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Abstract

Background: Distant metastasis is the major cause of mortality in colorectal cancer (CRC). We performed a systemic,
comprehensive discovery for expression patterns of metastasis-specific microRNAs (miRNAs) by directly comparing
primary CRCs (pCRCs) and matched liver metastases (LMs) and evaluated the feasibility of their clinical application as
metastasis-specific biomarkers.

Methods: CRC metastasis-specific miRNA profiles were generated by analyzing nine pairs of pCRC and LM tissues,
followed by quantitative validation in an independent cohort of 58 pairs of matched pCRC and LM tissues. We
evaluated associations between miRNA expression and patient survival and ability to predict metastasis in another
84 patients with CRC. Subsequently, associations were quantitatively validated in 175 CRC tissues and 169 serum
samples. Kaplan-Meier, Cox regression, and logistic regression analyses were used. All statistical tests were two-
sided.

Results: Twenty-three miRNAs were identified that were differentially expressed between pCRC and LM (P < .001; FDR < .5).
Four miRNAs downregulated in LM (let-7i, miR-10b, miR-221, and miR-320a) and one upregulated miR (miR-885-5p) were
quantitatively validated in pCRC (P < .0001). Low let-7i expression in pCRC tissue predicted worsened prognosis (hazard
ratio [HR] = 5.0, 95% confidence interval [CI] = 1.0 to 24.4, P = .0479) as well as distant metastasis (odds ratio [OR] = 5.5, 95%
CI=1.1to 26.8, P = .0334). High miR-10b expression in pCRC tissue independently predicted distant metastasis (OR = 4.9,
95% CI = 1.2 to 19.7, P = .0248). High serum miR-885-5p expression independently predicted prognosis (HR = 2.9, 95% CI = 1.1
to 7.5, P =.0323), LN metastasis (OR = 3.0, 95% CI = 1.3 to 7.2, P = .0116), and distant metastasis (OR = 3.1, 95% CI = 1.0 to
10.0, P = .0456), whereas tissue miR-885-5p expression did not. Expression patterns of miRNAs were confirmed by in situ
hybridization.

Conclusions: We discovered a metastasis-specific miRNA signature in pCRCs and discovered novel tissue- and serum-based
CRC metastasis-specific miRNA biomarkers through intensive validation. These unique miRNAs may be clinically applicable
to predict prognosis and distant metastasis in CRC.
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Colorectal cancer (CRC) is the second leading cause of cancer-
related death worldwide (1). Distant metastasis is the major
cause of serious morbidity and mortality in cancer patients.
Liver metastasis is the most common manifestation, and occurs
in more than 50% of CRC patients with metastases (2). Aggressive
liver resection in metastatic CRC patients may improve the five-
year survival, but most of these patients still experience tumor
recurrence (3). Although current diagnostic imaging tools such
as contrast enhanced computed tomography (CT), positron
emission tomography-CT (PET-CT), and magnetic resonance
imaging (MRI) can facilitate the detection of CRC metastasis (4),
these modalities are of limited value because of the inability
to identify truly early metastatic lesions and the costs associ-
ated with advanced imaging. In view of this clinical challenge,
there is a clear need for the development of metastasis-specific
molecular biomarkers that can help predict outcomes and direct
more effective therapies.

MicroRNAs (miRNAs) are small noncoding RNAs that play
a central role as master regulators of gene expression in mul-
tiple cancer-related signaling pathways, including metas-
tasis (5,6). There is convincing data that upregulation of the
miR-17-92 cluster and downregulation of miR-107 permits
enhanced angiogenesis in cancer cells (7,8). Likewise, invasion
and migration are positively regulated by miR-21 and miR-31
(9,10). More recently, we have demonstrated that miR-200c
plays a pivotal role in regulating EMT and metastatic behavior
in CRC (11).

