, five miRNAS, miR-196b-5p, miR-31-5p, miR-99b-5p, miR-636, and
miR-192-3p, were significantly associated with survival. In summary, it appears that the majority of miRNAs that
are differentially expressed by tumor molecular phenotype are MSI tumors. However, these miRNAs appear to
have minimal effect on prognosis.
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MiRNAs are small non-protein-coding RNA mole-
cules that regulate gene expression either by
post-transcriptionally suppressing mRNA translation
or by causing mRNA degradation.1–6 We know that
miRNAs play a critical role in regulation of
proliferation, differentiation, apoptosis, and stress
response and are involved in the majority of
physiological processes.7,8 In our previous work we
have shown that colorectal carcinoma cells show
widespread dysregulation from normal mucosa9 and
that differences by tumor molecular phenotype also

exist.10 Others also have explored miRNAs with
tumor molecular phenotype to gain insight into
unique pathways involved in colorectal carcinoma.
Most work in this area has focused on microsatellite
instability (MSI) and CpG island methylator pheno-
type (CIMP) tumors,11 although data also suggest that
TP53-mutated tumors, KRAS-mutated tumors, and
BRAF-mutated tumors may be uniquely associated
with specific miRNAs.12–14 Most studies to date have
focused on specific miRNAs to see if they are
associated with specific tumor molecular phenotype.
Few have looked broadly across the range of
miRNAs to identify associations with specific tumor
molecular phenotype.

Survival differences by tumor phenotype also have
been shown especially for MSI, CIMP high, and
BRAF-mutated tumors.15–18 We have observed dif-
ferences in survival for microsatellite unstable colon
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and rectal cancer when compared with microsatellite
stable tumors, in that individuals diagnosed with
colon cancer with microsatellite unstable tumors had
improved survival while those diagnosed with rectal
cancer and microsatellite unstable tumors had worse
survival.16,17 It is possible that miRNAs that differ by
MSI could explain differences in survival observed
for colon and rectal cancer.

In this study we examine differences in expression
of miRNAs in colon and rectal carcinoma based on
tumor molecular phenotype. We assess unique
miRNA expression associated with TP53-mutated,
KRAS-mutated, BRAF-mutated, CIMP, and microsa-
tellite unstable tumors. An Agilent Array, containing
over 2000 miRNAs, was used to fully evaluate the
range of miRNAs expressed in colorectal cancer
tissue. We consider the association with survival for
those miRNAs that are differentially expressed by
tumor molecular phenotype to better understand the
role of these miRNAs on prognosis after diagnosis
with colorectal cancer.

Materials and methods

Study Participants

The study was approved by the Institutional Review
Board of the University of Utah; study participants
signed informed consent. Study participants came
from two population-based case–control studies that
included all incident colon and rectal cancers
between 30 and 79 years of age who resided along
the Wasatch Front in Utah or were members of the
Kaiser Permanente Medical Care Program in North-
ern California. Participants were white, Hispanic, or
black for the colon cancer study; the rectal cancer
study also included Asians and American Indians
not living on reservations.19,20 Cases had to have
tumor registry verification of a first primary adeno-
carcinoma of the colon or rectum and were diag-
nosed between October 1991 and September 1994 for
the colon cancer and between June 1997 and May
2001 for the rectal cancer. Tumor tissue was
obtained for 97% of all Utah cases diagnosed and
for 85% of all Kaiser Permanente Medical Care
Program in Northern California study participants.21
Detail study methods have been described.9 Indivi-
duals with familial adenomatous polyposis coli,
inflammatory bowel disease, Crohn’s disease, and
known Lynch syndrome were excluded.

miRNA Processing

RNA was extracted from formalin-fixed paraffin
embedded tissue using Ambion’s RecoverAll Total
Nucleic Acid isolation kit. Normal mucosa adjacent
to the carcinoma tissue was used. The Agilent
Human miRNA Microarray V19.0 was used, given
the number of miRNAs, its high level of reliability
(repeatability coefficient was 0.98 in our data), and

the amount of RNA needed to run the platform. The
microarray contains probes for 2006 unique human
miRNAs. A total of 100 ng total RNA was labeled
with Cy3 and hybridized to the Agilent Microarray
and were scanned on an Agilent SureScan micro-
array scanner model G2600D. Data were extracted
from the scanned image using Agilent Feature
Extract software v.11.5.1.1. Data were required to
pass stringent quality control parameters established
by Agilent that included tests for excessive back-
ground fluorescence, excessive variation among probe
sequence replicates on the array, and measures of the
total gene signal on the array to assess low signal. If
samples failed to meet quality standards for any of
these parameters, the sample was re-labeled, hybri-
dized to arrays, and scanned. If a sample failed quality
control assessment a second time, the sample was
deemed to be of poor quality and the individual was
excluded from downstream analysis. The Agilent
platform was shown to have high repeatability
(r=0.98) and good correlation with other platforms
such as Nanostring.9 Other analysis of a subset of
important miRNAs showed 100% agreement in terms
of directionality of differential expression and fold
change.22

Tumor Molecular Phenotype

We have previously assessed TP53 and KRAS
mutations, the CIMP using the classic panel,18 and
MSI on the mononucleotide repeats at BAT26 and
TGFβRII and a panel of 10 tetranucleotide repeats
that were correlated highly with the Bethesda
Panel;23 our study was done prior to the develop-
ment of the Bethesda Panel. The classic CIMP panel
consisted of MLH1, p16, and MINT1, MINT2, and
MINT31. Tumors were scored as CIMP high if two or
more of the CpG islands were methylated, otherwise
they were classified as CIMP low. This panel was run
prior to the advent of more recent panels.24,25
Additionally, the BRAF V600E mutation was
assessed in colon carcinomas.15

Tumor Registry Data

Both Utah and California are members of the
National Cancer Institute funded Surveillance, Epi-
demiology, and End Disease Program. In addition to
disease stage data, they provided follow-up data on
all study participants which included total number
of months survived, date of death or date of last
follow-up, and cause of death. Follow-up was
complete through 2006.

Statistical Methods

Of the 2006 unique human miRNAs assessed, 1278
were expressed in colorectal carcinoma tissue. To
normalize differences in miRNA expression that
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could be attributed to the array, the amount of RNA,
location on array, or other factors that could
erroneously influence expression, total gene signal
was normalized by multiplying each sample by a
scaling factor26 (http://genespring-support.com/
files/gs_12_6/GeneSpring-manual.pdf), which was
the median of the 75th percentiles of all the samples
divided by the individual 75th percentile of each
sample. We limited our analysis to miRNAs that
were expressed in at least five carcinoma tissue
samples and also had the mutated tumor phenotype
of interest. Analysis ranged from 983 miRNAs
assessed with TP53 in colon cancer to 694 miRNAs
assessed with MSI in rectal cancer.

