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Background: Plasma microRNAs (miRNAs) are promising non-invasive biomarkers for colorectal cancer (CRC) prognosis.
However, the published studies to date have yielded conflicting and inconsistent results for specific plasma miRNAs.

Methods: We have conducted a study using robust assays to assess a panel of nine miRNAs for CRC prognosis and early
detection of recurrence. Plasma samples from 144 patients in a prospective CRC cohort study were collected at diagnosis, 6, 12,
and 24 months after diagnosis. miRNAs were assayed by Tagman gRT-PCR to generate miRNA normalised copy numbers.

Results: Preoperative high plasma miRNA levels were associated with increased recurrence risk for miR-200b (HR [95% Cl]=2.04
[1.00, 4.16], P=0.05), miR-203 (HR=4.2 [1.48, 11.93], P=0.007), miR-29a (HR=2.61 [1.34,5.07], P=0.005), and miR-31 (HR=4.03
[1.76, 9.24], P=0.001). Both plasma miR-31 (AUC: 0.717) and miR-29a (AUC: 0.703) could discriminate recurrence from these
patients without recurrence. In addition, high levels of miR-31 during surveillance was associated with a three-fold increased risk of
recurrence across all time points. Dynamic postoperative plasma miR-141 and 16 levels correlated with recurrence in the
surveillance samples.

Conclusions: Pre-operative plasma miR-29a, 200b, 203, and 31 are potential CRC prognosis biomarkers. In addition, dynamic
postoperative miR-31, 141 and 16 levels are potential biomarkers for the early detection of recurrence during CRC surveillance.

Colorectal cancer (CRC) is the third most common cancer and the median survival time of patients with metastatic CRC is
second leading cause of cancer-related death in the United States, approximately 24 months (Ye et al, 2013; Yuan et al, 2013).
with > 50000 death annually (Siegel et al, 2014). More than half of ~ Currently, tumour-lymph nodes-metastasis stage is the most
patients with CRC will present with or develop metastasis and the accurate predictor of CRC recurrence and prognosis. However, it

*Correspondence: Dr Z Yuan; E-mail: yuanzx@mail2.sysu.edu.cn or Professor WM Grady; E-mail: wgrady@fredhutch.org
Revised 10 June 2017; accepted 17 July 2017; published online 15 August 2017
© 2017 Cancer Research UK. All rights reserved 0007 — 0920/17

1202 www.bjcancer.com | DOI:10.1038/bjc.2017.266


mailto:yuanzx@mail2.sysu.edu.cn
mailto:wgrady@fredhutch.org
http://www.bjcancer.com

Plasma miRNAs for colorectal cancer recurrence

BRITISH JOURNAL OF CANCER

is not ideal and incorrectly predicts survival in a substantial
portion of patients (Kocarnik et al, 2015). Thus, there is a need for
more accurate ways to determine prognosis and response to
therapy in patients with CRC.

Advances in the management of patients with metastatic CRC
have also created a need for more accurate prognostic assays to
guide the therapy of these patients. Improved clinical outcomes
have been demonstrated when recurrent metastatic CRC is treated
when it is confined to one organ such as the liver or lungs and
when there are a limited number of metastatic lesions in the
involved organ (Rodriguez-Moranta et al, 2006; Ye et al, 2013).
Thus, the early detection of recurrence can increase the chance for
curative treatment and can improve survival (Young ef al, 2014).
However, current surveillance methods are suboptimal because
they are not sensitive for early recurrent CRC (Young et al, 2014).
Blood-based biomarkers have the potential to address the need for
a non-invasive and highly sensitive method for the early detection
of recurrent CRC.

A number of promising serum- and plasma-based molecular
markers for CRC recurrence have been identified over the last
several years. Circulating nucleic acids, including tumour DNA,
methylated DNA, and microRNAs (miRNAs) have all emerged as
potentially clinical useful biomarkers for CRC recurrence and
survival (Liu and Chu, 2016). MicroRNAs are small single-strand
non-coding RNAs (typically 19-22 nucleotides in size) that can
suppress gene expression by base-pairing to partially complemen-
tary sites on target mRNAs, which triggers RNA degradation or
impairs translation (Selbach et al, 2008). MicroRNAs regulate a
variety of biological functions and are often aberrantly expressed in
pathological conditions, including the majority of cancers (Visone
and Croce, 2009). Interestingly, overexpressed miRNAs in tumour
tissues are often detectable in circulating blood (Toiyama et al,
2013). Although the mechanism through which miRNAs enter the
circulation is still under investigation, some studies show plasma
miRNAs enter the blood in exosomes released into the peripheral
circulation by tumours (Valadi et al, 2007). Importantly, plasma
miRNAs are stable, detectable with PCR-based assays, and
quantifiable (Turchinovich et al, 2011). These features have led
to an intense interest in the development of serum or plasma
miRNAs as diagnostic, prognostic or predictive biomarkers for
CRC (Ng et al, 2009; Huang et al, 2010).

