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Abstract

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 miRNAs differentially expressed miRNAs for TP53-mutated colon tumors and five 

for TP53-mutated rectal tumors with a fold change of >1.49 (or <0.67). Additionally 13 miRNAS 

were differentially expressed for KRAS-mutated rectal tumors, eight differentially expressed 

miRNAs for colon CIMP high tumors, and two differentially expressed miRNAs for BRAF-

mutated colon tumors. The majority of differentially expressed miRNAS were observed between 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Address correspondence to Dr. Slattery at this address. Marty.Slattery@hsc.utah.edu. 

Disclosure/Conflict of Interest: None of the authors have any conflicts of interest to report.

Author Contributions:
MLS obtained funding, oversaw study and wrote the manuscript.
JSH conducted statistical analysis.
LEM coordinated study data and assisted with data interpretation.
EW and MDH conducted miRNA analysis.
DFP gave input into the statistical analysis.
JRS provide overall guidance to statistical analysis.
RKW provided oversight to laboratory analysis.
All authors read and approved the manuscript.

HHS Public Access
Author manuscript
Mod Pathol. Author manuscript; available in PMC 2016 November 20.

Published in final edited form as:
Mod Pathol. 2016 August ; 29(8): 915–927. doi:10.1038/modpathol.2016.73.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 down-regulated. 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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Introduction

MiRNAs are small, non-protein-coding RNA molecules that regulate gene expression either 

by post-transcriptionally suppressing mRNA translation or by causing mRNA 

degradation1–6. 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 processes7, 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 exist10. 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 and CpG island methylator phenotype 

tumors11, although data also suggest TP53-mutated tumors, KRAS-mutated tumors, and 

BRAF-mutated tumors may be uniquely associated with specific miRNAs12–14. 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 microsatellite 

instability, CpG island methylator phenotype high, and BRAF-mutated tumors15–18. We 

have observed differences in survival for microsatellite unstable colon and rectal cancer 

when compared to 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 survival16, 17. It is possible 

that miRNAs that differ by microsatellite instability 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, CpG island methylator phenotype, and 

microsatellite 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 
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molecular phenotype to better understand the role of these miRNAs on prognosis after 

diagnosis with colorectal cancer.

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 to 79 

years of age who resided along the Wasatch Front in Utah or were members of the Kaiser 

Permanente Medical Care Program in Northern 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 reservations19, 20. Cases had to have tumor registry 

verification of a first primary adenocarcinoma of the colon or rectum and were diagnosed 

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 participants21. Detail study methods have been described22. Individuals 

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 microarray 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 background 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, hybridized 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 down-stream analysis. The Agilent platform was 

shown to have high repeatability (r=0.98) and good correlation with other platforms such as 

Nanostring22. Other analysis of a subset of important miRNAs showed 100% agreement in 

terms of directionality of differential expression and fold change (Pellatt 2016 In press).

Tumor molecular phenotype

We have previously assessed TP53 and KRAS mutations, the CpG island methylator 

phenotype using the classic panel18, and microsatellite instability on the mononucleotide 

repeats at BAT26 and TGFβRII and a panel of 10 tetranucleotide repeats that were 
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correlated highly with the Bethesda Panel23; our study was done prior to the development of 

the Bethesda Panel. The classic CpG island methylator phenotype panel consisted of MLH1, 

p16, and MINT1, MINT2, and MINT31. Tumors were scored as CpG island methylator 

phenotype high if two or more of the CpG islands were methylated; otherwise they were 

classified as CpG island methylator phenotype low. This panel was run prior to the advent of 

more recent panels24, 25. Additionally, the BRAF V600E mutation was assessed in colon 

carcinomas15.

Tumor Registry Data

Both Utah and California are members of the National Cancer Institute funded Surveillance, 

Epidemiology, 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 could be attributed to the array, 

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_ENREF_11. 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 siggenes27; 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 statistically 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 proportional hazard ratios and corresponding 95% confidence intervals adjusting for 

age, sex, and AJCC stage. We also adjusted for microsatellite instability status since 

microsatellite instability has been shown to be associated with survival. Our statistical 

endpoint 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 
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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 package29, 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) 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 method31; we accounted for both the tests performed on the more 

commonly expressed miRNAs as well as on miRNAs infrequently expressed when 

calculating the familywise error rate.

