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Abstract MicroRNAs (miRs) are short non-coding RNAs

that bind complementary sequences in mRNA resulting in

translation repression and/or mRNA degradation. We

investigated expression of the reported metastasis-associ-

ated miRs-335, 206, 135a, 146a, 146b, 10b, 21, let7a and

let7b in normal mucosa, non-metastatic and metastatic

colorectal cancer (CRC). Expression of target miRs in

micro-dissected paraffin embedded tissues was evaluated in

15 primary tumours with adjacent normal tissue from

patients that were disease-free at 4 years (cohort A) and 19

paired primary tumours with corresponding liver metastases

(cohort B) by quantitative real-time PCR. Increased

expression of miR-21, mir-135a and miR-335 was associ-

ated with clinical progression of CRC, while miR-206

demonstrated an opposite trend. The levels of mir-21 did

not associate with the expression of PTEN, an important

tumour suppressor in CRC and one of many putative targets

of miR-21, but interestingly was associated with stage of

disease in the PTEN expressing tumours. Surprisingly,

let7a, a KRAS-targeting miR, showed elevated expression

in metastatic disease compared to normal mucosa or non-

metastatic disease, and only in KRAS mutation positive

tumors. Finally, a prognostic signature of miR 21,135a, 335,

206 and let-7a for detecting the presence of metastases had a

specificity of 87% and sensitivity of 76% for the presence of

metastases. In summary, we have shown stage-associated

differential expression of five out of nine tested metastasis-

associated miRs. We have further found that an analysis of

these five miRs expression levels in primary tumors sig-

nificantly correlates with the presence of metastatic disease,

making this a potential clinically useful prognostic tool.
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Introduction

Every year, over a million people worldwide will develop

colorectal cancer (CRC) and over half a million will suc-

cumb to this disease [1]. Development of metastatic disease

is the leading cause of morbidity and mortality associated

with this disease [2]. Although considerable advances in

understanding the pathogenesis of CRC have occurred over

the past 25 years, much is still unknown about the regu-

lators of its metastatic spread. Among the known mecha-

nisms driving metastasis are genetic instability of

malignant cells, epithelial–mesenchymal transition, resis-

tance to apoptosis and anoikis, angiogenesis and lym-

phangiogenesis [3]. Alterations in the expression of

oncogenes and tumour suppressors are drivers of this pro-

cess, regulated by both genetic and epigenetic processes.

Evolving evidence suggests that microRNAs (miRs) play

an important role in carcinogenesis and in cancer progres-

sion through their ability to affect the expression of genes

that can regulate the tumourigenic process [4]. These non-

coding small RNA molecules (19–22 nucleotides) regulate

gene expression by complementarily binding to the 30UTR

of mRNAs, thereby causing mRNA degradation and/or

translation inhibition. The primary transcripts of miRs (pri-

miRs) are transcribed via RNA polymerase II, cleaved in

the nucleus by Drosha into pre-miRs (70–100 nucleotides)

and subsequently processed by Dicer in the cytoplasm to a

mature miR product. This mature miR is incorporated in a

complex known as miR-containing RNA-induced silencing

complex (miRISC) which is the effector complex [5].

Various miRs contribute to cancer pathogenesis through

their altered expression due to chromosomal abnormalities,

mutation, polymorphisms, transcriptional deregulation,

changes in miR biogenesis machinery and epigenetic

changes [4].