We assessed differences between tumor phenotype
mutated and non-mutated, microsatellite unstable vs
microsatellite stable, and CIMP high vs CIMP low
samples for carcinoma tissue. We used log base 2
transformed miRNA expression levels using the
significance analysis of microarrays technique
implemented in the R package siggenes;27 P-values
were based upon 1000 permutations. To adjust for
multiple comparisons, we applied a false discovery
rate level of significance of 0.05 based on Benjamini
and Hochberg28 as implemented in siggenes. For
those miRNAs that were significantly differentially
expressed, we report the mean level of expression
and the fold change (on non-log-transformed data)
between the tumor phenotypes. We present statisti-
cally significant data where the fold change was 1.50
or higher or 0.67 or lower.

We further assessed the impact of differentially
expressed miRNAs between mutated and non-
mutated tumors on survival for rectal cancer and
colon cancer separately. We calculated Cox propor-
tional hazard ratios and corresponding 95% con-
fidence intervals adjusting for age, sex, and AJCC
stage. We also adjusted for MSI status since micro-
satellite instability has been shown to be associated
with survival. Our statistical end point for our
survival analysis was CRC cancer-specific survival
based on months between diagnosis date and date of
death or lost to follow-up. Individuals dying of
other causes or who were lost to follow-up were
censored at the time of their death or date of last
contact. Because several miRNAs were infrequently
expressed we calculated P-values based on 1000
permutations for the HR using the R survival
package.29,30 For miRNAs that were infrequently
expressed, which we defined as expressed in less
than 50% of individuals, we calculated the HR based
on any expression. SAS 9.4 (SAS Institute, Cary, NC,
USA) was used to calculate the Cox proportional
hazard ratios with the unit of change being the
interquartile range. Adjustment for multiple
comparisons was done by controlling the familywise
error rate using the Sidak method;31 we accounted
for both the tests performed on the more
commonly expressed miRNAs as well as on miRNAs
infrequently expressed when calculating the family-
wise error rate.

Bioinformatics

Experimentally verified miRNA-target genes were
identified for miRNAs associated with colon micro-
satellite instability tumor phenotype. Target genes
were identified using the Homo sapiens download
from miRTarBase v6.0 (http://mirtarbase.mbc.nctu.
edu.tw/).32 R was used to filter the miRTarBase
repository for genes associated with the miRNAs of
interest, as well as compute the number of miRNAs
each gene was associated with. The list of unique
genes associated with these miRNAs comprised 9404
target genes, ranging from genes having one miRNA
association with 29 associations. Genes that were
associated with seven miRNAs or more were kept for
functional analysis; this number was chosen as it
created a sublist of 1048 genes, which is suitable for
gene set enrichment analysis. This subset of target
genes was used as input to Ingenuity Pathway
Analysis (http://www.ingenuity.com/)33 for func-
tional analysis. Four genes were not mapped by
Ingenuity Pathway Analysis: C1ORF21, C11ORF57,
C5ORF51, and NDUFA4P1. We performed a core
analysis using Ingenuity Pathway Analysis knowl-
edgebase of genes only and direct relationships only,
which included all sources, only experimentally
verified results, mammalian species, and all tissues
and mutations in the analysis with stringent filters.
We exported the canonical pathways, where the
enrichment score was corrected for multiple com-
parisons using the Benjamini Hochberg correction.

Results

A total of 1893 individuals had miRNA assessed;
60.8% were colon carcinomas and 39.2% were rectal
carcinomas (Table 1). The mean age of study
participants was 64.2 years and 45.8% of partici-
pants were females. For the 1862 individuals with
AJCC stage available, 30.0% were Stage 1, 26.3%
were Stage 2, 29.4% were Stage 3, and 14.3% were
Stage 4. At the end of 5 years, 550 of 1893
participants had died of CRC.

Several miRNAs were differentially expressed
between mutated and non-mutated carcinomas using
a false discovery rate of 0.05; those with a fold
change of 1.5 or higher or 0.67 or lower in miRNA
expression between mutated and non-mutated carci-
nomas are shown, although many more miRNAs
were statistically significantly different in level of
expression (Table 2). There were more differentially
expressed miRNAs in TP53-mutated tumors than
for KRAS-mutated, CIMP high, or BRAF-mutated
tumors. The majority of miRNAs that were dysregu-
lated were different between colon and rectal
tumor subsite. MiR-4700-3p was downregulated in
TP53-mutated tumors for both colon and rectal
cancer. The majority of miRNAs dysregulated for
TP53-mutated tumors were upregulated, were infre-
quently expressed, and had low levels of expression
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when expressed. Unlike for TP53, KRAS differen-
tially expressed miRNAs were only observed for
rectal cancer. The majority of miRNAs associated
with KRAS-specific mutations were downregulated
in KRAS-mutated tumors, and were more frequently
expressed than those differentially expressed for
TP53. However, the three miRNAs that were upre-
gulated in KRAS rectal tumors were seldom
expressed and had low levels of expression. Differ-
entially expressed miRNAs for CIMP high and BRAF-
mutated tumors were only observed for colon cancer.
MiR-196a-5p and miR-196b-5p were downregulated
in both CIMP high and BRAF-mutated tumors.

Of the 94 differentially expressed miRNAs
between microsatellite unstable and microsatellite
stable colon tumors, all but eight were downregu-
lated (Table 3). The majority of the downregulated
miRNAs were frequently expressed. Additionally,
the levels of expression appeared to be greater than
those observed for most of the other tumor molecular
phenotype differentially expressed miRNAs. Like-
wise, we observed that 41 miRNAs were significantly
differentially expressed between microsatellite
unstable and microsatellite stable rectal carcinomas
with a fold change of 1.5 or greater or 0.67 or
lower; almost all were downregulated (Table 4).
Twenty-eight of the 41 miRNAs that were
dysregulated between microsatellite unstable and
microsatellite stable rectal carcinomas also were
dysregulated between microsatellite unstable and

microsatellite stable colon carcinomas. For the most
part, the fold change observed between microsatel-
lite unstable and microsatellite stable miRNA
expression levels for rectal carcinomas was larger
than observed for colon carcinomas.