However, despite this promise and the large number of published
studies on blood-based miRNAs as CRC biomarkers, no miRNA
biomarkers have proven robust enough to be used in clinical care.
This is because there is little consistency or reproducibility of the
results of the published studies assessing miRNA biomarkers
(Schubert et al, 2016). The poor reproducibility of biomarker
miRNA studies is likely a consequence of small sample sizes, lack of
validation cohorts, use of different assay technologies, differences in
normalisation methods across studies, and differences in pre-
analytical sample handling protocols (Yamada et al, 2015 Sun
et al, 2016). Thus, we have conducted a strict case-case study of
candidate plasma miRNA CRC biomarkers that addresses many of
the factors responsible for inconsistent results.

We selected candidate circulating miRNA biomarkers based on
our own published work and a review of published studies (Adams
et al, 2014). Based on prior work we selected two miRNAs (miR-31
and -203) because they have low plasma levels and are present at
high levels in CRC patients. We selected six additional miRNAs
based on prior studies that showed strong associations with
CRC prognosis or progression (miR-29a, miR-92a) (Huang et al,
2010; Adams et al, 2014), (miR-17-3p, miR-125b, miR-200b)
(Ng et al, 2009; Nishida et al, 2011; Adams et al, 2014), miR-141
(Cheng et al, 2011). Finally, miR-16 was chosen because it is
commonly used as a plasma control (Hu et al, 2014). We assessed
this panel of nine miRNAs in both pre-operative and serial
postoperative plasma samples, correlated the results with select

demographic features of the CRC patients and with time to cancer
recurrence.

MATERIALS AND METHODS

Patients. Colorectal cancer patients were recruited in an ongoing
prospective colon cancer cohort study (the ColoCare Study)
managed at the Fred Hutchinson Cancer Research Center (Seattle,
Washington). This is an active prospective cohort study established
in 2007 that collects extensive biospecimens and follow-up data at
multiple time points from patients with CRC. Patients were
recruited when consulting with colorectal surgeons at the Seattle
Cancer Care Alliance, University of Washington Affiliated
Hospitals, Swedish Medical Center or Virginia Mason Medical
Center following IRB-approved protocols. Eligibility requirements
include: age 18-80, English speaking, and newly diagnosed with
CRC. Written informed consent was obtained from each
participant. This study was approved by the local IRB committees
of the respective institutions. For this study, we included all stages
I-IV ColoCare participants enrolled between January 2007 and
June 2011 who had a pre-operative blood sample and had current
follow-up information available. Information on diagnosis, stage,
and vital status was obtained from the medical records and the
Colocare clinical information database. Recurrence was determined
based on imaging findings or biopsy of a recurrent lesion. Clinical-
pathologic information was obtained by chart abstraction per-
formed by at least two independent clinical abstractors. Patients
with stage IV patients at enrolment in the study were only included
if they achieved clinical remission following radical resection of
primary tumour and treatment of the concurrent metastatic
disease.

Blood samples and clinical database. Participants provided blood
samples prior to surgery, tumour and normal tissues at the time of
resection, and were followed at regular intervals (approximately
every 6 months) for outcomes related to treatment, drug toxicities,
recurrence, and survival. Blood collection occurred during clinic
visits or, at times, by remote blood draw. Pre-analytic variables
such as time of blood draw, time of processing or freezing, and
deviations from standard operating procedures were recorded
following standard protocols. All samples were given a study ID
number and barcode and were tracked via barcoded specimen IDs
using a customised LIMS.

Isolation of miRNA. MicroRNAs were extracted from baseline
plasma (prior to surgery) using the Qiagen miRNeasy Serum/
Plasma miRNA extraction kit, following modifications as pre-
viously described (Ng et al, 2009). Briefly, 250 ul of blood sample
was centrifuged at 3000 g for 7.5min at room temperature (RT).
Then, 200 ul of supernatant plasma was transferred to a PhaseLock
Gel 15ml tube (5 Prime Inc.) containing 2.0 ml Qiazol (Qiagen,
Hilden, Germany), inverted 10 times, and incubated for 5min at
RT. After the denaturation step and prior to extraction (described
below), each sample received a well-mixed, single-use aliquot of
30 fmol of synthetic C. elegans miRNA (cel-miR-39; Integrated
DNA Technologies, Coralville, IA, USA) and 1 ug of carrier rRNA
(Roche Life Sciences, Penzberg, Germany, cat# 10 206 938 001) in
Qiazol. The sample was inverted 10 times, chloroform (0.2 x
volume) was added and the sample was inverted again 10 times,
and incubated at RT for 2min. The samples were centrifuged at
1500g for 5min at RT and processed following the relevant
portions of miRNeasy extraction kit protocol.

