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A B S T R A C T

The conventional first-line chemotherapy for metastatic colorectal cancer (mCRC) consists

of fluorouracil (5-FU) in combination with either oxaliplatin or irinotecan. We have

explored microRNAs (miRNAs) in plasma as potential predictive markers to oxaliplatin-

based chemotherapy. The expression of 742 miRNAs was examined in plasma samples

from 24 mCRC patients (12 responders and 12 non-responders) before onset and after

four cycles of 5-FU/oxaliplatin. The top differentially expressed miRNAs between re-

sponders and non-responders were selected for further analysis in a validation cohort of

150 patients. In the validation cohort, there was a significant overrepresentation of miRNAs

with higher mean expression in the non-responder group than in the responder group

before treatment (p < 0.002). Moreover, we found three miRNAs (miR-106a, miR-484, and

miR-130b) to be significantly differentially expressed before treatment (p ¼ 0.008, 0.008,

and 0.008, respectively). All three miRNAs were upregulated in non-responders. High

expression of miR-27b, miR-148a, and miR-326 were associated with decreased

progression-free survival (Hazard ratios (HR) of 1.4 (95% CI 1.1e1.8, p ¼ 0.004), 1.3 (95% CI

1.1e1.6, p ¼ 0.007), and 1.4 (95% CI 1.1e1.8, p ¼ 0.008), respectively). miR-326 was also asso-

ciated with decreased overall survival (HR 1.5 (95% CI 1.1e2.0, p ¼ 0.003)). There were no

significantly differentially expressed miRNAs in association with clinical outcome after

four cycles of chemotherapy. The present study demonstrates that plasma miRNAs

analyzed before treatment may serve as non-invasive markers predicting outcome in

mCRC patients treated with 5-FU and oxaliplatin-based chemotherapy.
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1. Introduction (Ng et al., 2009). Cheng et al. found plasmamiR-141 to be a sen-
Predictive markers are required to increase the efficacy of

chemotherapy and may also be helpful in monitoring therapy

response in metastatic colorectal cancer (mCRC). The main

chemotherapeutic drugs in mCRC are 5-fluorouracil (5-FU)

(or its pro-drug capecitabine) given in combinationwith either

oxaliplatin or irinotecan. There are currently no available mo-

lecular predictive markers for these combination regimens.

With a response rate of approximately 50% to each regimen

in first-line (Tournigand et al., 2004), and considering that

only 50e60% are well enough to receive second-line therapy

(Saunders and Iveson, 2006), the choice of an optimal first-

line regimen is important.

Predictive biomarkers are ideally blood-based as blood is

easily available and provides the opportunity to monitor ther-

apy response. In addition, a blood sample collected before

onset of first-linemetastatic therapy is likely to bemore repre-

sentative of the metastatic situation than tissue from the pri-

mary tumor, collected several months or years earlier.

There is emerging evidence that microRNAs, small nucleo-

tide sequences of noncoding RNA, play an important role in

chemotherapy resistance (Zheng et al., 2010). MiRNAs have a

crucial role in the control of biological processes, such as

cellular development, differentiation, proliferation, apoptosis,

andmetabolism (Bartel, 2004). They act as transacting factors,

suppressing translation or inducing messenger RNA (mRNA)

degradation of target genes (Bartel, 2004). MiRNAs suppress

important cancer-related genes and are differentially regu-

lated in different human cancer types, suggesting a role as tu-

mor suppressors or oncogenes (Esquela-Kerscher and Slack,

2006). The mechanism underlying their stability in the

RNase-rich milieu of blood is not well understood. It has

been demonstrated that miRNAs are stabilized when pack-

aged with RNA-binding proteins or enclosed in small mem-

branous vesicles (Chen et al., 2012; Mitchell et al., 2008).

There are studies reporting a high correlation between tumor

miRNA expression and miRNA expression in the circulation

(Ng et al., 2009; Wang et al., 2010). Other studies, however,

lack a strong correlation (Boeri et al., 2011; Cookson et al.,

2012). This controversy might be explained by specific release

mechanisms favoring some miRNAs over others (Pigati et al.,

2010).

MiRNAs in CRC tissue have been reported to be of prog-

nostic or predictive value. For example highmiR-21 expression

has been associated with inferior recurrence-free cancer-spe-

cific survival in stage II CRC (Kjaer-Frifeldt et al., 2012), low

miR-150 expression has been associated with poor survival

and poor response to adjuvant 5-FU-based chemotherapy

(Ma et al., 2012), whereas increased expression of miR-126

has been reported to be associated with response to first-line

capecitabine and oxaliplatin in mCRC (Hansen et al., 2012).