Previous work from our group and others has shown
that several miRNAs are differentially expressed in cancers,
including CRC (5,12-15). MiRNA signatures are emerging as
promising biomarkers for diagnosis, prognosis, and metas-
tasis for cancer patients (12,16). Most studies to date have
focused on the role for miRNAs in primary tumors but not
the metastatic foci. A more systematic and comprehensive
analysis is necessary to determine the specific involvement
of miRNAs in CRC metastasis. Also, miRNAs are relatively sta-
ble and measurable, making them ideal targets for molecular
diagnostics.

We developed a metastasis-specific miRNA biomarker dis-
covery approach that involved comprehensive miRNA expres-
sion profiling of both primary CRC (pCRC) and matched liver
metastasis (LM) tissues, followed by validation of these newly
discovered miRNA biomarkers in multiple, large, independent
cohorts of tissues. We assessed the association of the expres-
sion patterns of these miRNAs with important clinicopathologi-
cal parameters related to CRC metastasis. We also evaluated the
feasibility of these miRNAs as tissue-based and serum-based
metastasis-specific biomarkers.

Methods

Patient Samples

This study utilized 477 tissue specimens including 326 pCRCs,
67 matched corresponding LMs, and 84 adjacent nontumor
colonic tissues from four different CRC patient cohorts that are
described in Supplementary Table 1 (available online). In addi-
tion, 169 serum samples from CRC patients were also analyzed
(Supplementary Table 1, available online).

For the NanoString screening analysis, nine pairs of frozen
PCRC tissue and LM tissue (NanoString discovery cohort) were
used. For validation, 58 pairs of formalin-fixed paraffin-embed-
ded (FFPE) pCRC tissues and matched corresponding LM tissues
(NanoString validation cohort) from Okayama University and
Toho University, Japan were used.

For miRNA microarray analysis, 84 pairs of frozen pCRC and
adjacent nontumor tissues (Microarray cohort) were obtained
from the University of Maryland Medical Center or Baltimore
Veterans Affairs Medical Center, as described previously (12).
The validation cohort for this analysis included 175 FFPE
PCRC tissues (CRC tissue cohort) from Mie University Medical
Hospital, Japan.

For miRNA analysis in blood, 169 serum samples from CRC
patients (CRC serum cohort) enrolled at the Mie University
Medical Hospital, Japan were also included. The CEA expres-
sion levels in 169 serum samples were measured by standard
enzyme immunoassay.

Both tissue- and serum-based studies were approved by the
institutional review boards (IRBs) of all involved institutions,
and written informed consent was obtained from all patients.
Details for the nanostring assay, miRNA microarray analysis,
miRNA isolation, quantitative real-time polymerase chain reac-
tion (QRT-PCR), and in situ hybridization (ISH) analysis are in
Supplementary Methods (available online).

Statistical Analysis

Overall survival was measured from the date the patient under-
went surgery until the date of death resulting from any cause
or last known follow-up for patients still alive. Disease-free sur-
vival analysis was measured from the date the patient under-
went surgery to the date of disease recurrence, death from any
cause (ie, noncancer deaths were not censored), or until last
contact with the patient. F tests were used to assess the equal-
ity of variances for comparable groups. Paired t test, One-way
analysis of variance (ANOVA), Kruskal-Wallis test, and %2 tests
were used to analyze microRNA expression. The O’Brien test
was used for multiple variable assessment of miRNA expres-
sion in a validation cohort of matching pCRC and LM tissues
(17). For time-to-event analyses, survival estimates were cal-
culated by the Kaplan-Meier analysis, and groups were com-
pared with the log-rank test. Receiver operating characteristic
curves were established to discriminate the patients with or
without death, and Youden'’s index (18) was used to determine
the optimal cutoff threshold of miRNA expression values from
the miRNA microarray cohort, miRNA microarray validation
cohort, and serum cohort to predict the overall survival. The
Cox’s proportional hazards models were used to estimate haz-
ard ratios (HRs) of death. Assumptions of proportionality were
confirmed for the Cox proportional hazards analyses by gener-
ating Kaplan-Meier survival curves (eg, high- vs low-expression
groups) and by ensuring that the two curves did not intersect
each other. Multivariable logistic regression models were used
to calculate odds ratios (ORs) of lymph node (LN) metastasis
and distant metastasis. Forced-entry regression was used to
include all multiple variables in order to analyze whether each
of the predictors affected the outcome after adjusting for known
confounders. Clinical variables that were considered for single
variable and multivariable analyses, in addition to target miRNA
expression, were previously identified as confounding variables
with impact on the prognosis of patients with colorectal cancer:
sex, age at diagnosis (continuous), T-stage (T1/2 vs T3/4), tumor
size (>40mm vs <40mm), pathological differentiation (well to
moderate vs poor), venous invasion (present vs absent), lymph
node metastasis (present vs absent), liver metastasis (presence
vs absence), distant metastasis (presence vs absent), and CEA
(>5ng/mL vs <5ng/mlL). Tests for interaction were performed
by the likelihood ratio test of cross-product terms. Data are
presented as meansstandard deviation and all P values were
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two-sided, and those less than .05 were considered statistically
significant. All statistical analyses were conducted using the
Medcalc version 12.3 (Broekstraat, Belgium) and the GraphPad
Prism version 5.0 (GraphPad Software, San Diego, CA).