Quantitation of plasma miRNA level by qRT-PCR. MicroRNAs
were quantified using pre-designed TagMan MicroRNA assays
(Life Technologies, Waltham, MA, USA, Cat#4440887). Following
RNA extraction, reverse transcription was completed using the
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Tag-Man miRNA Reverse Transcription Kit and miRNA-specific
stem-loop primers in a 5ul reaction following a previously
described protocol (Ng et al, 2009). We used a fixed volume
(1.67 ul), rather than a fixed mass, of eluted RNA sample and
adjusted for differences in RNA recovery by normalisation to the
synthetic spiked-in cel-miR-39 measured in each sample. We did
not use RNA yield to determine RNA input into the reverse
transcriptase reaction for two reasons (Ng ef al, 2009): (1) the yield
of RNA from small volumes of plasma is typically too low to
accurately quantify, and (2) the 1pug carrier rRNA added to
improve recovery obscures our ability to detect miRNA mass
differences between samples. In parallel with the experimental
samples, we reverse transcribed a 7-point standard curve for each
miRNA wusing synthetic miRNA targets (HPLC-purified, 5
phosphorylated oligonucleotides, Integrated DNA Technologies)
ranging from 3 x 107 to 7 x 107 copies.

After reverse transcription, quantitative real-time PCR (qRT-
PCR) Tagman assays were performed in triplicate using a
commercially available kit (Life Technologies, Carlsbad, CA,
USA, Thermo Fisher Scientific, Waltham, MA, USA), scaled down
to 5 ul for this application, as described previously (Ng et al, 2009).
Assays were run on a 7900HT Sequence Detection System. Each
assay plate contained the standard curve in triplicate, no template
controls, external reference plasma controls, positive controls
(miRNA from tissue), and inter- and intra-plate duplicates of study
samples. Laboratory members were blinded to case-control status
and other sample characteristics.

Normalisation of miRNA copy number. Raw qRT-PCR data
were analysed with SDS Absolute Quantification Software version
2.2.3 (Applied Biosystems, Inc., Foster City, CA, USA), using the
automatic cycle threshold (Ct) setting to assign baseline and
threshold for Ct determination. The standard curves for each
miRNA were used to calculate miRNA copy number for each
miRNA for each sample. Plasma miRNA level was normalised to a
C. elegans external spike-in control (cel-miR-39) and expressed as a
normalised copy number, using a median normalisation procedure
based on a previously published method (Ng et al, 2009). Briefly,
the TagMan qRT-PCR assay for cel-miR-39 was run in triplicate,
and the mean cel-miR-39 Ct for each sample was calculated and
converted into a cel-miR-39 copy number based on the cel-miR-39
standard curve. Then, the median value of all the cel-miR-39 copy
numbers for all the samples in the study was calculated. For each
sample, a normalisation factor was calculated by dividing the
median value of the cel-miR-39 copy numbers by the cel-miR-39
copy number of the sample of interest. The copy number for the
miRNA of interest was then multiplied by the normalisation factor
to give the normalised copy number. Lastly, natural logarithm of
copy numbers as In (normalised copy numbers) was applied to
represent miRNA absolute values.

Statistical analyses. Binary variables were summarised as propor-
tions, continuous variables by means and median and range.
Evaluation of the association between log-transformed miRNA
levels over time and demographic variables was done using a linear
mixed model with an exchangeable correlation structure. To
evaluate the association between recurrence-free survival and
miRNA levels at baseline, levels were dichotomised at the median
(over all time points) and evaluated using a Cox proportional
hazards model. Recurrence-free survival was defined as the
duration from study enrolment to recurrence or death due to
any cause, whichever came first. Patients last known to be alive and
recurrence free or recurrence free at 3 years, were censored at the
date of their last contact. The Cox model was used to estimate
hazard ratios (and associated 95% confidence intervals, using Wald
confidence interval and Schoenfeld residuals) and RFS at 1 and 2
years. Evaluation of associations between miRNA levels measured
over time and RFS was done using a time-varying Cox

proportional hazards model. Receiver operating characteristic
curves were conducted for each miRNA for discriminating patients
with recurrence or without recurrence. The area under the curve
(AUC) was estimated along with 95% CI. All analyses were done
using SAS/STAT software version 9.4. A significance level of two-
sided 0.05 was used for all analyses.

RESULTS

Demographic features of the study subjects. Between 2007 and
2011, 144 eligible CRC patients were enrolled into this study and
had plasma samples obtained prior to surgery and at serial time
points after curative surgery evaluated for miRNA levels. Of the
144 patients, 122 had recurrence-free survival information
available (Figure 1). A summary of demographic information for
both the total 144 patients and 122 patients with RFS data is
included in Table 1. The median age of this total population was 56
years, with the subset of patients with RFS data being slightly older
(median of 57 years). The majority of patients were male (56 male
and 44% female), Caucasian (86%), and had advanced disease
(Stage III/IV 62 vs I/11 38%). The majority of the patients had colon
cancer (59%) vs rectal cancer (41%). There was no significant
difference in these demographic features in the patients with RFS
data available.

Correlation of plasma miRNA levels with clinical features of
CRC patients. The miRNA (log-transformed) levels are sum-
marised in Table 2, along with the number of patients with
available data at each time point. Four miRNAs (miR-31, 203, 141,
200b) were not detected in >50% of cases and were determined to
be not evaluable. It should be noted that pre-operative plasma
miR-203 was detected in only six patients and was below the limits
of detection in the other samples. These miRNAs had been initially
selected in part because of their low levels in plasma and
consequent potential to be CRC-specific circulating biomarkers.
However, they were not detectable in the CRC patients in this
study and thus were not assessed further.