Investigations into the role of miRs in CRC have been

limited and have yielded conflicting results [4, 6–9]. The

most robust data comes from miR expression profiles that

compared colonic tumors to non-tumour tissue, using

whole tumour samples. In Schetter et al. [10], 37 miRs

were differentially expressed. However, only miR-21 lev-

els were associated with poor survival. MiR-135a and

miR135b were reported to down regulate the expression of

the adenomatous polyposis coli gene, thus activating the

b-catenin pathway, and their levels were elevated in CRC

compared to normal colon mucosa [11]. The let-7 family of

miRs has been shown to regulate the human KRAS gene

[12], an important tumour oncogene that is a major driver

of CRC progression. A number of miRs have been impli-

cated in the regulation of metastasis (‘‘metastamiRs’’), in

studies performed in mostly in breast [13] but also in colon

[14] cancer cell lines. Among others, miR-335, 206 [15],

10b [16], 146a and b [13], let7a [17] and let7b [18] show

altered expression that is associated with metastatic spread,

and were shown to control metastatic spread in in vivo

model systems. Consequently, we explored the role of

several metastasis-associated miRs, by evaluating their

expression in well defined cohorts of normal colonic tissue,

localized CRC and metastatic CRC primary tumours and

their paired liver metastases (LM). In this study, we eval-

uated the expression of various metastasis-associated miRs

in micro-dissected samples thereby avoiding contributions

of stromal components to miR expression profiles. This

allowed a comprehensive study of miR modification in

colon epithelial cells along the stages of cancer progres-

sion. We demonstrated differential expression of five of the

nine tested miRs. A signature comprised of the expression

levels of miRs 21,135, 335, 206 and let-7a in the primary

tumours significantly correlated with the presence of met-

astatic disease.

Materials and methods

Tissue samples

Using The Ottawa Hospital Cancer Centre Colorectal

Tumor Bank, two cohorts of colorectal patient tissues

collected between 1997 and 2005 were selected for anal-

ysis. Cohort A included 15 formalin fixed, paraffin

embedded (FFPE) CRC primary tumors with adjacent

normal tissue (available for 9) of patients that had at least

4 years of disease free survival (DFS) post-treatment and

were considered to have a very low likelihood of recur-

rence. Cohort B included 19 FFPE CRC primary tumors

with matched LM samples. As fluorouracil chemotherapy

has been shown to alter miR expression [19], we excluded

tumors that had been exposed to neoadjuvant chemother-

apy. Clinicopathologic information was obtained from the

patient charts and pathology reports. All study materials

were obtained following informed patient consent and

ethics approval by the Ottawa Hospital Research Ethics

Board.

Real-time PCR-based detection of miRs

Formalin fixed paraffin embedded tumour blocks were

sectioned at 7 lm thickness and micro dissected by laser-

capture-micro dissection (LCM, Arcturus, Mississauga,

ON), collecting only cancer cells as defined by morphol-

ogy, or adjacent normal epithelial cells in blocks with no

tumour presence. Collected material was digested by pro-

teinase K and frozen at -70�C until RNA extraction

employing the miRNeasy (Qiagen, Mississauga, Ontario,

Canada) kit was performed according to the manufacturer’s

protocol. The average yield of RNA was approximately
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230 ng/slice. RNA extraction and RT-PCR were done in

batches of 8–11 tumour samples at a time utilizing 20 ng of

RNA per RT reaction and 2 ll of the total 20 ll RT

reaction used in a quantitative (Q) PCR. Each value rep-

resented in the graphs is the average of three replicates

normalized to miR-191 expression. Relative quantitation

(RQ) where RT-PCR target expression levels was deter-

mined relative to control HCT116 CRC cell line was

employed as a reference RNA to control for differences

between batches. miRs-103 and 191 were used as internal

loading controls [20] and only RNA samples that showed

similar miR103/191 ratios were included in this study as an

assessment of miR extraction efficiency and fidelity.

Q-PCR for all of the miRs evaluated was performed using

the Applied Biosystems 7500 real-time PCR system and

primers sets purchased from Applied Biosystems (Carls-

bad, CA).

Direct sequencing of KRAS

The presence of mutations in the KRAS gene at codons 12

and 13 in exon 2 was assessed. 5 lM sections from par-

affin-embedded specimens were subjected to either macro

dissection of laser capture micro dissection to ensure that

all DNA samples were [80% cancer cell derived. DNA

was isolated using QuickExtract DNA extraction kit from

Epicentre Biotechnologies (Madison, WI). Exon 2 of the

KRAS gene was amplified using nested PCRs (outer primer

pair 50-GAA TGG TCC TGC ACC AGT AA-30 and

50-GTG TGA CAT GTT CTA ATA TAG TCA-30; inner

primer pair 50-TTA TAA GGC CTG AAA ATG ACT

GAA-30 and 50 TGA ATT AGC TGT ATC GTC AAG

GCA CT-30). PCR products from the second round of the

nested PCR were screened for the presence of mutations

using high resolution melting in a Corbett Rotorgene 6000.

For PCR products with melting curve deflections, the

presence and specific nature of mutations was confirmed by

dideoxy sequencing (Ottawa Hospital Research Institute

Core Sequencing Facility).