Results

Profiling and Validation of CRC Metastasis-Specific
miRNAs in Paired pCRC and LM Tissues

To discover CRC metastasis-specific miRNAs, we utilized a series
of high-throughput techniques for miRNA discovery, followed by
quantitative analytical approaches to validate candidate miR-
NAs using several large and independent collections of match-
ing pCRCs and LM tissues as shown in Supplementary Figure 1
(available online). As the first step of metastasis-specific miRNA
discovery, we performed NanoString-based miRNA expression
profiling in nine pairs of matched pCRC and LM frozen tissues
(Table 1). Twenty-three miRNAs were found to be differentially
expressed between pCRC and matched LM tissues (P < .001; false
discovery rate [FDR] < .5). All but three miRNAs (miR-122, miR-
30b, and miR-885-5p) were downregulated in LM.

After initial statistical analysis, for validation experiments
we considered the functional relevance of the 23 miRNA panel
in the context of CRC rather than just the statistical rankings
based on P value and/or FDR. As a result, we discarded six miR-
NAs that are frequently related to the liver disease (miR-199b,
miR-122, miR-145, miR-25, miR-92b, and miR-451) (19-21) and
specifically selected four miRNAs that have been shown to play
a functional role in CRC biology (let-7i [22], miR-320a [23], miR-
10b [24], and miR-221 [25]). In addition, two miRNAs (miR-30b
and miR-885-5p) that were upregulated in LM compared with
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PCRC were included in the validation step because of their
potential as noninvasive biomarkers.

In subsequent validation by gRT-PCR in an independent
cohort of 58 matched pCRC and LM tissues (Figure 1), all but
one miRNA was validated, including all of the downregulated
miRNAs (let-7i, 1.61 fold; miR-320a, 1.85 fold; miR-10b, 2.39 fold;
miR-221, 1.68 fold) and one of the upregulated miRNAs miR-
885-5p (7.34 fold) in LMs compared with pCRCs. In addition,
multiple variables assessment of the six miRNAs by the O’Brien
test revealed that expression status of these miRNAs was sta-
tistically significantly different between pCRC and LM tissues (P
<.0001).

Expression Patterns of Metastasis-Specific miRNAs
in Primary CRC Tissues

To investigate the clinical relevance of metastasis-specific miR-
NAs in CRC development, we determined whether these miR-
NAs were altered in the primary tumors that had given rise to
later metastasis compared with pCRCs that did not. We further
validated four downregulated miRNAs (let-7i, miR-320a, miR-
10b, and miR-221) in LM using our previous miRNA microarray
data on 84 pairs of frozen tumor and adjacent nontumor tissues
(12). Because of the absence of the miRNA probe on our micro-
array platform, miR-885-5p was not available for validation in
the miRNA microarray cohort. MiRNA expression in pCRCs was
normalized to paired nontumor tissue by subtracting the log,
nontumor from the log, tumor expression for let-7i, miR-320a,
miR-10b, and miR-221. Let-7i (P = .01) expression was statisti-
cally significantly reduced, and miR-10b increased (P =.02) in the
PCRCs of patients who suffered synchronous distant metastases
compared with pCRCs of patients who did not (Supplementary