The associations between miRNA levels over time and patient
characteristics are presented in Table 3. For the majority of the
miRNAs, we did not observe any associations with plasma miRNA
levels and clinicopathological features of the CRCs, except for
increased miR-125b levels in older patients. Higher miR-125b
levels were associated with older age (mean difference of — 0.45 for

Screened prospective
cohort (n=173)

Excluded (n=29):
Lost to follow-up (n=4)

No remission after surgery (n=11)
No blood draw at baseline (n=8)
Missing stage information (n=4)

Informed consents withdrawn (n=2)

Initial analysis of
demographic information
and baseline miRNA levels
(n=144)

Excluded: missing
survival data (n=22)

Survival analysis (n=122)

Figure 1. Schematic diagram of study population.
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age>56 years vs<56 years; P=0.03). Elevated miR-29a levels
were observed in stage IV, compared to stage II (P=0.042) or
stage III (P=0.023) CRC patients (Supplementary Figure S1A).
The other eight plasma miRNA levels did not show any
associations with stages (Supplementary Figure S2).

Of note, we analysed another data set of circulating miRNA in
CRC patients (NCBI, GEO database, GSE67075), which contains
samples from 8 healthy subjects, 8 subjects with polyps, 16 subjects

Table 1. Demographic information

YT patients | TPatients with RFS datal
(N=144) (N=122)
% %

Age N N
Median [range] 56.1 [20.9, 103.5] 57.6 [20.9, 80.6]
<56 71 49% 67 55%

>56 73 51% 55 45%
Gender N N
Female 63 44% 57 47%
Male 81 56% 65 53%
Race N N
White 124 86% 85 89%
Non-white® 18 13% 1 1%
Height (cm)
Median [rangel] 170.6 | [147.3, 195.6] 170 [147.3, 195.6]
TNM stage® N N
111 55 38% 50 41%
/v 89 62% 72 59%
Tumour location N N
Colon 85 59% 70 57%
Rectum 59 41% 52 43%
Abbreviation: RFS = recurrence-free survival; TNM =tumour-lymph nodes-metastasis.
@Non-white included: Asian: n=11 (8%), Hispanic: n=1 (1%), Black: n=1 (1%), more than
one: n=5 (3%); unknown: n=2 (1%) (The unknown patients were not included in the race
analysis).

The TNM Classification of Malignant Tumours (tumour-lymph nodes-metastasis).

with adenomas, 8 subjects with stages I/II early CRC and 8 subjects
with stages III/IV CRC. We found that plasma levels of miR-29,
miR-200b, and miR-203 in patients with CRC were greatly
increased when compared to subjects with polyps or healthy
control subjects (Supplementary Figure S3).

Association of plasma miRNA levels with recurrence-free
survival. Pre-operative (Baseline) plasma miRNA levels above
the median were associated with an increased risk of recurrence for
miR-200b (HR=2.04 [95% CIL: 1.00, 4.16], P=0.05), miR-203
(HR =4.2 [95% CI: 1.48, 11.93], P=0.007), miR-29a (HR = 2.61
[95% CI: 1.34, 5.07], P=0.005), and miR-31 (HR = 4.03 [95% CI:
1.76, 9.24], P=0.001). The associations between pre-operative
miRNA levels and RFS are shown in Figure 2 and Supplementary
Figure S4. We also performed receiver operating characteristic
analysis of these plasma miRNAs for detecting tumour recurrence.
Both plasma miR-31 (AUC: 0.717 [95% CI: 0.439, 0.995]) and
miR-29a (AUC: 0.703 [95% CI: 0.562, 0.845]) showed promising
prognostic significance and could discriminate patients with
recurrence from those without recurrence (Figure 3A and B).
Other miRNAs did not show prognostic significance, including
miR200b (AUC: 0.578 [95% CI: 0.390, 0.766]), miR125b (AUC:
0.531, [95% CI: 0.381, 0.682]), miR16 (AUC: 0.557 [95% CI: 0.432,
0.682]), miR17-3p (AUC: 0502 [95% CIL 0.346, 0.659]), and
miR92a (AUC: 0.475 [95% CIL: 0.318, 0.632]) (Supplementary
Figure S5). In addition, we found elevated pre-operative levels of
miR-29a were observed in recurrent patients of all stages
(P=0.010) (Supplementary Figure S1B) and stage III patients in
subgroup analysis (P=0.042) (Supplementary Figure 1C). Pre-
operative levels of the other eight miRNAs did not show a
significant association with recurrence (Supplementary Figure S6).