We assessed if miRNAs significantly differentially
expressed with a fold change of 1.5 or greater (or
conversely 0.67 or less) were associated with
survival (Table 5). Associations with survival could
give insight into functionality as well as potentially
explain differences in survival patterns for those
with microsatellite unstable and microsatellite stable
tumor phenotypes.16,17 There were few miRNAs that
were associated with survival after adjustment for
multiple comparisons along with age, sex, disease
stage at time of diagnosis and even fewer significant
associations after adjustment for MSI tumor pheno-
type. Prior to adjustment for MSI status, there were
four miRNAs associated with MSI status and one
miRNA associated with CIMP status in colon tumors
that was associated with colorectal cancer survival.
For rectal cancer, there was one miRNA associated
with KRAS, three associated with MSI, and one
associated with TP53 mutations in rectal tumors that
also were associated with colorectal cancer survival
after diagnosis with rectal cancer. After adjustment
for MSI, there was one differentially expressed
miRNA between colon BRAF-mutated and non-
mutated tumors and two miRNAs differentially
expressed between colon microsatellite unstable

Table 1 Description of study population

Overall TP53-mutated KRAS-mutated

CpG island
methylator

phenotype high
Microsatellite
instability BRAF-mutated

(N=1893) (N=864) (%a) (N=569) % (N=354) (%) (N=170) (%) (N=90) (%)

Study center
Kaiser Permanente 1144 507 0.44 336 0.29 222 0.19 107 0.09 58 0.05
Utah 749 357 0.48 233 0.31 132 0.18 47 0.06 32 0.04

Tumor site
Colon 1150 500 0.43 347 0.30 275 0.24 154 0.13 90 0.08
Rectal 743 364 0.49 222 0.30 79 0.11 16 0.02 NE

Age (mean) 64.2 63.8 64.0 66.2 66.8 67.6
Sex (% F) 45.8 44.0 45.5 54.5 63.0 54.4

AJCC stage
1 559 274 0.49 139 0.25 85 0.15 34 0.06 15 0.03
2 489 195 0.40 160 0.33 93 0.19 59 0.12 23 0.05
3 548 258 0.47 168 0.31 123 0.22 50 0.09 35 0.06
4 266 123 0.46 89 0.33 50 0.19 10 0.04 16 0.06

5-year survival
Alive 1081 487 0.45 307 0.28 194 0.18 107 0.10 49 0.05
Dead: colorectal cancer 550 253 0.46 194 0.35 117 0.21 23 0.04 33 0.06
Dead: other 198 93 0.47 57 0.29 34 0.17 20 0.10 7 0.04
Lost to follow-up 62 31 0.50 10 0.16 9 0.15 4 0.06 1 0.02

Abbreviation: NE, not evaluated.
a% refers to percentage of row.
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and microsatellite stable associated with survival
after diagnosis with colon cancer. Additionally, one
miRNA associated with microsatellite unstable and
microsatellite stable in rectal tumors and one miRNA
associated with TP53were associated with colorectal

cancer survival after diagnosis with colon cancer.
Interestingly, miR-196b-5p associated with BRAF
mutations in colon cancer was only associated with
colorectal cancer survival after adjustment for MSI
status. For those that remained significant after

Table 2 Differences in miRNA expression by tumor molecular phenotype with a false discovery rate set at 0.05

miRNA % Expressing
Mean

expression % Expressing
Mean

expression
Siggenes
P-value

Fold change (mutated/
not mutated)

Colon cancer TP53 not mutated TP53 mutated
hsa-let-7b-3p 10.6 2.1 15.4 4.22 0.00148 2.01
hsa-let-7d-3p 8.7 2.45 14 4.45 0.00282 1.81
hsa-miR-1226-3p 0.2 0.36 2.4 2.13 0.00165 5.89
hsa-miR-1227-3p 4.2 1.3 7.8 2.82 0.00174 2.17
hsa-miR-124-3p 20.9 1.33 15 0.85 0.01242 0.64
hsa-miR-1296 3.7 0.92 7.4 2.41 0.00154 2.61
hsa-miR-133b 12.4 1.47 19.4 2.34 0.00074 1.59
hsa-miR-1976 0.2 0.53 2.6 9.05 0.00059 17.07
hsa-miR-3190-5p 0.3 1.32 2.6 4.61 0.00238 3.49
hsa-miR-328 12.7 2.37 17.4 4.89 0.00213 2.06
hsa-miR-34b-5p 2.5 3.61 1.2 1.53 0.01979 0.42
hsa-miR-3613-3p 0.3 0.42 2.4 4.7 0.00306 11.27
hsa-miR-4469 27.1 1.7 20.8 1.12 0.00334 0.66
hsa-miR-449b-3p 4.5 2.71 8.8 5.04 0.0031 1.86
hsa-miR-4695-3p 2.7 1.51 5.6 3.5 0.00273 2.32
hsa-miR-4700-3p 13.9 2.06 9.8 1.35 0.0479 0.65
hsa-miR-4763-5p 13.6 1.54 18.2 3.03 0.00211 1.96
hsa-miR-513a-3p 13.1 0.84 9.2 0.49 0.02807 0.59
hsa-miR-625-5p 11.1 1.77 6.2 1.09 0.00439 0.62
hsa-miR-6509-3p 0.2 0.71 2.2 4.91 0.00289 6.88
hsa-miR-6511a-3p 3.9 2.24 7.4 4.81 0.00198 2.15
hsa-miR-885-5p 7.9 4.16 12.4 7.44 0.00246 1.79

Rectal cancer
hsa-miR-127-5p 6.7 0.23 11.3 0.37 0.02098 1.65
hsa-miR-192-3p 23.9 1.42 36.5 2.21 0.00006 1.56
hsa-miR-3180 4.8 0.86 11.8 1.54 0.00022 1.79
hsa-miR-4700-3p 9.6 3.03 5.5 0.48 0.00375 0.16
hsa-miR-590-5p 11.8 1.13 20.6 1.81 0.00159 1.6

Rectal cancer KRAS not mutated KRAS-mutated
hsa-miR-192-3p 32.9 2.1 21.6 1.1 0.00009 0.53
hsa-miR-196b-5p 77.9 16.36 73.4 10.54 0.00062 0.64
hsa-miR-204-3p 4.7 0.4 10.8 0.67 0.01043 1.66
hsa-miR-324-5p 48.6 4.37 32 2.74 0.00001 0.63
hsa-miR-374b-5p 38.2 6.09 30.2 3.57 0.00127 0.59
hsa-miR-4255 3.3 0.34 7.2 0.56 0.04833 1.66
hsa-miR-4290 28.7 3.92 18.5 2.48 0.00311 0.63
hsa-miR-518e-5p 0.2 1.23 2.7 2.05 0.03663 1.66
hsa-miR-532-5p 47.7 5.03 42.3 3.27 0.00491 0.65
hsa-miR-552 13.6 4.19 6.8 2.31 0.00009 0.55
hsa-miR-652-3p 25.6 1.88 17.1 1.21 0.00323 0.64
hsa-miR-660-5p 14.7 3.11 7.7 2.05 0.0002 0.66
hsa-miR-7-5p 54.3 6.59 45 4.44 0.0002 0.67