PTEN immunohistochemistry

Formalin fixed, paraffin embedded sections were depa-

raffinized and rehydrated using serial washes in xylene and

ethanol. Antigen unmasking solution (Vector laboratories,

Burlingame, CA) was used for antigen retrieval as per

manufacturer’s protocol. Sections were blocked by normal

goat serum, incubated with anti-PTEN Ab-6 (Thermo

Scientific, Rockford, IL) and processed with mouse

EnVision (Dako, Burlington, Ontario, Canada) and DAB

according to manufacturer’s protocols. PTEN staining was

scored by a trained pathologist (MD) and was graded along

a 0–3 scale using normalized controls. Staining was scored

zero when no specific staining was apparent in tumour

tissue and positive with PTEN staining evident in tumour

cells.

Statistical analysis

Statistical analysis was done using GraphPad Prism soft-

ware 4.03. Significance of difference between cohorts

(normal, cohort A and cohort B) was determined by two

tailed unpaired t test, while normal and paired tumours in

cohort A and the primaries and LM in cohort B were

evaluated by two tailed paired t tests. A one way ANOVA

test for variance P value was also performed for the

comparison of the normal mucosa, cohort A and the

primaries of cohort B.

Results

Patients and tumours characteristics

Two cohorts of patient specimens were chosen from the

CRC tumour bank at the Ottawa Hospital Cancer Centre to

be evaluated as cohort A (N = 15), which consisted of

CRC patients with primary disease lacking metastatic dis-

semination and cohort B (N = 19), consisting of CRC

patients with metastatic disease. Patient characteristics are

presented in Table 1. The median age in cohort A was

66.1 years compared with 63.7 years in cohort B. Cohort B

was mostly males (84%) unlike cohort A (33% males).

Most of the tumors in both groups were of colonic origin

(87% in A and 84% in B) and had a T3 depth of invasion

(93% in A and 63% in B). All patients but one in cohort A

had greater than 5 year DFS. The majority of patients in

cohort B had synchronous LM (73%) and the average

recurrence free survival (RFS) in this group was 9 months.

Of note, a high proportion of patients in cohort B (63%)

lacked lymph node involvement [21], which is likely the

result of the relatively small sample size utilized in this

study. The miRs evaluated in this study included miR-335,

206, 146a, 146b, 10b, 135a, 21, let7a and let7b that have all

been demonstrated to play a role in the metastatic process

in a number of tumour models (Fig. 1a). An example of a

typical micro-dissected FFPE slide showing the intact tis-

sue section (upper), the micro-dissected tumour epithelium

(middle) and the residual stroma (lower) is shown in

Fig. 1b.

miR level normalization

As potential controls of miR abundance, we evaluated the

expression of miR-103 and miR-191 in all of the specimens

used in this study. The level of expression of these miRs is
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high and consistent in a wide variety of samples analyzed

in other studies and are considered reliable markers of miR

abundance [20]. In our sample set miR-191 displayed a

more consistent expression profile between samples and,

therefore, was used as a miR expression comparator in all

of our subsequent analyses (Fig. 1c).

Differential expression of miR-135a, miR-335

and miR-206 in CRC progression

Statistical analyses to determine significant differences in

miR expression between normal mucosa to cohort A,

normal mucosa to cohort B, normal mucosa to cohort A

and B, cohort A to cohort B and cohort B to cohort B mets

was performed for all miRs evaluated and only compari-

sons with P values less than 0.05 are displayed. All other

comparisons were not significant. Among the nine miRs

that were evaluated, no significant changes in expression

were observed for miR-10b, miR-146a or miR-146b levels

in CRC progression, comparing normal adjacent colonic

tissue, primary tumours that did not metastasize (cohort A),

primary tumours with metastases and their corresponding

LM (cohort B, Fig. 2a).

Of interest, increased expression levels of miR-135a

were associated with CRC progression. miR-135a levels

were significantly elevated in primary tumours derived

from patients without metastases (cohort A) when com-

pared with normal adjacent colon tissue (mean RQ 0.405 vs.

0.114; P = 0.032). Similarly, miR-135a was expressed at

higher levels in primary tumours that metastasized (cohort

B) compared with those without metastatic disease (cohort

A) (mean RQ 0.936 vs. 0.405; P = 0.03). The levels of

expression were not significantly different when primary

tumours were compared with their corresponding LM

(Fig. 2b, left). Therefore, miR-135a levels are increased in

parallel to the progression of CRC.