Dynamic plasma miRNAs changes can predict tumour recur-
rence. The associations between RFS and serial plasma miRNA
levels at baseline (pre-operative), 6, 12, and 24 months are shown
in Table 4. Higher levels of miR-31 were associated with a three-
fold increased risk of recurrence across all time points (HR=3.11
[95% CI: 1.11, 8.76], P=0.03). Elevated miR-29a (HR = 1.32 [95%
CI: 0.97, 1.8], P=0.08) and miR-200b (HR =1.37 [95% CI: 0.95,

Table 2. Summary of plasma miRNA levels at serial time points

| Pre-operative y 6 Months ¥ 12 Months y 24 Months ‘
(Min, (Min, (Min, (Min,
N | Mean*| Median*| Max) | N| Mean*| Median*| Max) | N| Mean*| Median*| Max) | N| Mean* Median*| Max)

miR125b 137| 10.32 10.23 (8.16, 89| 10.24 10.1 8.76, 77| 10.02 9.92 (8.34, 30| 10.12 9.93 (9, 15.33)
19.2) 14.55) 12.36)

miR141 22 9.61 9.36 (8.05, 16 9.91 9.49 8.77, 11 8.98 8.8 8.2,9.89)| 2 8.87 8.87 (8.41,
12.84) 15.04) 9.33)

miR16 144 15.24 15.15 (12.67, | 94| 15.23 15.18 (9.94, 79| 15.35 15.36 (11.07, | 34| 15.69 15.45 (14.11,
25.45) 20.33) 17.45) 20.57)

miR17-3p | 130 8.78 8.59 (6.83, 87 8.66 8.64 (7.09, 72 8.82 8.8 (717, 26 9.19 8.89 (7.65,
19.5) 11.54) 11.23) 15.68)

miR200b 58 9.35 9.21 (7.15, 48 9.38 9.39 (7.79, 42 9.27 9.21 (7.63, 21 9.02 9.07 (7.24,
19.15) 12.14) 11.28) 12.44)

miR203? 6/ 11.01 10.21 9.72, 9l 10 9.32 (8.45, 3 11.76 10.2 (9.41, 2/ 10.11 10.11 (8.66,
14.27) 13.59) 15.66) 11.56)

miR2%a 133| 13.93 13.79 (12.21, | 87| 13.91 13.92 (12.55, | 76/ 13.99 14.01 (12.53, | 31| 14.14 13.83 (12.67,
23.49) 16.6) 16.35) 19.87)

miR31 27 9.28 9.31 (8.03, 18 9.46 9.41 (8.51, 21 9.45 9.52 (8.49, 10 9.19 9.33 (8.3,
11.58) 10.91) 11.53) 10.33)

miR92a 144| 15.56 15.58 8.71, 94| 15.53 15.62 (10.14, | 80| 15.81 15.78 (14.06, | 34| 15.5 15.47 (8.52,
25.79) 18.72) 18.36) 22.45)

*miRNA measured in In (normalised copies).

#miR-203 was detected in only six patients prior to surgery.
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Table 3. The associations between plasma miRNA levels over time with patient characteristics

I miR125b+ I miR141¢ I miR167 I miR17-3pt I miR200b I miR29at [ miR31+ I miR92at
Estimate® Estimate Estimate Estimate Estimate Estimate Estimate Estimate
(95% ClI) P-val (95% CI) P-val (95% CI) P-val (95% CI) P-val (95% CI) P-val (95% CI) P-val (95% CI) P-val (95% CI) P-val
Intercept 10.54 9.5 15.38 8.96 9.65 13.59 8.56 15.81
(9.68, 11.4) (7.03, 11.96) (14.62, 16.13) (7.95, 9.96) (8.26, 11.03) (12.75, 14.43) (7.57, 9.56) (14.95, 16.66)
Age 0.03 0.19 0.13 0.09 0.08 0.26 0.40 0.28
>56 —0.45 0.93 -0.29 —0.44 —-0.62 —0.24 —-0.21 —-0.23
(—0.87, —0.04) (—0.66, 2.52) (—0.66, 0.09) (—0.93, 0.06) (—1.32,0.07) (—0.65,0.18) (—0.74,0.32) (—0.65,0.19)
<56°
Gender 0.37 0.93 0.55 0.46 0.17 0.42 0.97 091
Male -0.19 0.06 0.12 -0.19 -0.5 -0.17 -0.01 0.02
(—0.62,0.23) (—1.65,1.77) (—0.26, 0.49) (-0.7,0.31) (—1.21,0.21) (—0.59, 0.25) (—0.49, 0.47) (—0.4,0.45)
Female®
Race 0.78 0.61 0.91 0.73 0.74 0.23 0.31 0.87
White 0.09 —0.45 —0.03 0.13 -0.17 0.38 0.41 0.05
(—0.55, 0.73) (—2.58, 1.68) (—-0.59, 0.52) (—0.62,0.88) (—1.21,0.87) (—0.24,1.01) (—0.43, 1.26) (—0.57, 0.68)
Non-white?
Stage 0.37 0.70 0.83 0.27 0.47 0.09 0.20 0.69
/v 0.2 0.32 0.04 0.29 0.28 0.37 0.36 0.09
(—0.23,0.62) (—1.68,2.31) (—0.35,0.43) (-0.22,0.81) (—0.49, 1.04) (—0.06, 0.81) (—0.21,0.93) (-0.53, 0.35)
e
Tumour locat 0.77 0.84 0.99 0.58 0.28 0.87 0.59 0.45
Colon —0.06 0.14 0 -0.14 0.4 0.04 0.15 —0.16
(—0.48, 0.36) (—1.54,1.81) (—0.38,0.37) (—0.65, 0.36) (-0.32,1.12) (—0.39, 0.46) (—0.43,0.72) (—0.59, 0.2¢)
Rectum?
Timepoint 0.10 0.61 0.16 0.27 0.74 0.00 0.39 0.49
Baseline®
6 Mo —-0.14 —-0.07 0.01 —-0.13 0.08 0.03 0.28 —0.02
(—0.39,0.1) (—1.09, 0.96) (—0.29, 0.31) (—0.41,0.14) (—0.33,0.49) (—0.22,0.27) (—0.16, 0.73) (—0.36,0.32)
12 Mo —-0.28 —0.49 0.15 0.04 0.24 0.12 0.28 0.23
(—0.54, —0.02) (—1.5,051) (—0.17,0.47) (—0.25,0.33) (—0.19, 0.66) (—0.13,0.37) (—0.14,0.7) (—0.13, 0.59)
24 Mo 0.12 -0.31 0.51 0.33 0.08 0.37 —0.02 0.23
(—0.28, 0.51) (—1.8,1.18) (0.05, 0.97) (—0.12,0.79) (—0.49, 0.65) (—0.01, 0.74) (—0.65, 0.61) (—0.29, 0.75)
Abbreviations: Cl=confidence interval; P-val=P-value; locat=location; Mo=month. 'miR203 analysis not done due to small sample size; miRNA measured in In (normalised copies).
*Reference.