Table 1. Differentially expressed CRC metastasis-specific microRNAs between matched primary CRC and liver metastasis in NanoString analy-

sis (nine pairs of frozen pCRC tissue and synchronous LM tissue)*

Geometric mean

Probe from NanoString PCRC (n=9) LM (n=9) Fold change (LM/pCRC) FDR P
hsa-miR-199b-5p 360.77 70.81 0.2 0.01 6.E-05 W
hsa-let-7i 2154.94 1133.07 0.53 0.14 2.E-03 d
hsa-miR-484 69.79 39.14 0.56 0.14 2.E-03 [
hsa-miR-490-3p 47.13 21.67 0.46 0.21 4E-03 %
hsa-miR-122 27.01 507.91 18.8 0.26 8.E-03
hsa-miR-320a 33.94 22.05 0.65 0.26 8.E-03
hsa-miR-520e 53.73 13.01 0.24 0.26 8.E-03
hsa-miR-10b 64.28 19.67 0.31 0.27 1.E-02
hsa-miR-337-5p 20.81 11.8 0.57 0.39 2.E-02
hsa-miR-485-3p 89.95 50.39 0.56 0.39 2.E-02
hsa-miR-145 2915.38 1267.64 0.43 0.39 2.E-02
hsa-miR-144 294.09 116.61 0.4 0.39 2.E-02

hsa-miR-25 688.42 405.21 0.59 0.39 3.E-02
hsa-miR-221 294.27 209.8 0.71 0.39 3.E-02
hsa-miR-216a 59.45 34.54 0.58 0.39 3.E-02
hsa-miR-92b 44.38 32.31 0.73 0.39 3.E-02
hsa-miR-365 56.55 29.25 0.52 0.39 3.E-02
hsa-miR-708 269.88 155.4 0.58 0.39 3.E-02
hsa-miR-143 2652.88 1338.82 0.5 0.39 3.E-02
hsa-miR-196a 112.84 45.6 0.4 0.42 4.E-02
hsa-miR-451 2174.72 623.91 0.29 0.46 4.E-02
hsa-miR-30b 1092.95 1864.19 171 0.46 5.E-02
hsa-miR-885-5p 24.46 64.95 2.65 0.46 5.E-02

* P values are paired t tests on the log2-transformed values of the NanoString expression data. FDR, Benjamini, and Hochberg False discovery rate based on the 219
miRNAs that passed the filtering criteria. CRC = colorectal cancer; FDR = false discovery rate; LM = liver metastasis; pCRC = primary CRC.
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Figure 1. Expression status of candidate microRNAs (miRNAs) as colorectal cancer (CRC) metastasis-specific biomarkers. Quantitative validation of selected four down-
regulated miRNAs (let-7i, miR-320a, miR-10b, and miR-221) and two upregulated miRNAs (miR-30b and miR-885-5p) in liver metastasis (LM) compared with primary
CRC (pCRC) in an independent validation cohort of 58 pairs of matching pCRC and LM tissues. The gray horizontal bar represents mean expression levels; **P < .0001,
paired t test; ns = no significance; P < .0001, multiple variables assessment of six miRNAs by O’Brien test. LM = liver metastasis; miRNA = microRNA; pCRC = primary

colorectal cancer.

Table 2, available online). MiR-221 (P = .121) and miR-320a (P =
.066) were nonstatistically increased in pCRCs of patients with
distant metastases (Supplementary Table 2, available online).
Based on these data and previous studies, we classified the
miRNAs as tumor suppressor (let-7i [22] and miR-320a [23]) or
oncogenic (miR-10b [24] and miR-221 [25]) miRNAs. In addition,
increased miR-10b expression (P = .032) was statistically differ-
ent among TNM stages in pCRC tissues (Supplementary Table 2,
available online).