There are an increasing number of studies on circulating miR-

NAs as potential biomarkers in CRC. Giraldez et al. identified

six miRNAs to be significantly upregulated in plasma samples

of patients with CRC compared to controls (Giraldez et al.,

2012). Ng et al. discovered miR-92 to be significantly elevated

in plasma and CRC tissues, but reduced in postoperative

plasma samples, suggesting miR-92 to be a marker for CRC
sitive marker and to complement CEA for detecting stage IV

colon cancer (Cheng et al., 2011). Also, plasma miR-141 was

associated with decreased survival, representing an indepen-

dent prognostic factor in mCRC (Cheng et al., 2011).

To our knowledge, no study so far has explored circulating

miRNAs and their associationwith chemotherapy response in

mCRC. To address this issuewe assessed the expression of 742

plasma miRNAs in 24 mCRC patients before and after four cy-

cles of first-line 5-FU/oxaliplatin (Nordic FLOX). From this pilot

study we selected the most differentially expressed miRNAs

to be further analyzed in another 150 mCRC patients treated

withNordic FLOX,with the aim of identifying potential predic-

tive markers to aid in therapy decisions and to monitor ther-

apy response.
2. Materials and methods

2.1. NORDIC VII

In the NORDIC VII trial (NCT 00145314), a total of 571 patients

with mCRC were randomized to receive first-line standard

Nordic FLOX (bolus 5-fluorouracil/folinic acid and oxaliplatin)

(arm A), cetuximab and Nordic FLOX (arm B), or cetuximab

combined with intermittent Nordic FLOX (arm C) (Tveit

et al., 2012). The patients included in the pilot study and the

validation study were treated with Nordic FLOX (arm A).

Response status was evaluated according to the RECIST

version 1.0 criteria and was assigned to patients with com-

plete or partial remission with changes in tumor measure-

ments confirmed by repeat studies performed no less than

four weeks after the criteria for response were first met (min-

imum interval of eight weeks e four cycles) (Therasse et al.,

2000). For a response criteria to be met in the validation study

a complete or partial remission was required without confir-

mation by repeat studies. The study was approved by the na-

tional ethics committees and governmental authorities in

each country and was conducted in accordance with the

Declaration of Helsinki. All patients provided written

informed consent.

2.2. Patient characteristics

There were 12 responders and 12 non-responders included in

the pilot study (Table 1). There were significant differences in

progression-free survival (PFS) and overall survival (OS) be-

tween the two groups (p < 0.001 and p ¼ 0.045, respectively).

The non-responders and responders were well matched on

age (p ¼ 0.39). There were no significant differences in gender,

WHO status, location of primary tumor, metastatic sites,

KRAS, or BRAF mutational status between the groups. Of the

150 patients in the validation study, there were significantly

longer PFS and OS in the responder group (p < 0.001 and

p ¼ 0.001, respectively) (Table 2). The two groups were well

matched on age (p ¼ 0.39). There were no significant differ-

ences in gender, location of primary tumor, metastatic sites

or KRAS mutational status. There were more patients with

BRAF wild-type than BRAF mutation in the responder group

http://dx.doi.org/10.1016/j.molonc.2013.09.001
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Table 2 eClinico-pathological data of the patients in the validation
study.

Responders
(N ¼ 90)

Non-responders
(N ¼ 60)

p

Age 0.39

Mean 59 61

Median (range) 60 (30e75) 63 (34e75)

Gender 0.62

Male 51 31

Female 39 29

WHO <0.001

0 68 27

1 20 27

2 2 6

Location 1.00

Colon 54 36

Rectum 36 24

Metastatic sites 0.85

1 26 16

>1 64 44

KRAS (N ¼ 125) 0.70

Mutation 29 18

Wild-type 52 26

BRAF (N ¼ 116) 0.02

Mutation 5 10

Wild-type 68 33
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(p ¼ 0.02), and more patients with WHO status 0 in the

responder group (p< 0.001). Therewere fewer patient samples

available for plasma analyses after four chemotherapy cycles

(n ¼ 130).