Similarly, miR-335 expression levels were significantly

elevated in primary tumours that metastasized (cohort B)

compared with those that did not (cohort A) (mean RQ 0.8

vs. 0.35; P = 0.015). However unlike miR-135a, the level

of expression of miR-335 was not significantly different

when normal adjacent colon tissue was compared to pri-

mary tumours that did not metastasize (mean RQ 0.36 vs.

0.35). Therefore, miR-335 levels were significantly ele-

vated in CRC primary tumors with a metastatic capacity,

retaining similar levels in their metastatic lesions (Fig. 2b,

right).

In contrast, expression levels of miR-206 were nega-

tively correlated with CRC progression. Lower expression

levels were demonstrated in primary tumours that did not

metastasize (cohort A) compared with normal adjacent

colon tissue (mean RQ 38.43 vs. 11.03; P = 0.002)

(Fig. 2c). Comparisons of miR-206 expression between

cohort A and the primary tumours of cohort B (mean RQ

11.03 vs. 8.45), and of those primaries with colorectal LM

(mean RQ 8.45 vs. 5.4) demonstrated a similar trend of

reduction of miR-206 levels with the progression of dis-

ease, but were not statistically significantly. However, an

ANOVA test for variance was significant (P = 0.0001) for

the comparison of the normal mucosa to cohort A tumours

and the primaries of cohort B. We conclude that similar to

the reports regarding breast cancer [22], miR-206 levels are

lower in transformed colon mucosa than normal mucosa,

and tend to be further reduced as CRC progresses.

Up-regulation of miR-21 in CRC progression

As previously demonstrated, increased expression levels of

miR-21 were associated with CRC progression (Fig. 3a)

[14, 23]. Expression of miR-21 was significantly increased

in primary tumours that did not metastasize (cohort A)

Table 1 Patient Characteristics

Patients

without

metastases

(cohort A)

Patients with

metastases

(cohort B)

(N = 15) (N = 19)

Median age at diagnosis—years

(range)

66.1

(51–89.2)

63.7

(37.1–80.2)

Sex

Male 5 (33%) 16 (84%)

Female 10 (66%) 3 (16%)

Primary Tumor location

Colon 13 (87%) 16 (84%)

Rectum 2 (13%) 3 (16%)

Tumor Stage

T1 0 0

T2 1 (7%) 4 (21%)

T3 14 (93%) 12 (63%)

T4 0 3 (16%)

Lymph node involvement

Yes 9 (60%) 7 (37%)

No 6 (40%) 12 (63%)

Metastasis

Synchronous N/A 14 (74%)

Metachronous 5 (26%)

Stage at presentation

I 1 (7%) 1 (5%)

II 5 (33%) 3 (16%)

III 9 (60%) 1 (5%)

IV 0 14 (74%)

Average RFS—mos (range) N/A 9.02 (0–76.7)

Median follow-up—years (range) 6.9

(4.2–12.7)

4.5

(0.1–9.6)
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compared with normal adjacent colon tissue (mean RQ

0.88 vs. 0.52; P = 0.008). Levels of miR-21 were also

significantly increased in primary tumours that did metas-

tasize (cohort B) compared with those that did not metas-

tasize (cohort A) (mean RQ 1.98 vs. 0.88; P = 0.024), in

accordance to previous reports [10, 23]. No significant

difference in expression was found between primary

tumours and their matched colorectal LM, but a significant

trend was seen of higher levels of miR-21 with disease

progression (Fig. 3a, left). Thus, similar to what we

observed for miR-135, miR-21 levels are increased along

with the progression of CRC. Since miR-21 has been

reported to down-regulate PTEN mRNA levels [24], we

investigated PTEN expression in our tumour samples by

immunohistochemistry (Fig. 3b) and stratified patients

based on PTEN expression. We subsequently assessed for

levels of miR-21 expression, no significant difference was

observed between tumors expressing or not expressing

PTEN (data not shown). Interestingly, a significant increase

in miR-21 levels was seen along the progression of

tumours in the PTEN positive group (ANOVA, P = 0.02),

while the differences were not significant in the PTEN

negative group (Fig. 3a, right). These results demonstrate

the complexity of PTEN regulation as many factors besides

miR-21 may target its expression in CRC cells. It can be

speculated that when PTEN is expressed in CRC cells,

miR-21 up-regulation is required for tumour progression to

occur.