We used logistic regression to examine the potential of
these miRNAs to predict metastases (Table 2). In the univari-
ate model, low let-7i expression, low miR-320a expression, high
miR-10b expression, and high miR-221 expression were statisti-
cally significantly associated with distant metastasis from CRC.
The multivariable model revealed that low let-7i expression
(OR = 21.7, 95% CI = 2.9 to 163.4, P = .0028) and high miR-10b
expression (OR = 7.2, 95% CI = 1.2 to 44.1, P = .0328) were inde-
pendent predictors of distant metastasis.

We determined that the expression of these four miRNAs
was associated with survival in CRC patients. Low expression
of let-7i was statistically significantly associated with poor sur-
vival in CRC patients (log-rank P = .0082) (Figure 2). Statistically
significant associations with survival were not observed for the
other miRNAs. Univariate Cox regression analysis revealed that
low let-7i expression was statistically significantly associated

with poor prognosis (Table 2). In the multivariable model, low
let-7i expression (HR = 2.3, 95% CI = 1.0 to 5.1, P = .0471) was
an independent predictor for poor prognosis. We found no evi-
dence of interaction between tumor suppressor-miRNAs (let-7i
and miR-320a) as well as oncogenic-miRNAs (miR-10b and miR-
221) in Cox regression and logistic regression outcome models,
respectively (all P, .. .. > .10) (Supplementary Table 3, available
online).

Validation of Metastasis-Specific miRNAs (let-7i and
miR-10b) in Primary CRC

While microarray analysis can detect differential miRNA
expression for thousands of miRNAs simultaneously, it is lim-
ited in that it is less accurate than more targeted approaches to
measure gene expression. Therefore, we measured the expres-
sion of let-7i and miR-10b using qRT-PCR analysis in an inde-
pendent cohort of 175 pCRC tissues (Table 3; Supplementary
Table 4, available online). Reduced let-7i expression was sta-
tistically different among categories of lymph node metastasis
(P = .0407), distant metastasis (P < .0001), and advanced TNM
stage (P = .0002) (Supplementary Table 4, available online). In
contrast, increased miR-10b expression was statistically sig-
nificantly different among categories of T stage (P = .0183),
distant metastasis (P = .0486), and advanced TNM stage (P =
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Table 2. Association between miRNA expression and CRC prognosis and metastasis prediction in the miRNA microarray cohort (84 pairs of