Colon cancer CpG island methylator phenotype low CpG island methylator phenotype high
hsa-miR-196a-5p 66.3 6.85 50.9 4.6 o0.00001 0.67
hsa-miR-196b-5p 82.7 18.03 68 9.4 o0.00001 0.52
hsa-miR-31-5p 9.9 7.31 32.7 12.12 o0.00001 1.66
hsa-miR-4267 3.7 0.59 7.6 1.37 0.026 2.33
hsa-miR-513a-3p 10.1 0.58 15.6 0.99 0.03441 1.71
hsa-miR-548d-5p 11.4 0.97 7.3 0.38 0.00389 0.39
hsa-miR-590-5p 23.6 2.28 16.4 1.14 0.0008 0.5
hsa-miR-625-5p 6.6 0.96 13.8 2.33 0.00063 2.43

Colon cancer BRAF not mutated BRAF-mutated
hsa-miR-196a-5p 63.5 6.48 42.2 3.18 0.00042 0.49
hsa-miR-196b-5p 79.7 16.39 67.8 7.28 0.00027 0.44
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Table 3 Associations between miRNAs differentially expressed between microsatellite stable and microsatellite unstable colon tumors
with a false discovery rate set at 0.05

miRNA

Microsatellite stable Microsatellite unstable

% Expressing
Mean

expression % Expressing
Mean

expression
Siggenes
P-value

Fold
changea

hsa-let-7a-5p 99.0 276.83 98.7 183.31 o0.001 0.66
hsa-let-7e-5p 94.1 24.07 90.3 15.57 o0.001 0.65
hsa-let-7 f-5p 98.5 155.97 97.4 96.19 o0.001 0.62
hsa-let-7 g-5p 97.1 53.66 95.5 34.33 o0.001 0.64
hsa-miR-100-5p 70.4 8.80 50.0 4.79 o0.001 0.54
hsa-miR-125b-5p 97.3 53.77 96.8 30.40 o0.001 0.57
hsa-miR-127-3p 15.0 2.70 5.2 1.15 o0.001 0.43
hsa-miR-1291 76.8 5.92 59.1 3.86 o0.001 0.65
hsa-miR-130a-3p 49.3 5.88 25.3 2.79 o0.001 0.47
hsa-miR-143-3p 63.8 7.07 39.0 2.68 o0.001 0.38
hsa-miR-145-5p 99.8 134.19 99.4 77.28 o0.001 0.58
hsa-miR-148a-3p 79.4 17.83 60.4 8.17 o0.001 0.46
hsa-miR-151a-3p 51.1 4.83 23.4 2.33 o0.001 0.48
hsa-miR-151a-5p 91.2 14.36 80.5 6.85 o0.001 0.48
hsa-miR-151b 83.5 6.95 66.9 3.51 o0.001 0.51
hsa-miR-15a-5p 61.8 6.82 48.1 3.68 o0.001 0.54
hsa-miR-17-5p 98.1 53.02 98.1 31.47 o0.001 0.59
hsa-miR-183-5p 24.3 4.88 9.7 2.51 o0.001 0.51
hsa-miR-185-5p 12.3 3.49 5.8 2.23 0.001 0.64
hsa-miR-1913 14.1 1.93 6.5 0.93 0.001 0.48
hsa-miR-192-3p 21.1 1.58 8.4 0.53 o0.001 0.33
hsa-miR-192-5p 97.2 87.65 91.6 50.24 o0.001 0.57
hsa-miR-193b-3p 84.6 8.50 64.9 4.59 o0.001 0.54
hsa-miR-194-5p 97.3 84.55 92.9 54.19 o0.001 0.64
hsa-miR-195-5p 44.1 3.23 20.8 1.12 o0.001 0.35
hsa-miR-196a-5p 64.3 6.72 42.2 3.36 o0.001 0.50
hsa-miR-196b-5p 81.0 17.51 51.9 4.72 o0.001 0.27
hsa-miR-1973 99.8 793.25 100.0 512.18 o0.001 0.65
hsa-miR-199a-3p 94.1 38.36 91.6 21.28 o0.001 0.55
hsa-miR-199a-5p 89.5 17.08 81.8 8.86 o0.001 0.52
hsa-miR-199b-5p 37.9 3.72 12.3 1.62 o0.001 0.43
hsa-miR-19b-3p 91.9 25.37 87.7 14.21 o0.001 0.56
hsa-miR-200a-3p 93.5 27.08 90.9 17.29 o0.001 0.64
hsa-miR-200b-3p 98.4 151.75 98.1 97.72 o0.001 0.64
hsa-miR-203a 66.4 11.82 56.5 7.58 o0.001 0.64
hsa-miR-204-3p 15.0 1.12 9.7 0.71 0.044 0.64
hsa-miR-20a-5p 97.6 61.83 96.8 33.17 o0.001 0.54
hsa-miR-20b-5p 86.7 15.29 79.9 7.72 o0.001 0.50
hsa-miR-214-3p 88.7 11.97 81.2 7.47 o0.001 0.62
hsa-miR-215 95.6 41.56 89.6 26.31 o0.001 0.63
hsa-miR-221-3p 84.6 12.18 70.8 7.46 o0.001 0.61
hsa-miR-223-3p 89.5 22.79 94.8 36.61 o0.001 1.61
hsa-miR-224-5p 67.6 13.82 17.5 4.55 o0.001 0.33
hsa-miR-23a-3p 99.1 157.85 98.7 93.21 o0.001 0.59
hsa-miR-23b-3p 98.2 65.43 96.1 35.36 o0.001 0.54
hsa-miR-26a-5p 98.7 96.40 98.1 55.09 o0.001 0.57
hsa-miR-26b-5p 89.3 18.41 84.4 11.01 o0.001 0.60
hsa-miR-27a-3p 97.6 49.86 96.8 30.52 o0.001 0.61
hsa-miR-27b-3p 95.5 32.03 92.2 17.97 o0.001 0.56
hsa-miR-28-5p 20.7 1.67 5.2 0.42 o0.001 0.25
hsa-miR-29a-3p 98.1 97.72 98.1 54.89 o0.001 0.56
hsa-miR-29b-3p 93.7 22.49 89.6 13.68 o0.001 0.61
hsa-miR-29c-3p 85.5 18.35 77.9 10.14 o0.001 0.55
hsa-miR-30a-5p 32.7 2.24 11.7 0.53 o0.001 0.24
hsa-miR-30b-5p 94.4 20.87 90.3 10.81 o0.001 0.52
hsa-miR-30c-5p 79.0 6.79 66.9 3.53 o0.001 0.52
hsa-miR-30d-5p 99.8 32.98 99.4 21.46 o0.001 0.65
hsa-miR-30e-5p 46.6 3.03 30.5 1.58 o0.001 0.52
hsa-miR-31-5p 14.5 10.05 37.0 15.68 o0.001 1.56
hsa-miR-330-3p 46.5 2.99 61.0 4.69 o0.001 1.57
hsa-miR-3609 45.9 2.57 18.8 0.81 o0.001 0.31
hsa-miR-361-3p 11.5 1.36 4.5 0.56 o0.001 0.41
hsa-miR-361-5p 88.3 11.15 70.8 4.32 o0.001 0.39
hsa-miR-362-5p 33.4 3.63 13.0 2.34 o0.001 0.64
hsa-miR-3651 99.0 55.13 98.7 35.97 o0.001 0.65