2.3. Sample preparation

Blood samples from the study participants were collected in

EDTA tubes. The tubes were incubated in room temperature

for 30 min before centrifuged for 10 min at 1400 � g. Plasma

was pipetted into a polypropylene cryo-tube and stored at

�70 �C. Isolation of RNA and real-time quantitative PCR exper-

iments were performed by Exiqon Company, Vedbaek,

Denmark (www.exiqon.com). Total RNA was extracted from

plasma using the Qiagen miRNeasy� Mini Kit. Plasma was

thawed on ice and centrifuged at 3000 � g for 5 min in a 4 �C
microcentrifuge. An aliquot of 200 mL of plasma per sample

was transferred to a new microcentrifuge tube and 750 mL of

a Qiazol mixture containing 1.25 mg/mL of MS2 bacteriophage

RNA was added to the plasma. The tube was mixed and incu-

bated for 5 min followed by the addition of 200 mL chloroform.

The tube was mixed, incubated for 2 min and centrifuged at

12,000 � g for 15 min in a 4 �C microcentrifuge. The upper

aqueous phase was transferred to a new microcentrifuge

tube and 1.5 volume of 100% ethanol was added. The contents

were mixed thoroughly and 750 mL of the sample was trans-

ferred to a Qiagen RNeasy� Mini spin column in a collection
Table 1 e Clinico-pathological data of the patients in the pilot
study.

Responders
(N ¼ 12)

Non-responders
(N ¼ 12)

p

Age 0.39

Mean 61 58

Median (range) 62 (46e75) 58 (45e72)

Gender 0.68

Male 6 8

Female 6 4

WHO 1.00

0 10 9

1 2 2

2 e 1

Location 1.00

Colon 5 6

Rectum 7 6

Metastatic sites 0.67

1 5 3

>1 7 9

KRAS (N ¼ 20) 0.06

Mutation 2 5

Wild-type 10 3

BRAF (N ¼ 20) 0.25

Mutation 1 3

Wild-type 11 5

Survival

Median PFS 9.7 (8.1e11.4) 2.1 (1.6e2.6) <0.001

Median OS 24.3 (4.3e44.3) 6.9 (2.7e11.1) 0.045

Survival

Median PFS 9.2 (8.2e10.2) 5.9 (4.9e6.9) <0.001

Median OS 25.7 (22.3e29.1) 14.2 (8.6e20.0) 0.001
tube followed by centrifugation at 15,000 � g for 30 s at room

temperature. The process was repeated until all remaining

sample had been loaded. The Qiagen RNeasy� Mini spin col-

umn was rinsed with 700 mL Qiagen RWT buffer and centri-

fuged at 15,000 � g for 1 min at room temperature followed

by another rinse with 500 mL Qiagen RPE buffer and centri-

fuged at 15,000 � g for 1 min at room temperature. A rinse

step (500 mL Qiagen RPE buffer) was repeated twice. The Qia-

gen RNeasy� Mini spin column was transferred to a new

collection tube and centrifuged at 15,000 � g for 2 min at

room temperature. The Qiagen RNeasy� Mini spin column

was transferred to a new microcentrifuge tube and the lid

was left uncapped for 1 min to allow the column to dry. Total

RNA was eluted by adding 50 mL of RNase-free water to the

membrane of the Qiagen RNeasy�mini spin column and incu-

bating for 1min before centrifugation at 15,000� g for 1min at

room temperature. The RNA was stored in a �80 �C freezer.

2.4. MicroRNA analyses

A qPCR quality control was performed on all the samples in

the pilot study before starting the panel profiling of the 742

miRNAs. This was done to see if samples had failed RNA puri-

fication and tomake sure no inhibition was present. Each RNA

sample was reverse transcribed (RT) into cDNA and tested for

the expression of four miRNAs and a synthetic spike in RNA.

All four miRNAs were detected in all the samples. The expres-

sion levels were within the range of expression normally seen

http://www.exiqon.com
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for this type of sample. There was no RT-qPCR inhibition as

judged by the expression of the included RNA spike-in.