Bioinformatics

Experimentally verified miRNA-target genes were identified for miRNAs associated with 

colon microsatellite 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 9,404 target genes, ranging from 

genes having one miRNA association to 29 associations. Genes that were associated with 

seven miRNAs or more were kept for functional analysis; this number was chosen as it 

created a sub-list of 1,048 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, 34 for functional analysis. Four genes were not mapped by 

Ingenuity Pathway Analysis: C1ORF21, C11ORF57, C5ORF51, and NDUFA4P1. We 

performed a core analysis, using Ingenuity Pathway Analysis knowledgebase of genes only 

and direct relationships only, 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 

comparisons 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 participants were female. 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 five 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 carcinomas 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 either KRAS-mutated, CpG island methylator phenotype high, or BRAF-

mutated tumors. The majority of miRNAs that were dysregulated were different between 
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colon and rectal tumor sub-site. MiR-4700-3p was down-regulated in TP53-mutated tumors 

for both colon and rectal cancer. The majority of miRNAs dysregulated for TP53-mutated 

tumors were up-regulated, were infrequently expressed, and had low-levels of expression 

when expressed. Unlike for TP53, KRAS differentially expressed miRNAs were only 

observed for rectal cancer. The majority of miRNAs associated with KRAS-specific 

mutations were down-regulated in KRAS-mutated tumors, and were more frequently 

expressed than those differentially expressed for TP53. However, the three miRNAs that 

were up-regulated in KRAS rectal tumors were seldom expressed and had low levels of 

expression. Differentially expressed miRNAs for CpG island methylator phenotype high and 

BRAF-mutated tumors were only observed for colon cancer. MiR-196a-5p and 

miR-196b-5p were down-regulated in both CpG island methylator phenotype high and 

BRAF-mutated tumors.

Of the 94 differentially expressed miRNAs between microsatellite unstable and 

microsatellite stable colon tumors, all but eight were down-regulated (Table 3). The majority 

of the down-regulated 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. Likewise, 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 microsatellite 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 

phenotypes16, 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 microsatellite instability tumor 

phenotype. Prior to adjustment for microsatellite instability status, there were four miRNAs 

associated with microsatellite instability status and one miRNA associated with CpG island 

methylator phenotype status in colon tumors that was associated with colorectal cancer 

survival. For rectal cancer, there was one miRNA associated with KRAS, three associated 

with microsatellite instability, 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 microsatellite instability, there was one differentially expressed miRNA 

between colon BRAF-mutated and non-mutated tumors and two miRNAs differentially 

expressed between colon microsatellite unstable 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 TP53 were associated with colorectal cancer survival after diagnosis with colon cancer. 
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Interestingly, miR-196b-5p associated with BRAF mutations in colon cancer was only 

associated with colorectal cancer survival after adjustment for microsatellite instability 

status. For those that remained significant after adjustment for microsatellite status, the 

hazard ratio changed from 1.49 to 1.70 for miR-31-5p after adjustment for microsatellite 

instability status; most of the other hazard ratio only changed marginally if at all.

Assessment of canonical pathways associated with differentially expressed miRNAs 

between microsatellite unstable and microsatellite stable tumors showed hundreds of 

pathways significantly enriched by genes regulated by differentially expressed miRNAs 

(Supplemental Table 1). Targeted pathways include those related to molecular mechanisms 

of cancer, estrogen-mediated signaling, cell cycle regulation, 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, CpG island methylator 

phenotype, 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 down-regulated 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 identified as being differentially expressed between 

microsatellite 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, KRAS-mutated 

and CpG island methylator phenotype 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 MSS 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 uniquely associated 

with tumor phenotype, thus some miRNAs, such as miR-21 being significantly differentially 

expressed in our overall colorectal cancer data22, was not associated with any one tumor 

molecular phenotype.
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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 conducted in populations have generally studied few people and 

often evaluated expression only compared 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 tumors35. Others have found miR-34 associated with the 

TP53 network36, 37; miRNA-1638, miR-191539, miR-22140, and miR-148b41 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 arrest42.