Up-regulation of let7a in CRC metastatic disease

The let-7 family of miRs has been shown to regulate the

expression of the KRAS gene [12]. Let-7a expression was

significantly increased in CRC primaries of metastatic

Fig. 1 Analysis of miRs in

micro dissected CRC

specimens. a miRs evaluated in

this study and their proposed

function according to published

literature. b An example of

LCM processed sample. Top
CRC prior to LCM procedure.

Middle the tumour epithelium

isolated by LCM. Lower the

residual stroma following

removal of tumour epithelium

by the LCM procedure. c Cycle

threshold (Ct) values for miR-

103 and miR-191 in the

analyzed specimens
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patients compared to the tumors of non-metastatic patients

(mean RQ 0.285 vs. 0.154; P = 0.028; Fig. 4a). Although

let-7a levels were increased in the LM compared to pri-

mary tumours of cohort B patients, the differences did not

reach statistical significance (0.285 vs. 0.375). However, an

ANOVA test for variance of the primary non-metastatic

tumours, primaries of metastatic tumours and their metas-

tasis demonstrated a significant increase along those three

groups (P = 0.01) (Fig. 4a). Since let-7a has been reported

to down-regulate KRAS expression, and KRAS is consid-

ered as an important driver of CRC progression, this result

was counterintuitive.

To gain further insight into the molecular mechanisms at

work, we determined KRAS mutation status in the tumours

tested in this study. KRAS mutation status was evaluated

on all the available tumours (N = 53; 15 of cohort A, and

19 primaries and 19 metastatic lesions of cohort B). KRAS

mutation was detected in 24 (45%); G12D was the most

common mutation (8 tumours), followed by G12V (6

tumours), G13D (5 tumours), G12S (3 tumours), G12C (2

tumours) and G12A and G12F (1 tumour each; Fig. 4b).

Surprisingly, the increase in let-7a levels in parallel to the

progression of tumours was significant only in the set of

mutant KRAS tumors (Fig. 4c, ANOVA analysis,

P = 0.013). Furthermore, let-7a levels were higher in the

mutant KRAS tumours compared to the wild type KRAS

tumours (RQ 0.334 vs. 0.217; P = 0.025, Fig. 4d). Recent

data indicate that the clinical behavior of KRAS mutations

in codon 13 is more indolent compared to those of codon

12 [25]. Interestingly, the tumours with a KRAS mutation

in codon 13 (N = 4) had the highest let-7a values (data not

shown). After removal of those tumours from the analysis,

the difference in let-7a levels between the wild type KRAS

and the codon 12 mutants was no longer significant

(Fig. 4d). This data adds support to the existing evidence

indicating significant differences among different KRAS

mutants. However, the increase of let-7a levels seen in the

mutant KRAS tumours along the three stages of disease

was still significant in the codon 12 mutant specimens

(ANOVA analysis, P = 0.02, data not shown).

A single nucleotide polymorphism (SNP) was reported

to occur in the 30UTR of the KRAS gene within the let-7a

Fig. 2 Relative quantities of miR-10b, miR-146a, miR-135a, miR-

335 and miR-206. a Left RQ of miR-10b, middle RQ of miR-146a,

right RQ of miR-146b in different stages of tumor progression.

Mucosa = normal adjacent colon tissue specimens, cohort A = pri-

mary colon tumor specimens from patients that did not develop

metastases at 4 years, cohort B primaries = primary colon tumor

specimens that developed metastases, cohort B mets = liver

metastasis specimens. No significant expression difference between

the stages was found. b Left RQ of miR-135, significant up-regulation

in both cohorts A and B in comparison to normal mucosa and from

cohort A in comparison to cohort B. Right RQ of miR-335, significant

up-regulation of this miR when comparing normal mucosa or cohort

A to cohort B. c RQ of miR-206, significant down-regulation of this

miR when comparing normal mucosa or cohort A to cohort B
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binding site that affects the efficacy of KRAS down reg-

ulation by this miR [26, 27]. As this SNP can nullify the

inhibition of KRAS expression by let-7a, we tested the

tumors for the presence of this SNP. Only four specimens

were found to harbor this SNP, two of them being a pair of

primary and metastasis from the same tumour, thus dem-

onstrating a frequency of 8.8% in our set (3/34 tumours).