15 mL RNA was reverse transcribed in 75 mL reactions in the

pilot study, whereas 2 mL RNAwas reverse transcribed in 10 mL

reactions in the validation study. ThemiRCURY LNA� Univer-

sal RTmicroRNA PCR, Polyadenylation and cDNA synthesis kit

(Exiqon) was used in both studies. cDNA was diluted 50� and

assayed in 10 mL PCR reactions. Q-PCRwas performed by using

the miRCURY LNA Universal RT microRNA PCR system con-

taining 742 miRNA assays (Human panels I and II) in the pilot

study and 32 miRNA assays in the validation study. Negative

controls excluding template from the reverse transcription re-

action was performed and profiled like the samples. The

amplification was performed in a LightCycler� 480 Real-

Time PCR System (Roche, Basel, Switzerland). The amplifica-

tion curves were analyzed using the Roche LC software, both

for determination of Cp (by the 2nd derivative method) and

for melting curve analysis. Assays had to be detected with 5

Cp’s less than the negative control. If the negative control

was not detectable the Cp should be below 37 to be included

in the data analysis. A higher Cp value before normalization

indicates that the miRNA is less abundant in a sample.

Normalization was performed based on the average of the as-

says detected in all samples as this is shown to be the best

normalization for qPCR studies involving numerous assays

(Mestdagh et al., 2009). The formula used to calculate the

normalized Cp values: Normalized Cp ¼ average Cp e assay

Cp. A higher “Normalized Cp” value thus indicates that the

microRNA is more abundant in that particular sample.

2.5. Statistical analysis

A t-test was applied to study the extent of change in miRNA

expression after treatment in both the pilot study and the vali-

dation study. For eachmiRNA in the pilot study, differences in

expression of responders and non-responders were also

compared using a t-test. This was done separately for the

before treatment samples, the after treatment samples, and

all samples. Logistic regression and t-test were applied to

study the effect of miRNA expression and response outcome

in the validation study. Cox proportional-hazard regression

was performed to calculate PFS and OS hazard ratios (HR),
Figure 1 e Schematic overview of the p
95% confidence intervals (CI), and wald test p-values for

each miRNA separately in the validation study. Statistical an-

alyses were performed using R (http://www.r-project.org/).
3. Results

3.1. Pilot study: identification of candidate miRNAs

The outlines of the pilot and the validation studies are illus-

trated in Figure 1. To study differential miRNA expression,

742 miRNAs were assessed in 48 plasma samples, obtained

before and after treatment in 24 patients (12 responders and

12 non-responders). The stability of the average of 81 miRNAs

detected in 44 of the 48 samples was higher than any single

miRNA in the dataset as measured by the NormFinder soft-

ware (Andersen et al., 2004) and was used for normalization.

Thirty-onemiRNAs were significantly differentially expressed

in the before versus after treatment samples (p < 0.01,

Supplementary Table 1). Three different analyses were per-

formed to study differential expression in responders and

non-responders, considering only samples before treatment

(BE), after treatment (AF), or all samples (AF þ BE), respec-

tively. For the first two analyses, miRNAs above the detection

limit in at least 9 samples were analyzed. For the last analysis

(AF þ BE), miRNAs above the detection in at least 18 samples

were analyzed. All miRNAs with p < 0.05 in at least one of

the three testswere identified (Supplementary Table 2). A total

of 22 miRNAs were associated with response to treatment.

The patients included in the pilot study were representative

of the patients in the validation study since they belong to

the same cohort. We therefore chose stably expressed miR-

NAs from the pilot study to be used as endogenous controls

in the validation study instead of choosing reported control

miRNAs from the literature. We expected more variation in

the larger validation study, and therefore selected 10 miRNAs

altogether (miR-24, miR-126, miR-15b, miR-106a, miR-22, miR-

30b, miR-484, miR-7i, miR-23b, miR-126*) that demonstrated

great stability for further analysis as potential controls. They

were identified with the aid of the NormFinder software.

This resulted in a total of 32 miRNAs for further analyses in

the validation study.
ilot study and the validation study.

http://www.r-project.org/
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3.2. MiRNAs associated with clinical outcome

In the validation study, the average of three miRNAs (miR-126,

miR-15b, and miR-24) detected in all samples demonstrated

higher stability than any single miRNA in the dataset and

was used for normalization. The extent of change in miRNA

expression in samples available for paired analysis in the vali-

dation study was studied using paired t-tests. There were

eight miRNAs that were differentially expressed after treat-

ment (miR-326, miR-377, miR-328, miR-205, miR-27b, miR-23b,

miR-24, and miR-126). Seven miRNAs (miR-377, miR-328, miR-

27b, miR-23b, let-7i, miR-24, and miR-126) were differentially

expressed in responders, whereas three miRNAs (miR-103-2*,

miR-326, miR-409-3p) were differentially expressed in non-

responders (p< 0.01, Supplementary Table 3). The relation be-

tween miRNA expression and response to treatment was

studied separately before and after treatment (n ¼ 150 and

130, respectively) using t-tests and logistic regression

(Supplementary Tables 4 and 5, Supplementary Figures 1

and 4). Before treatment there was a significant overrepresen-

tation of miRNAs with higher mean expression in the non-

responder than in the responder group (binomial test;