1.96], P=0.09) also showed associations with higher risks of CRC
recurrence, although the results did not reach statistical
significance.

We also evaluated for changes in plasma miRNAs levels after
surgery in patients with recurrence or without recurrence. The
majority of miRNA levels did not show significant changes over
time, predominantly because they were not detectable in plasma
(e.g., miR-203) or were detectable in a small number of subjects
(Supplementary Figures S7 and S8). Plasma miR141 was
decreased 24 months after surgery, comparing to baseline
(P =0.035, paired t-test, n =9 pairs) and 12 months after surgery
(P=0.014, paired t-test, n=9 pairs) in patients without
recurrence compared to baseline (Figure 4A and B), which
means that decreased post-operative plasma miR-141 suggesting
post-operative levels may be useful for predicting recurrence.
Plasma miR-16 was increased 12 months after surgery compared
to baseline (P=0.036, paired t-test, n=10 pairs) in the
recurrence group (Figure 4C and D). The median RES of these
10 patients were 17.5 months (8-33 months), and most of the
recurrences happened after the increased plasma miR16 was
detected. There were not enough evaluable patients with a 24-
month time-point measurement to assess this time point. These
results suggest post-operative levels of miR-16 may be useful for
predicting CRC recurrence.

The source of circulating miRNAs. To address the question of
the possible source of the circulating miRNAs, we analysed tissue
miRNA levels in one available online data set (GSE28364), which
consists of 40 CRC patients and matched normal control tissues,
and we found tissue miR-29a (P<0.001), miR-31 (P<0.001), and
miR-203 (P=0.001) were also greatly increased in CRC tissues
compared to normal control tissues (Supplementary Figure S9).
Thus, it is plausible that the increased plasma miRNAs may come
from the primary tumours. Interestingly, in the GSE28364 samples
there was no association between plasma miR-29a and gene
mutations in APC, TP53, and KRAS, with Chr18q loss of
heterozygosity or with traditional serum biomarkers of CRC
including CEA and CA199 (Supplementary Table S1).

We also analysed another online data set (GSE39833), which
used miRNA microarrays to detect circulating exosomal miRNAs

in 88 CRC patients and 11 healthy control subjects. In this study,
plasma exosomal miR-29a, 200b and 31 could discriminate CRC
patients from normal controls. Thus, it is also possible that
circulating miRNAs may be derived from shed exosomes from the
CRCs (Supplementary Figure S10).

DISCUSSION

Current staging and surveillance protocols for CRC patients using
the tumour-lymph nodes-metastasis staging system and serum
CEA, CT imaging studies and endoscopy are suboptimal for
determining prognosis and for maximising survival in the setting
of CRC recurrence. The traditional serum biomarker CEA has a
modest sensitivity for CRC detection, which varies from 43 to 69%
(Hundt et al, 2007; Brunet Vega et al, 2013). This has led to an
intense effort to develop biomarker assays that can more accurately
determine the prognosis and enhance our ability to detect CRC
recurrence early. Plasma miRNAs are an emerging class of non-
invasive biomarkers in CRC. However, to date the studies of
plasma miRNA biomarkers have shown inconsistent and poorly
reproducible results (Yamada et al, 2015; Sun et al, 2016). This
inconsistency led us to conduct a study using a carefully collected
set of plasma samples from CRC patients that assessed candidate
miRNA using a robust assay method.