The reported general population frequency of this SNP is

5.8% with a higher frequency in lung cancer patients of

18–20% [26], suggesting the possibility that this SNP

might have a minor CRC predisposing effect. Following

removal of the specimens harboring the let-7a SNP from

our data set, let-7a levels remained elevated along with the

progression of disease in the mutant KRAS tumors (mean

RQ, cohort A; 0.1884, cohort B primary tumours; 0.2828,

cohort B metastases; 0.4261). However, due to the smaller

number of tumours analyzed now, the differences were no

longer statistically significant (ANOVA P = 0.069).

Therefore, let-7a levels increase with tumour stage, and

interestingly are elevated in tumours harboring mutant

KRAS. We were also interested in the rate of KRAS

mutation formation during the process of metastasis.

KRAS mutation status concordance between primary and

metastasis was the most common situation (79%, 15 out of

19 pairs). In our set of specimens, it seems uncommon for

the KRAS gene to acquire a mutation during the progres-

sion from a primary to a metastatic CRC.

In contrast let-7b, which is another member of this

important miR family that shows significant sequence

homology to let-7a with similar gene targets including

KRAS [18], did not exhibit differential expression in these

patient samples (Fig. 4e). This data demonstrates the spec-

ificity of changes in miR expression in these patient cohorts.

Potential miR prognostic signature of CRC metastatic

disease

Adding the normalized values of miRs 21, 135a, 335 and

let 7a, and subtracting the normalized value of miR206

created a miR prognostic signature. miR RQ values, cor-

rected by miR191, were normalized relative to the maximal

and minimal values of each miR [(RQ value of miR)

- (minimal RQ of that miR)/(maximal - minimal RQ of

that miR)]. Signature values of the 15 tumours of cohort A

and the 19 primary tumours of cohort B are presented

(Fig. 5). T test of the differences between the signature

values was significant with a P value of 0.0004 (two tailed,

unpaired t test). Using a ‘‘leave one out’’ design, and a

median of the signature values as the cutoff, this signature

was able to predict correctly the outcome of 28 out of 34

Fig. 3 Analysis of miR-21 and

PTEN protein levels. a Left RQ

of miR-21 in different stages of

tumor progression.

Mucosa = normal adjacent

colon tissue specimens, cohort

A = primary colon tumor

specimens from patients that did

not develop metastases at

4 years, cohort B

primaries = primary colon

tumor specimens that developed

metastases, cohort B

mets = liver metastasis

specimens. Significant

differences were observed in

expression levels of miR-21

with increasing CRC

progression. Right analysis of

PTEN negative and PTEN

positive tumours for miR-21

expression. No correlation

between miR-21 and PTEN

levels was demonstrated.

b Representative examples of

PTEN negative and positive

tumour IHC
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tumours (82%). The specificity of this signature for the

detection of tumours that had metastasized was 87%, while

the sensitivity was 76%.

Discussion

In the present study, we have shown that previously sug-

gested metastasis-associated miRs [13] are also important

in the progression and metastatic potential of CRCs. Using

human colorectal tissue, we have shown differential

expression of miR-135a, 206, 21, 335 and let-7a along the

progression of CRC. Exploration of a miR prognostic

signature suggests that miR profiles may compliment

clinicopathologic variables in predicting the risk of

metastasis in resected colorectal tumours.

The mechanisms by which some of these differentially

expressed miRs are involved in CRC pathogenesis has been

suggested by prior investigations. miR-135 has been shown

to suppress expression of the tumour suppressor gene APC,

inducing Wnt pathway signaling, possibly contributing to

the development of colorectal adenomas and carcinomas

[11]. Further, a study exploring miR expression in exfoli-

ated colonocytes from feces has shown significantly higher

miR-135 in patients with CRC compared with healthy

volunteers [28]. Consistent with these reports, we present

further evidence that miR-135 is higher in primary colo-

rectal tumours compared with normal adjacent tissues and

higher in tumours that have the ability to metastasize.

Over-expression of miR-206 has shown pro-apoptotic

properties through inhibition of notch3 signaling, also

inhibiting cell migration, focus formation [29] and prolif-

eration [30]. Moreover, miR-206 was inversely related to

c-met expression in rhabdomyosarcoma with inhibition of

miR-206 promoting cell proliferation and migration [31].