p < 0.002), indicating a tendency of therapy resistance to be

associated with increased miRNA expression before treat-

ment. Test results with p-value < 0.01 were regarded signifi-

cant. Note that only 0.01*32 ¼ 0.32 tests were expected to be

significant by chance. Before treatment, three miRNAs (miR-

106a, miR-484, and miR-130b) were significantly upregulated

in non-responders with both the t-test and logistic regression

(Figure 2 and Table 3). An additional miRNA (miR-32) was

significantly upregulated in non-responders with the t-test

only (p¼ 0.009). After treatment, nomiRNAswere significantly

differentially expressed in both the t-test and logistic regres-

sion. One miRNA (miR-328) was significantly upregulated in

non-responders with the t-test only (p ¼ 0.009).

The relation between miRNA expression and survival

was studied using Cox regression analysis (Supplementary
-2
-1

0
1

2
3

miR-106a miR-130b miR-484

Figure 2 e Expression levels of miR-106a, miR-130b, and miR-484 in

the validation study were significantly higher in non-responders as

compared to responders (both t-test and logistic regression).
Tables 4 and 5, Supplementary Figures 2, 3, 5, and 6). Before

treatment, three miRNAs (miR-27b, miR-148a, and miR-326)

were significantly associated with decreased PFS; with HRs

of 1.4 (95% CI 1.1e1.8, p ¼ 0.004), 1.3 (95% CI 1.1e1.6,

p ¼ 0.007), and 1.4 (95% CI 1.1e1.8, p ¼ 0.008), respectively.

Furthermore, miR-326 was also associated with decreased OS

(HR 1.5 (95% CI 1.1e2.0, p ¼ 0.003) (Table 3). After treatment,

no miRNAs were significantly associated with PFS or OS. The

miRNAs associated with clinical outcome in the present study

and their reported relevance to CRC is summarized in Table 4.
4. Discussion

Resistance to chemotherapy is a considerable clinical obstacle

when treatingmCRC.With only half the patients responding to

either type of first-line treatment, there is a need to identify

predictive markers to improve response rate and spare pa-

tients of the toxicity of ineffective treatment. MiRNAs have

been demonstrated to be promising molecular markers in

many cancer types, including CRC. We report the only study

so far that has explored the potential of circulating miRNAs

as predictivemarkers to conventional chemotherapy inmCRC.

The chemotherapy seemed to profoundly alter the pa-

tients’ plasma miRNA expression profiles in the pilot study.

A complex up- and downregulation of oncogenic and tumor

suppressor miRNAs after treatment was observed. Zhou

et al. also demonstrated changes in miRNA expression

following exposure to 5-FU/oxaliplatin in colon cancer cells

(Zhou et al., 2010). They observed downregulation of onco-

genic miRNAs that tend to be overexpressed in cancer and

are correlated with poor prognosis and treatment resistance.

These authors suggested that the tumor suppressive action

of 5-FU/oxaliplatin could rely in part on their action on onco-

genic miRNAs and their target genes. In line with this we

observed miR-23a, which is reported to promote migration

and invasion in CRC cells (Jahid et al., 2012), to be downregu-

lated in the after treatment samples. Moreover, miR-335,

which was also downregulated in the after treatment sam-

ples, has been associated with increased metastatic capacity

in CRC (Vickers et al., 2012). On the contrary, miR-99a, miR-

122, andmiR-34a, all reported to have tumor suppressive func-

tions, were upregulated after treatment. miR-99a has been re-

ported to suppress hepatocellular carcinoma (HCC) growth by

inducing cell cycle arrest (Li et al., 2011), and overexpression of

miR-122 has been found to inhibit HCC cell growth and pro-

mote apoptosis (Xu et al., 2012). miR-34a responsive genes

are highly enriched for those that regulate cell-cycle progres-

sion, cellular proliferation, apoptosis, DNA repair, and

angiogenesis (Chang et al., 2007). By experimentally overex-

pressing miR-34a, p53 effects like cell-cycle arrest and

apoptosis could be achieved (Chang et al., 2007). Another

study found transient introduction ofmiR-34a into human co-

lon cancer cell lines to result in complete suppression of cell

proliferation (Tazawa et al., 2007). As hypothesized by Tazawa

et al., upregulation of certain tumor suppressor miRNAs may

represent a cellular stress response induced by chemothera-

peutic agents.