Modern Pathology (2016) 29, 915–927

Colorectal tumor molecular phenotype and miRNA expression

920 ML Slattery et al



adjustment for microsatellite status, the hazard ratio
changed from 1.49 to 1.70 for miR-31-5p after
adjustment for MSI status; most of the other hazard
ratio only changed marginally if at all.

Assessment of canonical pathways associated with
differentially expressed miRNAs between microsa-
tellite unstable and microsatellite stable tumors
showed hundreds of pathways significantly enriched
by genes regulated by differentially expressed miR-
NAs (Supplementary Table S1). Targeted pathways
include those related to molecular mechanisms of
cancer, estrogen-mediated signaling, cell-cycle reg-
ulation, PI3K/AKT signaling, PTEN signaling, TP53
signaling, IGF-1 signaling, and TGFβ signaling. The
top 50 pathways are displayed in Figure 1.

Discussion

There were few differentially expressed miRNAs by
TP53, KRAS, CIMP, and BRAF molecular phenotype
for either colon or rectal carcinoma. Conversely,
94 miRNAs were differentially expressed between
microsatellite unstable and microsatellite stable
tumors for colon carcinomas and 41 miRNAs were
differentially expressed between microsatellite

unstable and microsatellite stable tumors for rectal
carcinomas. For the most part, miRNA expression
was downregulated in microsatellite unstable
tumors. Evaluation of those miRNAs that were
associated with specific tumor molecular phenotype
with survival showed few associations. Those that
were associated with survival were originally identi-
fied as being differentially expressed between micro-
satellite stable and microsatellite unstable tumors.
MiRNAs that influenced colon cancer survival
increased the likelihood of dying, while those
associated with rectal cancer improved survival.

In interpreting the findings from this study, several
things should be considered. We only reported
associations for miRNAs that were both statistically
significant and had a fold change of 1.5 or greater or
0.67 or lower. This excluded numerous associations
that were statistically significant, and it also
excluded associations that had lower differences in
expression between mutated and not-mutated
tumors. While this is a common practice, it is not
without problems. First, we do not know what level
of fold change is biologically meaningful. Second,
the level of miRNA expression can impact the fold
change. This is most evident in our study
when looking at fold changes for TP53-mutated,

Table 3 (Continued )

miRNA

Microsatellite stable Microsatellite unstable

% Expressing
Mean

expression % Expressing
Mean

expression
Siggenes
P-value

Fold
changea

hsa-miR-3653 94.1 13.36 87.0 7.12 o0.001 0.53
hsa-miR-365a-3p 63.7 7.91 37.0 4.18 o0.001 0.53
hsa-miR-374b-5p 29.4 6.75 6.5 1.99 o0.001 0.29
hsa-miR-424-5p 33.3 4.08 13.6 2.50 o0.001 0.61
hsa-miR-425-5p 81.2 9.86 74.7 5.34 o0.001 0.54
hsa-miR-4284 100.0 1352.71 100.0 873.15 o0.001 0.65
hsa-miR-429 66.3 12.28 49.4 6.86 o0.001 0.56
hsa-miR-4492 12.2 1.20 20.1 1.97 0.013 1.65
hsa-miR-455-3p 14.8 5.00 7.8 2.24 0.001 0.45
hsa-miR-4681 3.5 0.70 8.4 1.45 0.024 2.06
hsa-miR-483-3p 41.5 9.94 33.1 3.80 0.002 0.38
hsa-miR-497-5p 23.3 1.51 7.1 0.44 o0.001 0.29
hsa-miR-505-5p 8.5 0.50 3.9 0.32 0.006 0.63
hsa-miR-520d-3p 12.4 1.62 22.1 3.05 0.014 1.88
hsa-miR-532-3p 27.9 3.10 6.5 1.57 o0.001 0.51
hsa-miR-532-5p 41.1 5.74 7.8 1.62 o0.001 0.28
hsa-miR-590-5p 23.0 2.14 5.8 0.34 o0.001 0.16
hsa-miR-625-5p 7.6 1.27 16.9 2.47 0.003 1.95
hsa-miR-6515-5p 27.4 1.14 35.7 1.79 0.010 1.56
hsa-miR-652-3p 19.5 2.50 5.8 1.12 o0.001 0.45
hsa-miR-664a-3p 39.5 4.27 18.2 2.27 o0.001 0.53
hsa-miR-664a-5p 93.0 11.72 81.8 6.73 o0.001 0.57
hsa-miR-664b-3p 99.7 31.27 100.0 16.29 o0.001 0.52
hsa-miR-664b-5p 99.7 59.42 98.7 30.99 o0.001 0.52
hsa-miR-92a-3p 99.8 107.15 99.4 52.95 o0.001 0.49
hsa-miR-92b-3p 11.2 1.03 8.4 0.48 0.042 0.47
hsa-miR-98-5p 34.5 3.59 9.1 1.29 o0.001 0.36
hsa-miR-99a-5p 49.8 5.52 22.1 2.07 o0.001 0.38
hsa-miR-99b-5p 44.0 5.10 31.8 3.33 0.001 0.65

aFold change is microsatellite unstable/microsatellite stable.
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KRAS-mutated, and CIMP high tumors. The larger
fold changes are often associated with low levels of
miRNA expression and miRNAs expressed in few
individuals; this can yield a large fold change that
may not be biologically meaningful. In our data,
larger fold changes associated with MSI and micro-
satellite stable tumors may be more meaningful
given miRNA expression levels for that specific
tumor phenotype were more frequently expressed
and had higher levels of expression. Additionally we
are looking at miRNAs that are uniquely associated
with tumor phenotype, thus some miRNAs, such as
miR-21 being significantly differentially expressed in
our overall colorectal cancer data,9 was not asso-
ciated with any one tumor molecular phenotype.