We examined TP53-mutated tumors compared to non-mutated tumors previously in a small 

set of cases and this study replicates some of the previously reported associations10. 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, miR-222, miR-224, miR-345, miR-4689, miR-96-5p have been linked to KRAS-

mutations mainly in studies of cell lines and cell cultures43–53. MiR-31-5p has been 

associated with both KRAS and BRAF mutations14, 54; miRNA-31-5p was seen as the most 

up-regulated miRNA associated with the BRAF V600E mutation in a study of 760 miRNA 

in 29 CRC cases14. This miRNA also has been associated with CIMP status and serrated 

polyps54. BRAF also has been identified as a direct target of miR-378-5p55. In our data, 

miR-31-5p was significantly upregulated for CpG island methylator phenotype 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 previously linked to CpG island methylator phenotype, we observed 

statistically significant small changes in expression levels resulting 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 
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colon carcinomas and 11 that were associated with rectal carcinoma when compared to non-

KRAS-mutated tumors10. 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 KRAS were 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 CpG island methylator phenotype specific 

associations for rectal tumors, whereas previously we identified eight miRNAs that were 

associated with CpG island methylator phenotype high tumors, although the adjusted p 

values were marginal at 0.047.

Most previous work with miRNAs and tumor molecular phenotype has been with 

microsatellite unstable tumors. In our data the majority of associations 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 down-regulated in microsatellite unstable tumors. Others have shown that expression 

of miR-92, miR-223, miR-155, miR-196a, miR-31, and miR-26b were significantly different 

in a group of 23 microsatellite stable and 16 microsatellite unstable tumors56. 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 were significantly up-regulated in microsatellite stable cancers56. Similar findings 

have been reported for individuals with Lynch syndrome57. Others have reported that 

miR-484 expression was significantly decreased in microsatellite unstable colorectal 

cancers58. MiR-155 has been associated with MSI in several studies58–61. Several studies 

also have shown that miR-21 was over-expressed in microsatellite unstable tumors58, 59. In 

our previous work we also evaluated microsatellite unstable vs microsatellite stable tumors 

and observed eight miRNAs that were significantly up or down-regulated10; 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 

expression 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 pathways that 

were influenced by genes regulated by miRNAs specific to microsatellite unstable 

carcinomas. While many of the pathways that were enriched by genes associated with 

miRNAs differentially 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 

IGF1 (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 miRNAs62. 

Unfortunately, many of the bioinformatics databases available to assess functionality are 
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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 associations differ for colon and rectal cancer16, 17. For the most 

part, we observed few associations between differentially expressed miRNAs by tumor 

phenotype and impact on survival. Those associated with colon microsatellite unstable 

carcinomas had the greatest impact on survival. Differences in associations 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 survival14, 62. 

Our replication of previously reported associations with disease stage and survival using half 

of the existing dataset 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 cancer63. 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 microsatellite instability status attenuated some of the associations with 

survival, while others became stronger. We presented both adjusted and not-adjusted 

microsatellite instability associations. It is unclear however if microsatellite instability is a 

confounder of associations 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 influenced survival.

This study has strengths, including the use of the Agilent platform with over 2000 miRNAs. 

We have previously reported on the comparability of the Agilent to Nanostring and qPCR, 

with excellent results22. The reliability of the Agilent platform in our data was 0.98 and the 

overall platform had relatively good performance when compared with Nanostring22. 

Comparison of expression levels of a set of specific miRNAs with qPCR showed extremely 

high correlation in terms of directionality of expression 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 dataset would replicate these findings. In previous analyses, 

we have split our dataset 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 contribution 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 
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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 pathways 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, miRNAs 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 datasets to confirm these 

associations.
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Refer to Web version on PubMed Central for supplementary material.
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