Seven miRNAs were differentially expressed in responders

and three in non-responders when comparing miRNA

http://dx.doi.org/10.1016/j.molonc.2013.09.001
http://dx.doi.org/10.1016/j.molonc.2013.09.001
http://dx.doi.org/10.1016/j.molonc.2013.09.001


Table 3 e MiRNAs associated with clinical outcome before onset of treatment. miR-106a, miR-130b, and miR-484 were significantly higher in
non-responder patients (t-test and logistic regression). High expression of miR-148a and miR-27b were significantly associated with shortened
PFS, while high expression of miR-326 was associated with both shortened PFS and OS.

MicroRNA T-test Logistic regression PFS OS

T-value p Coefficient SE p HR 95% CI p HR 95% CI p

miR-106a 2.722 0.007 �0.618 0.232 0.008 1.129 (0.90e1.41) 0.287 1.171 (0.90e1.52) 0.231

miR-130b 2.741 0.008 �0.716 0.270 0.008 1.398 (1.05e1.86) 0.022 1.312 (0.96e1.79) 0.088

miR-484 2.670 0.009 �0.821 0.309 0.008 1.181 (0.90e1.56) 0.239 1.074 (0.79e1.46) 0.648

miR-148a 2.508 0.014 �0.448 0.183 0.014 1.290 (1.07e1.55) 0.007 1.179 (0.96e1.45) 0.118

miR-27b 1.071 0.287 �0.226 0.208 0.276 1.400 (1.11e1.76) 0.004 1.256 (0.97e1.64) 0.090

miR-326 0.732 0.467 �0.153 0.200 0.444 1.390 (1.09e1.77) 0.008 1.491 (1.14e1.95) 0.003
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expression levels before and after treatment in the validation

study. There was no overlap of these miRNAs in the two

groups even though they received the same treatment. This

may indicate that the miRNA expression is altered differently

after treatment in these two groups.

There was an overrepresentation of miRNAs with higher

mean expression in the non-responders before treatment,

indicating that therapy resistance was associated with

increased miRNA expression. This trend has also been

reported by Rasmussen et al. (Rasmussen et al., 2013).
Table 4 e MiRNAs associated with clinical outcome in the present study

MicroRNA Present study Differential exp

miR-106a High levels in plasma associated

with lack of response in mCRC

patients treated with 5-Fu/oxaliplatin

Upregulated in tum

Catela et al., 2013;

Ng et al., 2009; Sch

Volinia et al., 2006

Upregulated in tum

compared to CRC p

metastases (Feng e

Upregulated in sto

patients with CRC

(Link et al., 2010)

miR-130b High levels in plasma associated

with lack of response in mCRC

patients treated with 5-Fu/oxaliplatin

Upregulated in tum

2009; Monzo et al.,

miR-484 High levels in plasma associated

with lack of response in mCRC

patients treated with 5-Fu/oxaliplatin

Highly expressed i

with mCRC compa

lower expressed th

stage (IeII) patient

miR-148a High levels in plasma associated with

shorter PFS in mCRC patients treated

with 5-Fu/oxaliplatin

Upregulated in sta

(Monzo et al., 2008

Downregulated in

tumors compared

(Takahashi et al., 2

miR-27b High levels in plasma associated with

shorter PFS in mCRC patients treated

with 5-Fu/oxaliplatin

Not reported in CR

miR-326 High levels in plasma associated with

shorter PFS and OS in mCRC patients

treated with 5-Fu/oxaliplatin

Not reported in CR

Abbreviations: CRC ¼ colorectal cancer, mCRC ¼ metastatic colorectal c

OS ¼ overall survival.
Upregulation of three circulating miRNAs (miR-106a, miR-

130b, and miR-484) were significantly associated with lack of

response in our study. miR-106a (Arndt et al., 2009; Catela

et al., 2013; Monzo et al., 2008; Ng et al., 2009; Schetter et al.,

2008; Volinia et al., 2006) and miR-130b (Arndt et al., 2009;