Comparison of our data to the literature on miRNA
and tumor molecular phenotype is difficult given
most studies that suggest associations between
specific tumor phenotype and miRNAs have been
conducted on cell lines or cells from cultured tissue
and were limited to targeted miRNAs. Those con-
ducted in populations have generally studied few
people and often evaluated expression only com-
pared to normal mucosa, often do not report
specificity to a given phenotype, and may have
samples limited to specific disease characteristics
such as Crohn’s Disease. Despite these differences in
methodology, there are suggestions that certain
miRNAs can be associated with tumor molecular
phenotype. This study gives us an opportunity to test
some of the previously hypothesized associations. A
study of six patients with either Crohn’s Disease or
ulcerative colitis and expression of 88 miRNAs
identified six differentially expressed miRNAs
(miR-122, mIR-214, miR-372, miR-15b, let-7e, and
miR-17) among TP53-mutated tumors.34 Others have
found miR-34 associated with the TP53 network;35,36
miRNA-16,37 miR-1915,38 miR-221,39 and miR-148b40
also have been linked to TP53 mainly in cell lines
or tissue cultures. We only found miRNA-34b-5p
associated with TP53-mutated colon tumors in our
data regardless of level of fold change. It is believed
that miR-34 is involved in apoptosis and cell-cycle
arrest.41

We examined TP53-mutated tumors compared
with non-mutated tumors previously in a small set
of cases and this study replicates some of the
previously reported associations.10 For those that
did replicate, which included miR-135b for rectal
carcinoma and miR-224, miR-17, miR-1226,
miR-532-5p, miR-17, miR-574-5p, miR-424, and
miR-16 for colon cancer, the direction of association
was the same as previously reported. Inconsistent
nomenclature between an earlier versions of the
Agilent array we used previously in our pilot study
and to the much larger platform used in this study
prohibited comparison of some miRNAs. Likewise,
we adjusted for more comparisons because of the
larger platform in the current study and many of
the previous associations that did not replicate
were marginally significant with adjusted P-values

between 0.04 and 0.05. We identified 22 miRNAs
associated with TP53-mutated colon tumors and five
miRNAs associated with TP53-mutated rectal tumors
in this study. With one exception the differentially
expressed miRNAs for colon and rectal TP53-
mutated tumors were different.

Several miRNAs also have been examined in
conjunction with KRAS-mutated and non-mutated
tumors. Among these, let-7, miR-100, miR-126,
miR-143, miR-145, miR-200c, miR-221, miR222,
miR-224, miR-345, miR-4689, and miR-96-5p have
been linked to KRAS mutations mainly in studies of
cell lines and cell cultures.42–52 MiR-31-5p has been
associated with both KRAS and BRAFmutations;14,53
miRNA-31-5p was seen as the most upregulated
miRNA associated with the BRAF V600E mutation in
a study of 760 miRNA in 29 CRC cases.14 This
miRNA also has been associated with CIMP status
and serrated polyps.53 BRAF also has been identified
as a direct target of miR-378-5p.54 In our data,
miR-31-5p was significantly upregulated for CIMP
high colon carcinomas with a fold change of 1.66 and
in BRAF-mutated tumors; however, the fold change
of 1.17, although statistically significant, may have
less importance biologically. On the miRNAs pre-
viously linked to CIMP, we observed statistically
significant small changes in expression levels result-
ing in small fold changes for miR-145-5p (fold
change = 0.90), miR222-3p (fold change =1.30), and
miR-224-5p (fold change= 0.91). Our previous study
identified no miRNAs that were associated with
KRAS in colon carcinomas and 11 that were
associated with rectal carcinoma when compared
with non-KRAS-mutated tumors.10 In this study only
two miRNAs, miR-572 and miR-638, which although
statistically significant in our data had low fold
changes (fold change 1.16 and 1.11 respectively),
showed any association with KRAS-mutated tumors.
None of the other miRNAs linked in the literature to
KRASwere associated with KRAS-mutated tumors in
our data. Likewise, miR-378-5p was not associated
with colon BRAF-mutated tumors. We replicated
our previously identified association between CIMP
with miR-31 and miR-492 from our smaller pilot
data; however, the fold change for miR-492 was
small (fold change =1.26). We currently did not
observe any CIMP specific associations for rectal
tumors, whereas previously we identified eight
miRNAs that were associated with CIMP high
tumors, although the adjusted P-values were mar-
ginal at 0.047.

Most previous work with miRNAs and tumor
molecular phenotype has been with microsatellite
unstable tumors. In our data the majority of associa-
tions also were observed for differences in miRNA
expression between microsatellite unstable and
microsatellite stable carcinomas; this was true for
both colon and rectal cancer. For the most part,
miRNAs were downregulated in microsatellite
unstable tumors. Others have shown that expression
of miR-92, miR-223, miR-155, miR-196a, miR-31,
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and miR-26b were significantly different in a group
of 23 microsatellite stable and 16 microsatellite
unstable tumors.55 They also showed that miR-31
and miR-223 were overexpressed in colorectal
cancer in patients with hereditary non-polyposis
colorectal cancer syndrome and that the oncogenic
miR-17-92 family was significantly upregulated
in microsatellite stable cancers.55 Similar findings
have been reported for individuals with Lynch
syndrome.56 Others have reported that miR-484
expression was significantly decreased in microsa-
tellite unstable colorectal cancers.57 MiR-155 has
been associated with MSI in several studies.57–60
Several studies also have shown that miR-21 was
overexpressed in microsatellite unstable tumors.57,58
In our previous work we also evaluated microsatellite

unstable vsmicrosatellite stable tumors and observed
eight miRNAs that were significantly up or down-
regulated;10 all but one of those miRNAs (miR-552)
was significantly associated with microsatellite
unstable carcinomas in this larger study.