The primary emphasis of this study was to identify potential
candidate miRNAs in the plasma of CRC patients using a set of
candidate miRNAs that had been selected on the basis of low levels
in the plasma of healthy control subjects and high expression in
primary CRCs. We found that increased circulating miRNAs of
certain miRNAs levels prior to surgery could predict shorter RES
(miR-29a, 31, 203, 200b). Both miR-31 (AUC: 0.717) and miR-29a
(AUC: 0.703) could discriminate patients with recurrence from
these without recurrence. These results suggest that these plasma
miRNAs could be useful prognostic biomarkers. In addition,
higher plasma levels of miR-31 in the post-operative setting at all
time-points assessed was associated with a three-fold increased risk
of recurrence. We also found that changes in postoperative plasma
miR-141 and 16 levels associated with tumour recurrence. We did
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Figure 2. The 3-year recurrence-free survival (RFS) analyses for pre-operative plasma miRNAs. Kaplan-Meier analysis was made in CRC patients
(N=122). (A-D) Higher pre-operative plasma miR-2%9a (P<0.01), miR-203 (P<0.01), miR-31 (P<0.01) and miR-200b (P=0.05) predict a shorter
RFS. For each miRNA, the median value was used to divide the samples into those with high or low levels. The number of patients at risk is shown

below each curve.

1.0 1.0
0.8 0.8

2 0.6 2 0.6

= =

2 3

C C

& 04 & 04 -

miR31 miR29a
0.2 - AUC=0.717 0.2 AUC=0.703
0.0 T T T T 0.0 T T T T
00 02 04 06 08 1.0 00 02 04 06 08 10
1- Specificity 1- Specificity

Figure 3. Preoperative plasma miR31 and 29a can discriminate patients developing recurrence. Analyses of receive operating characteristic
(ROC) curve showed prognostic power of plasma miR31 (AUC: 0.717 (95% Cl: 0.439, 0.995)) and miR29a (AUC: 0.703 (95% ClI: 0.562, 0.845)),
which could discriminate patients with recurrence from these without recurrence.

not observe a correlation between plasma levels of the other
candidate miRNAs and recurrence. It is unclear if this is a
consequence of an insufficient sample size or other technical issues,
or a true lack of prognostic significance of these circulating
miRNAs. More sensitive and precise technologies, such as droplet
digital PCR (ddPCR), could address these possibilities (Hindson
et al, 2013). Our results do support the potential for a subset of
miRNAs to be used as circulating biomarkers for CRC. Indeed,
prior studies from our team using a non-invasive blood test based

on circulating miRNAs in a case-case study design demonstrated
that the miRNAs may be useful in the post-diagnosis for CRC
surveillance (Adams et al, 2014).

Our results as well as those of others that have found elevated
plasma miRNA levels in CRC patients raise the question of the
source of plasma miRNAs. We did not directly assess the levels of
these miRNAs in primary tumour tissues in our study; however,
previously published studies have shown elevated miR-31 levels in
CRC tissue (Reid et al, 2012). We assessed publically available data
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sets to attempt to address this question and found that tissue miR-
29a, 31 and 203 were greatly increased in CRC tissues compared
normal control tissues. By analysing these public data sets, we
found plasma miR-29a, 31 and 203 were increased in CRC,
compared to healthy controls. These above results revealed that
increased plasma miRNAs may come from primary tumours, but
additional studies are needed to assess the association between
circulating plasma miRNA levels with the levels in matched CRC
tissues.

Furthermore, of relevance to our findings, recent studies have
shown tumours can actively release exosomes containing miRNAs
into the peripheral circulation to exchange information with

Table 4. Hazard ratios for recurrence-free survival (RFS) using

plasma miRNA levels obtained at serial time points (time-
varying Cox model)

. CRC recurrences

RNA® N HR (95% CI)° | P-Val
mi or deaths (N)® (95% C alue
miR125b 122 17 3(0.93, 1.82) 0.13
mirR141 122 3 1.71 (0.75, 3.9) 0.20
miR16 122 18 1.22 (0.86, 1.72) 0.27
miR17-3p 122 15 1.21 (0.83, 1.77) 0.33
miR200b 122 11 1.37 (0.95, 1.96) 0.09
miR203 122 2 0.45 (0.04, 4.8) 0.51
miR29%a 122 17 1.32 (0.97, 1.8) 0.08
miR31 122 6 11 (1.1, 8.76) 0.03
miR92a 122 18 2 (0.85, 1.71) 0.31
Abbreviations: Cl = confidence interval; CRC = colorectal cancer; HR = hazard ratio.
2Variables are included as continuous (log-transformed).
bRecurrence or Death: event based on whichever came first.
“The hazard ratio represents the increased/decreased risk of RFS for a 1 — log increase in
the miRNA level.
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distant cells, and thus mediate tumour metastasis (Valadi et al,
2007; Masuda and Izpisua Belmonte, 2014; Tkach and Thery,
2016). In this study, by analysing publically available datasets, we
found that plasma exosomal miR-29a, 200b and 31 could
discriminate CRC patients from normal control subjects,
which also reveals a plausible mechanism through which plasma
miRNA could promote CRC recurrence or metastasis by the
exosomal delivery of the miRNAs to distant sites (Ogata-Kawata
et al, 2014).