Monzo et al., 2008) have previously been reported to be over-

expressed in CRC tissue. miR-106a has also been shown to be

highly expressed in CRC metastatic cells and to inhibit the

expression of transforming growth factor b receptor 2

(TGFbR2), leading to increased cell migration and invasion
and reported relevance to CRC.

ression (literature) Prognosis/clinical outcome (literature)

or (Arndt et al., 2009;

Monzo et al., 2008;

etter et al., 2008;

)

High expression levels in tumor associated

with poor survival in a test cohort

(Schetter et al., 2008)

or of mCRC patients

atients without

t al., 2012)

Downregulation in tumor associated with

shorter DFS and OS (Diaz et al., 2008)

ol samples from

or adenomas

Upregulation in tumor of patients without

metastases associated with shorter

metastasis-free survival (Feng et al., 2012)

or (Arndt et al.,

2008)

Not reported in CRC

n sera from patients

red to controls, but

an controls in early

s (Hofsli et al., 2013)

Not reported in CRC

ge II tumors

)

Low expression in tumor associated with

poor prognosis in stage III patients treated

with 5-Fu-based adjvant chemotherapy.

stage III and IV

with stage II tumors

012)

Low expression was also associated with

lack of response and poor survival in mCRC

patients treated with 5-Fu/oxaliplatin

(Takahashi et al., 2012)

C High levels in tumor associated with lack of

response to 5-Fu/oxaliplatin in a mCRC test

cohort (Rasmussen et al., 2013)

C Not reported in CRC

ancer, DFS ¼ disease-free survival, PFS ¼ progression-free survival,

http://dx.doi.org/10.1016/j.molonc.2013.09.001
http://dx.doi.org/10.1016/j.molonc.2013.09.001
http://dx.doi.org/10.1016/j.molonc.2013.09.001


M O L E C U L A R O N C O L O G Y 8 ( 2 0 1 4 ) 5 9e6 7 65
(Feng et al., 2012). Furthermore, downregulation of tumormiR-

106a expression has been reported to predict shortened sur-

vival in CRC (Diaz et al., 2008), whereas Schetter et al. found

high expression to be associated with poor survival in the

test cohort (Schetter et al., 2008).miR-130bhas been associated

with metastasis in gastric cancer patients (Kim et al., 2013).

Another study on endometrial cancer found overexpression

ofmiR-130b together with DICER1 dysfunction to be associated

with tumor invasiveness (Li et al., 2013). Both miR-106a and

miR-130b are considered to be oncogenic and their pro-

oncogenic behavior may contribute to the reduced response

observed in patients with high expression of these miRNAs

in our study. Recently, miR-484 was reported to be higher in

sera from metastatic colon cancer patients than in healthy

controls, but lower than controls in sera from stage I/II pa-

tients (Hofsli et al., 2013). In addition to be associated with

therapy resistance to oxaliplatin-based chemotherapy as re-

ported in our study,miR-484may represent a novel diagnostic

marker for mCRC.

High expression of miR-27b, miR-148a, and miR-326 before

onset of treatment were associated with reduced PFS, while

miR-326 was also associated with reduced OS. miR-27b targets

the DPD gene (DPYD), which is important for the antitumor ef-

fect of 5-FU (Hirota et al., 2012), and also regulates the drug-

metabolizing enzyme CYP1B1 (Tsuchiya et al., 2006). Even

though not confirmed in their validation cohort, a recent

study found increased miR-27b expression in tumor tissue to

be associated with resistance to oxaliplatin-based chemo-

therapy in the mCRC screening cohort (Rasmussen et al.,

2013). This is in accordance with our results. Rasmussen and

co-workers also demonstrated that miR-27b was upregulated

in oxaliplatin-resistant colon cancer cells (Rasmussen et al.,

2013). Altogether, these findings support a role for miR-27b in

oxaliplatin-based chemotherapy resistance in mCRC. miR-

148a, which is reported to be a tumor suppressor in CRC

(Zhang et al., 2011), also showed a trend of being associated

with lack of responsewhen highly expressed before treatment

(p ¼ 0.014), in addition to be significantly associated with

reduced PFS. Contrary to our results, a recent study found

low tumor miR-148a expression to be associated with

decreased survival in mCRC patients treated with

oxaliplatin-based chemotherapy (Takahashi et al., 2012). On

the other hand, high levels of plasma miR-148a have been

associated with shorter relapse-free survival in multiple

myeloma (Huang et al., 2012). miR-326 is a suppressor of

Hedgehog signaling. Downregulation allows high levels of

Hedgehog-dependent gene expression, leading to neoplastic

transformation into medulloblastoma (Ferretti et al., 2008)

and chronic myeloid leukemia (Babashah et al., 2013). Down-

regulation of miR-326 is also associated with gliomblastoma

multiforme progression (Karsy et al., 2012). Interestingly,

miR-326 regulates themultidrug resistance-associated protein

(MRP-1) (Liang et al., 2010), which is an adenosine

triphosphate-binding cassette (ABC) transporter that de-

creases intracellular drug accumulation due to active efflux.