Microsatellite unstable carcinomas appear to have
the most unique associations with miRNA expres-
sion of any tumor molecular phenotypes examined.
Given the number of miRNAs that were differentially
expressed between microsatellite unstable and
microsatellite stable carcinomas for both colon and
rectal cancer, we further evaluated canonical path-
ways that were influenced by genes regulated by
miRNAs specific to microsatellite unstable carcino-
mas. While many of the pathways that were enriched
by genes associated with miRNAs differentially

Table 4 Associations between miRNAs differentially expressed between microsatellite unstable and microsatellite stable rectal tumors
with a false discovery rate set at 0.05

miRNA

Microsatellite stable Microsatellite unstable

% Expressing Mean expression % Expressing Mean expression Siggenes P-value Fold changea

hsa-let-7a-5p 99.9 272.16 100 160.81 0.010 0.59
hsa-let-7 f-5p 99.4 149.04 100 81.94 0.010 0.55
hsa-let-7 g-5p 99 52.05 100 27.61 0.010 0.53
hsa-miR-100-5p 80.8 9.71 50 2.56 o0.001 0.26
hsa-miR-125b-5p 98.9 62.09 100 28.37 0.010 0.46
hsa-miR-1281 100 42.21 100 63.57 0.010 1.51
hsa-miR-145-5p 100 133.78 100 47.27 o0.001 0.35
hsa-miR-151a-5p 95.9 14.13 62.5 4.25 o0.001 0.3
hsa-miR-151b 88.7 6.81 50 2.12 o0.001 0.31
hsa-miR-196b-5p 77.6 14.95 37.5 1.33 o0.001 0.09
hsa-miR-199a-5p 93.8 18.26 75 6.39 0.010 0.35
hsa-miR-221-3p 90.6 11.27 62.5 4.57 0.010 0.41
hsa-miR-23a-3p 100 164.28 100 83.89 o0.001 0.51
hsa-miR-23b-3p 99.3 68.68 100 29.5 o0.001 0.43
hsa-miR-24-3p 100 97 100 57.89 o0.001 0.6
hsa-miR-26a-5p 100 97.29 100 40.86 o0.001 0.42
hsa-miR-26b-5p 94.2 16.93 62.5 6.01 0.010 0.35
hsa-miR-27b-3p 98.5 31.49 87.5 14.04 0.010 0.45
hsa-miR-29c-3p 90.9 15.69 56.3 5.74 0.010 0.37
hsa-miR-30b-5p 97.6 21.37 75 8.42 0.010 0.39
hsa-miR-30c-5p 88.5 7.56 62.5 2.7 0.010 0.36
hsa-miR-30d-5p 99.9 31.73 100 18.7 o0.001 0.59
hsa-miR-3150b-5p 97.1 12 100 18.48 o0.001 1.54
hsa-miR-331-3p 98.8 13.8 75 6.55 0.010 0.47
hsa-miR-361-5p 93.5 11.38 56.3 2.74 o0.001 0.24
hsa-miR-3653 97.8 13.88 75 6.64 0.010 0.48
hsa-miR-365a-3p 74.8 8.09 37.5 3.27 0.010 0.4
hsa-miR-424-3p 100 37.2 100 23.46 0.010 0.63
hsa-miR-425-5p 89.8 10.87 62.5 5.37 0.010 0.49
hsa-miR-4532 100 296.27 100 446.24 0.030 1.51
hsa-miR-4655-3p 98.5 14.89 100 22.35 0.010 1.5
hsa-miR-4674 91 5.41 100 10.55 0.020 1.95
hsa-miR-4769-3p 92.3 7.77 100 12.21 o0.001 1.57
hsa-miR-520e 94.7 9.87 100 15 o0.001 1.52
hsa-miR-5703 100 197.43 100 309.88 o0.001 1.57
hsa-miR-636 99.7 8.97 100 13.59 0.010 1.51
hsa-miR-664b-3p 99.9 33.48 100 19.84 o0.001 0.59
hsa-miR-664b-5p 99.9 58.55 100 35.64 o0.001 0.61
hsa-miR-877-3p 100 24.65 100 37.46 o0.001 1.52
hsa-miR-92a-3p 100 116.97 100 58.86 o0.001 0.5
hsa-miR-940 100 591.89 100 895.9 0.010 1.51

aFold change is based on microsatellite unstable/microsatellite stable.
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expressed between microsatellite unstable and
microsatellite stable carcinomas were directly cancer
related, such as Molecular Mechanisms of Cancer,
others were involved in estrogen signaling, TP53
signaling (noted by IPA as p53), PTEN signaling,
IGF-1 (noted by IPA as IGF-1) signaling, TGFβ
signaling, STAT3 pathway, (MAPK7) ERK5
signaling, and WNT/β catenin signaling. This reflects
the wide range of pathways and mechanisms that
could be associated with microsatellite unstable
tumors. Many of these pathways have been
previously identified as being associated with
miRNAs.61 Unfortunately, many of the bioinfor-
matics databases available to assess functionality
are limited in their specificity. Thus many of these
pathways could be associated with miRNAs and
colorectal as well as with microsatellite unstable
tumors specifically.

For those miRNAs that were differentially
expressed by tumor molecular phenotype, we tested
their association with survival. The motivation for
this was the observation that microsatellite unstable
tumors are associated with survival differently than
microsatellite stable tumors and that these associa-
tions differ for colon and rectal cancer.16,17 For the
most part, we observed few associations between
differentially expressed miRNAs by tumor pheno-
type and impact on survival. Those associated with
colon microsatellite unstable carcinomas had the
greatest impact on survival. Differences in associa-
tions between colon and rectal cancer could be from
importance of different pathways associated with
miRNAs and microsatellite unstable carcinomas for
colon and rectal cancer. Some of these miRNAs have
previously been associated with either advanced
stage or survival. Others have reported a direct
association between miR-31 with advanced disease
stage and worse survival.14,61 Our replication of
previously reported associations with disease stage
and survival using half of the existing data set did
not show an association with miR-31-5p after
adjusting for disease stage while miR-99b-5p was
associated with worse survival among individuals
diagnosed with colon cancer.62 Given the infrequent
expression of miR-31-5p in colorectal carcinomas we
had limited power to evaluate associations with the
smaller sample size. Adjustment for MSI status
attenuated some of the associations with survival,
while others became stronger. We presented both
adjusted and not-adjusted MSI associations. It is
unclear however if MSI is a confounder of associa-
tions in that it is associated with both the exposure
and the outcome, or if it is in the causal pathway
given that these miRNAs were associated with
different levels of expression between microsatellite
stable and microsatellite unstable carcinomas which
could lead to tumor phenotype which then influ-
enced survival.