Our results add to a rapidly accumulating knowledge base about
miRNAs in CRC prognosis and prediction. Increased plasma miR-
203 (Hur et al, 2015; Sun et al, 2016) and miR-200b (Adams et al,
2014; Sun et al, 2016) have been shown to discriminate patients
with CRC from healthy control subjects and to predict prognosis
(Adams et al, 2014). Tissue levels of miR-31 have been reported to
be upregulated in CRC tissue (Kanaan et al, 2012) and to correlate
with mutations in BRAF, KRAS and APC (Reid et al, 2012; Nosho
et al, 2014). We now add to our understanding of these miRNAs in
CRC patients by showing elevated plasma miR-31, miR-29a, miR-
203, and miR-200b levels can predict shortened RFS in CRC
patients.

With regards to miR-29a, plasma miR-29a has been shown to be
elevated in patients with CRC compared to healthy control subjects
(Huang et al, 2010; Adams et al, 2014; Yamada et al, 2015).
Furthermore, Yamada et al recently reported the combination of
plasma miR-29a, miR-21 and miR-125b had substantial diagnostic
power to discriminate patients with colorectal neoplasms from
healthy control subjects (AUC = 0.83) (Yamada ef al, 2015). In this
study, we provide additional evidence that plasma miR-29a may be a
promising biomarker for prognosis and early detection of
recurrence. Interestingly though, in our analysis of publically
available cohorts, we found no associations between miR-29a and
gene mutations in APC, TP53, or KRAS, or with CEA levels. There
are many reasons for this lack of association including the fact that
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Figure 4. Dynamic changes of plasma miR141,16 at different time points in patients with or without recurrence. Plasma miR141 was decreased
24 months after surgery, comparing to baseline (P=0.035, paired t-test, n=9 pairs) and 12 months after surgery (P=0.014, paired t-test, n=9
pairs) in patients without recurrence (A and B). Plasma miR-16 increased 12 months after surgery comparing to baseline (P=0.036, paired t-test,

n=10 pairs) in recurrence group (C and D). recur=recurrence. *P<0.05.
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APC and KRAS mutations usually occur early in the normal-
adenoma-carcinoma sequence (Davies et al, 2005), while miR-29a is
increased mainly in the late stages of CRC (Brunet Vega et al, 2013).

Notably, our study has several strengths related to the study
design and analysis methods. We have used the most robust
methods available for the collection of our study population. We
obtained our samples from a prospective cohort study that includes
all stages of CRC patients, which limits confounding effects related
to uncontrolled pre-analytical factors. Methodologically, we used a
validated and sensitive TagMan qPCR assay, which is more reliable
than most microarray methods or SYBR Green assays (Pritchard
et al, 2012a). In the present study, we used the synthetic spiked-in
cel-miR-39 for data normalisation, which has been shown to lead to
more reproducible results (Sun et al, 2016). Finally, because plasma
miRNAs are often at low concentration and not easily detectable, we
used absolute quantification of plasma miRNA copy numbers
instead of fold change of relative expression to reduce variation and
increase the reproducibility of our results (Hindson et al, 2013).

Our present study also has some limitations. First, miR-17-3p,
miR-29a, and miR-92 are all expressed at high levels in blood cells.
Pritchard et al reported that plasma miRNAs may be confounded by
blood contaminants secondary to differential haemolysis or other
uncontrolled pre-analytic variables (Pritchard et al, 2012b). They
further found that 58% of proposed plasma miRNAs biomarkers are
highly expressed in blood cells. Most plasma miRNA studies to date
have not adequately addressed this issue, and thus the results of
these studies and our study need to be interpreted with caution.
Second, we only assayed nine miRNAs in the plasma and did not
conduct an unbiased screen for candidate plasma miRNAs.
Consequently, we may not have identified the best performing
prognostic plasma miRNAs. We also wish to note that our candidate
miRNAs were selected in 2014, prior to more recent publications on
other potential miRNA biomarkers, such as plasma miR-200c
(Toiyama et al, 2014), miR-21 (Rokkas et al, 2015), miR-96 (Sun
et al, 2016), and panels of other miRNAs (Maierthaler et al, 2017).
Thus, these miRNAs are not included in our study. Third, the
sample size of our study may have led to an inability to detect
plasma miRNAs that are modest prognostic markers. Fourth, our
study included both colon and rectal cancer patients despite the fact
that tumours in the colon and rectum have many distinct features.
The inclusion of both colon and rectal cancers may have lessened
our ability to detect true associations between some of the miRNA
plasma levels and CRC recurrence. Finally, we did not analyse the
associations between all pathological parameters and miRNAs levels,
which could have resulted in missing some potentially significant
findings. Finally, our study followed patients for 3 years after surgical
resection and may have misclassified some recurrence-free patients
who will eventually develop CRC recurrence.

In conclusion, our results suggest plasma miR-29a, 200b, 203,
and 31 are potential CRC prognostic biomarkers. In addition,
dynamic postoperative plasma miR-31, 141, and 16 appear to be
potential biomarkers for the early detection of recurrence and in
postoperative surveillance. Also, it is possible that with more
technically sensitive assays that we may be able to detect those
miRNAs that were not detectable in our study, which would allow
us to assess these candidate miRNA biomarkers as recurrence
markers in CRC surveillance. Large-scale prospective trials are now
needed to validate these findings and to determine the potential
value of these plasma miRNAs in clinical practice.
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