Consistent with these reports, down-regulation of miR-206

Fig. 4 let-7a levels and KRAS

mutation analysis. a RQ of let-

7a levels in tumour specimens

showed significant differences

in expression comparing cohort

A to cohort B. b The

distribution of KRAS mutations

in the tumors bearing such

mutations. c One-Way ANOVA

test for the difference between

cohort A, cohort B primaries

and cohort B metastasis is

significant in the mutant KRAS

tumors, while the same test in

the wild type KRAS tumors is

non-significant (P value 0.129).

d RQ of let-7a levels in tumors

with mutant KRAS, wild type

KRAS, and those with codon 12

mutations. e No significant

differences in let-7b expression

observed within these cohorts
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in our study was associated with a more malignant phe-

notype, suggesting a tumour suppressor role for miR-206

may also exist in CRC.

The tumour suppression genes PTEN, Pdcd4 and tropo-

myosin 1 (TPM1), matrix metalloproteinase regulators and

cell cycle regulators have been suggested as targets of miR-

21 [9, 14, 24, 32–34]. Clinically, higher mir-21 over-

expression was reported in a variety of cancers, and in CRC

has been associated with more advanced disease, poor sur-

vival and poor outcome [10]. Our findings validate this, as

miR-21 expression increased along with tumors’ metastatic

potential. Correlating miR-21 levels with PTEN IHC in our

specimens suggests that miR-21 may regulate PTEN only in

a subset of PTEN expressing tumors. miR-21 was the only

miR found to correlate with clinical outcome in a recent

CRC study [10]. However in contrast to this previous study

that analyzed miRs isolated from whole tumour tissue, we

evaluated miR expression specifically in tumour epithelium.

Indeed, high stromal expression of miR-21 in stage II colon

cancer has been associated with shorter DFS [7]. miR-21 is

up regulated in the epithelial malignant compartment as well

as in the stromal components as part of the progression of

CRC. Thus, changes in the expression levels of the miRs we

have discovered as associated with CRC progression may

not have been detected in previous studies as they can be

differentially expressed in the stromal compartment, which

may mask the ability to detect differences in the tumour

epithelium. This observation stresses the need to analyze the

malignant component and the components of the cancer’s

microenvironment separately.

KRAS mutation status has been shown to be important

in the pathogenesis of CRC [35] and the let-7 miR family

has been shown to down-regulate KRAS through binding

of the 30UTR of the KRAS gene [12]. Our finding of

increased expression of let-7a in CRC specimens bearing

KRAS mutations is counterintuitive. Indeed, this difference

becomes non-significant when only the codon 12 mutations

are considered. However, these results indicate lack of a

selective pressure for lower let-7a levels when KRAS is

mutant. It can be speculated that let-7a has a tumour-pro-

moting impact that remains to be discovered. Regarding

miR-335, in contrast to a proposed metastasis suppressing

role of this miR in breast cancer [30], we demonstrated its

elevated expression with increased metastatic potential in

CRC. The biologic impact of specific miRs is probably

very much dependant on the cell type and the transcription

level of potential target mRNA species.

To the best of our knowledge, this is the first report

investigating miR differences between primary CRC and

the corresponding LM using micro dissected specimens. A

comparison of miR-21 and miR-143 expression in whole

CRC samples and corresponding LM has been reported by

Kulda et al. [6] demonstrating higher expression of miR-21

in LM compared with normal colonic tissue, similar to our

results in micro dissected cells. We have also found a trend

towards increased expression of let-7a and lower expres-

sion of miR-206 in LM compared with primary tumours

and normal colon tissue. Further studies with larger num-

bers of primary tumours and paired LM are required to

explore the possibility of differential expression of miRs

between primary CRC and metastatic disease. As well, the

direct contribution of these miRs to CRC progression were

not evaluated in this study and will require the elucidation

of the gene targets regulated by these miRs.

In an attempt to create a novel prognostic tool, we

combined the significantly altered miRs into a prognostic

miR signature. By a leave-one-out validation this signature

has potential applicability, but validation using a different

cohort is required. Others have shown the potential role of

prognostic miR signatures in lung cancer, gastric cancer,

cervical cancer, and kidney cancer [36–40]. Considering

the stability of miRs, the prognostic and possibly diag-

nostic and predictive use of miRs seem promising.

In summary, we have shown that previously described

metastasis-associated miRs are also important in CRC and

correlate with the metastatic capacity of primary CRC.

This study adds further evidence for the potential of uti-

lizing specific miR targeted therapeutics as inhibitors of

CRC metastatic spread.
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