This study has strengths, including the use of the
Agilent platform with over 2000 miRNAs. We have
previously reported on the comparability of theT

ab
le

5
A
ss
oc

ia
ti
on

s
be

tw
ee
n
m
iR
N
A
s
d
ys
re
gu

la
te
d
fo
r
co

lo
n
an

d
fo
r
re
ct
al

ca
n
ce
r
an

d
co

lo
re
ct
al

ca
n
ce
r
su

rv
iv
al

P
-v
al
u
e

S
u
rv
iv
al

as
so
ci
at
io
n

O
ri
gi
n
al

tu
m
or

p
h
en

ot
yp

e
m
iR
N
A

%
E
xp

re
ss
in
g

25
th

%
il
ea

75
th

%
il
ea

H
az

ar
d
ra
ti
ob

(9
5%

co
n
fi
d
en

ce
in
te
rv
al
s)

R
aw

b
A
d
ju
st
c
ed

C
ol
on

C
IM

P
an

d
M
S
I

h
sa
-m

iR
-3
1-
5p

14
.8

0.
00

0.
00

1.
49

(1
.1
6,

1.
91

)
0.
00

2
0.
01

C
ol
on

M
S
I

h
sa
-m

iR
-1
93

b-
3p

86
.8

1.
92

3.
40

1.
28

(1
.1
4,

1.
44

)
0.
00

01
0.
00

9
C
ol
on

M
S
I

h
sa
-m

iR
-2
14

-3
p

90
.9

2.
36

3.
99

1.
26

(1
.1
1,

1.
43

)
0.
00

03
0.
03

C
ol
on

M
S
I

h
sa
-m

iR
-2
8-
5p

21
.0

0.
00

0.
00

1.
62

(1
.2
6,

2.
08

)
0.
00

02
0.
02

C
ol
on

M
S
I

h
sa
-m

iR
-9
9b

-5
p

47
.3

0.
00

2.
54

1.
55

(1
.2
5,

1.
92

)
o

.0
00

1
0.
00

5
R
ec

ta
l

K
R
A
S

h
sa
-m

iR
-5
52

9.
7

0.
00

0.
00

0.
47

(0
.2
8,

0.
77

)
0.
00

3
0.
03

R
ec

ta
l

M
S
I

h
sa
-m

iR
-3
65

3
94

.8
3.
28

4.
19

0.
80

(0
.7
1,

0.
90

)
0.
00

06
0.
02

R
ec

ta
l

M
S
I

h
sa
-m

iR
-5
20

e
91

.4
3.
00

3.
68

1.
21

(1
.0
7,

1.
37

)
0.
00

1
0.
04

R
ec

ta
l

M
S
I

h
sa
-m

iR
-6
36

99
.4

3.
00

3.
44

1.
25

(1
.1
1,

1.
41

)
0.
00

05
0.
02

R
ec

ta
l

T
P
53

h
sa
-m

iR
-1
92

-3
p

23
.1

0.
00

1.
64

0.
65

(0
.4
8,

0.
88

)
0.
00

5
0.
03

A
d
d
it
io
n
al

ad
ju
st
m
en

t
fo
r
M
S
I

C
ol
on

B
R
A
F

h
sa
-m

iR
-1
96

b-
5p

76
.8

1.
58

4.
24

0.
83

(0
.7
1,

0.
97

)
0.
02

0.
04

C
ol
on

C
IM

P
an

d
M
S
I

h
sa
-m

iR
-3
1-
5p

14
.8

0.
00

0.
00

1.
70

(1
.3
2,

2.
19

)
o

.0
00

1
0.
00

4
C
ol
on

M
S
I

h
sa
-m

iR
-9
9b

-5
p

47
.3

0.
00

2.
54

1.
59

(1
.2
8,

1.
97

)
o

.0
00

1
0.
00

3
R
ec

ta
l

M
S
I

h
sa
-m

iR
-6
36

99
.4

3.
00

3.
44

1.
23

(1
.0
9,

1.
39

)
0.
00

1
0.
04

R
ec

ta
l

T
P
53

h
sa
-m

iR
-1
92

-3
p

23
.1

0.
00

1.
64

0.
65

(0
.4
8,

0.
89

)
0.
00

7
0.
03

A
bb

re
vi
at
io
n
s:

C
IM

P
,
C
p
G

is
la
n
d
m
et
h
yl
at
or

p
h
en

ot
yp

e;
M
S
I,
m
ic
ro
sa
te
ll
it
e
in
st
ab

il
it
y
st
at
u
s.

a E
xp

re
ss
io
n
va

lu
es

fo
r
th
e
25

th
an

d
7t
h
ar
e
ex

p
re
ss
ed

as
lo
g2

tr
an

sf
or
m
ed

va
lu
es

th
at

w
er
e
u
se
d
in

th
e
C
ox

p
ro
p
or
ti
on

al
h
az
ar
d
m
od

el
s.

b P
-v
al
u
es

ad
ju
st
ed

fo
r
ag
e,

se
x,

an
d
A
JC
C

S
ta
ge
.

c A
d
ju
st
ed

fo
r
m
u
lt
ip
le

co
m
p
ar
is
on

s.

Modern Pathology (2016) 29, 915–927

Colorectal tumor molecular phenotype and miRNA expression

924 ML Slattery et al



Agilent to Nanostring and qPCR, with excellent
results.9 The reliability of the Agilent platform
in our data was 0.98 and the overall platform had
relatively good performance when compared with
Nanostring.9 Comparison of expression levels of a set
of specific miRNAs with qPCR showed extremely
high correlation in terms of directionality of expres-
sion and fold change observed between carcinoma
and normal mucosa. Additionally, the study is large
and contains detailed information on multiple tumor
molecular phenotypes as well as survival. In this
study, we applied an FDR of 0.05 to take into
consideration multiple comparisons being made.
However, ideally another large data set would
replicate these findings. In previous analyses, we
have split our data set to incorporate both discovery
and testing; we chose not to do that in these analyses
to maintain more power to identify associations for
those tumor molecular phenotypes that are rarer,
such as MSI. We thus encourage others to replicate
these findings in a more targeted approach that
focuses on specific miRNAs, especially those that
have prognostic implications.

We believe that this study makes a unique con-
tribution to the literature. First, it is large so that
associations are measured with more precision.
Second, we are able to incorporate discovery of new
associations as well as test those previously identified
as being associated with specific miRNAs. In doing
this we have adjusted for multiple comparisons,
where others looking at candidate miRNAs have not,
and thus many previous associations may have been
false positives that do not withstand the adjustment
for multiple comparisons. This is not unlike the
transition from candidate SNP and candidate path-
ways to genome-wide association studies, where more

significant associations are identified when fewer
adjustments for multiple comparisons are made.

In summary, our data suggest that most unique
associations between tumor molecular phenotype
and miRNAs are with microsatellite unstable vs
microsatellite stable tumors. While several miRNAs
were differentially expressed between these tumor
phenotypes, few of the miRNAs were associated with
survival. Microsatellite unstable colon carcinomas
have previously been associated with better survival,
while microsatellite unstable rectal tumors were
associated with worse survival. Interestingly, miR-
NAs in this study uniformly show that higher levels
of expression increase risk of dying for colon cancer,
but improve survival if diagnosed with rectal cancer.
We encourage others with similar data sets to
confirm these associations.
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