Increased expression of this transporter is associated with

multidrug resistance. The interaction between miR-326 and

MRP-1 may be a contributing underlying mechanism explain-

ing the different clinical outcomes in patients with altered

levels of miR-326 in our study.
Upregulation of three miRNAs (miR-106a, miR-130b, and

miR-484) were associated with lack of response, but these

were not associated with reduced PFS or OS. We cannot fully

understand this controversy. Response means a reduction of

the total tumor burden of more than 30% from baseline, by

radiological measurement, which is normally interpreted as

a therapeutic effect, and often correlates with PFS (and OS).

In contrast, the group of patients where a lack of response is

reported as outcome is heterogeneous. The non-responder

group represents a continuum of outcomes; up to 30% size

reduction in tumor burden, stable disease, progression of dis-

ease and non-evaluable disease. Thus, several patients in this

group may have obtained grades of disease stabilization dur-

ing treatment, however, neither sufficient to meet the criteria

of response, nor reflecting a short PFS. This may explain the

discrepant results. Unfortunately, due to a relatively small

sample size, further sub-group analysis to elucidate this ques-

tion was not feasible in this material.

Furthermore, there were significantly more patients with

an improved performance status in the responder group in

the validation study. Hence, the candidate miRNAs found to

be associated with response may be confounded by perfor-

mance status.

There is considerable discrepancy between the results re-

ported in different miRNA studies. The lack of validated

methods for sample collection, RNA extraction, normalization

and miRNA analysis make it difficult to compare results from

different studies. Inconsistent results may also indicate that

miRNAs can act as either oncogenes or tumor suppressors,

depending on the context.miR-106a andmiR-484were selected

from the pilot study as candidate endogenous controls, due to

the fact that they were not differentially expressed. Both

turned out to be differentially expressed between responders

and non-responders in the validation study. These findings

illustrate the challenge of selecting suitable and stably

expressed endogenous controls from a small pilot study.

Moreover, it is important to emphasize that circulatingmiRNA

expression may reflect host-derived factors acting on the tu-

mor and metastases. Erythroblastosis virus E26 oncogene ho-

mologue 1 (ETS-1), an experimentally validated target of miR-

326, is highly involved in immune regulation. It is therefore

plausible that aberrant immune regulation may play a role

in chemotherapy resistance. High miR-326 expression is re-

ported to be associated with high levels of immunity and dis-

ease severity in both multiple sclerosis (Du et al., 2009) and

diabetes (Sebastiani et al., 2011).

We did not identify any circulatingmiRNAs to complement

therapy response evaluation performed according to the

RECIST criteria, as there were no significantly differentially

expressedmiRNAs in the after treatment samples. ThemiRNA

expression was however profoundly altered in the after treat-

ment samples. It is plausible that plasma samples frommCRC

patients exhibit more homogeneous miRNA expression

profiles following exposure to the same chemotherapeutic

regimen.

In conclusion, we have identified six plasma miRNAs

before onset of treatment to be associated with clinical

outcome to 5-FU and oxaliplatin-based first-line chemo-

therapy in mCRC. miR-106a, miR-130b, and miR-484 were asso-

ciated with lack of response, whereas miR-27b, miR-148a, and

http://dx.doi.org/10.1016/j.molonc.2013.09.001
http://dx.doi.org/10.1016/j.molonc.2013.09.001
http://dx.doi.org/10.1016/j.molonc.2013.09.001
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miR-326 were associated with reduced PFS. Tumor expression

levels of the former two miRNAs have previously been associ-

ated with clinical outcome to oxaliplatin-based chemo-

therapy, strengthening their potential role as predictive

markers in mCRC. The most promising predictive marker in

our study was miR-326, associated with both shortened PFS

and OS. The clinical relevance of the six circulating miRNAs

reported should be further studied in larger mCRC cohorts.
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