frozen pCRC and adjacent nontumor tissues)*

Univariate Multivariable
Characteristics HR (95% CI) P HR (95% CI) P
Association between miRNA expression and CRC prognosis (Cox proportional hazards model on overall survival)
Tumor suppressor-miRNAs
Age (>50 y vs <50 y) 0.75 (0.23 to 2.47) 6528 0.69 (0.20 to 2.43) 5662
Sex (male vs female) 1.34 (0.56 to 3.21) 4974 1.61 (0.63 to 4.09) .3187
T stage (T3/4 vs T1/2) 2.28 (0.70 to 7.40) 1262 1.75 (0.52 to 5.85) .3682
N stage (N1/2/3 vs NO) 3.00 (1.45 t0 6.21) .0018 2.50 (1.17 to 5.36) 0187
M stage (M1 vs MO) 8.46 (3.62 to 19.77) <.0001 4.59 (1.81 to 11.60) .0014
hsa-let-7i (low vs high) 2.67 (1.26 to 5.67) .0066 2.28 (1.01 to 5.12) .0471
hsa-miR-320a (low vs high) 1.68 (0.87 to 3.25) 1239 1.03 (0.51 to 2.10) 9327
Oncogenic-miRNAs
Age (>50y vs <50 y) 0.75 (0.23 to 2.47) .6528 0.67 (0.19 to 2.35) .5377
Sex (male vs female) 1.34 (0.56 to 3.21) 4974 1.75 (0.70 to 4.41) 2341
T stage (T3/4 vs T1/2) 2.28 (0.70 to 7.40) 1262 1.92 (0.57 to 6.50) 12966
N stage (N1/2/3 vs NO) 3.00 (1.45 to 6.21) .0018 2.43 (1.14 to 5.21) .0227
M stage (M1 vs MO) 8.46 (3.62 to 19.77) <.0001 4.77 (1.89 to 12.04) .001
hsa-miR-10b (high vs low) 1.92 (0.96 to 3.83) .0599 1.22 (0.57 to 2.59) 6123
hsa-miR-221 (high vs low) 2.00 (0.97 to 4.15) .0515 1.64 (0.73 to 3.71) .236
Association between miRNA expression and CRC distant metastasis (logistic regression model)
Tumor suppressor-miRNAs
Age (>50y vs <50 y) 0.79 (0.09 to 7.37) .8428 0.96 (0.05 to 17.91) .9785
Sex (male vs female) 1.10 (0.21 to 5.72) .906 1.79 (0.20 to 16.25) 6033
T stage (T3/4 vs T1/2) 2.05 (0.63 t0 6.82) 0673 6.76 (0.52 to 99.52) 19933
N stage (N1/2/3 vs NO) 9.00 (1.09 to 74.66) .0102 9.49 (0.80 to 113.08) .0752
hsa-let-7i (low vs high) 19.25 (4.13 to 89.68) .0001 21.68 (2.88 to 163.37) 0028
hsa-miR-320a (low vs high) 5.52 (1.30 to 23.31) 0144 1.28 (0.17 to 9.71) 8126
Oncogenic-miRNAs
Age (50 y vs <50 y) 0.79 (0.09 to 7.37) 8428 0.37 (0.03 to 5.44) 4682
Sex (male vs female) 1.10 (0.21 to 5.72) .906 0.74 (0.09 to 6.02) 7745
T stage (T3/4 vs T1/2) 2.05 (0.63 to 6.82) .0673 3.06 (0.24 to 45.02) .9954
N stage (N1/2/3 vs NO) 9.00 (1.09 to 74.66) 0102 10.19 (0.89 to 116.30) 0616
hsa-miR-10b (high vs low) 7.63 (1.86 to0 31.18) 0044 7.20 (1.18 to 44.12) 0328
hsa-miR-221 (high vs low) 9.00 (1.09 to 74.66) .0102 8.54 (0.88 to 82.92) .0645

* All statistical tests were two-sided. CI = confidence interval; CRC = colorectal cancer; HR = hazard ratio; M stage = distant metastasis in Union for International
Cancer Control classification; miRNA = microRNA; N stage = lymph node metastasis; OR = odds ratio; pCRC = primary CRC; T stage = tumor depth.

.0208) (Supplementary Table 4, available online). The univari-
ate logistic regression model provided similar results, that is,
low let-7i expression and high miR-10b expression were sta-
tistically significantly associated with CRC-distant metasta-
sis (Table 3). The multivariable model showed that low let-7i
expression (OR = 5.5, 95% CI = 1.1 to 26.8, P = .0334) and high
miR-10b expression (OR = 4.9, 95% CI = 1.2 to 19.7, P = .0248)
were statistically significant predictors of CRC distant metas-
tasis (Table 3).

Kaplan-Meier survival analysis revealed that low expression
of let-7i was statistically significantly associated with poor over-
all survival (P =.0095) and poor disease-free survival (P =.0043) in
CRC patients, validating our findings from the CRC tissue cohort
(Figure 3A). Although single miR-10b expression was not associ-
ated with survival (Figure 3B), the combination of low let-7i and/
or high miR-10b expression in CRC patients was statistically
significantly associated with metastasis recurrence (P = .0246)
(Supplementary Figure 2, available online). Using the univariate
Cox proportional hazard model (Table 3), low let-7i expression
was statistically significantly associated with poor prognosis.
In the multivariable model, low let-7i expression (HR = 5.0, 95%

CI = 1.0 to 24.4, P = .0479) was independently associated with
poor patient survival.

miR-885-5p Expression Pattern in Primary CRC
Tissue and Serum Specimens

As described above, miR-885-5p was the only miRNA to be ele-
vated in LM compared with pCRC in both the NanoString dis-
covery and NanoString validation cohorts. Since this miRNA
is elevated in LM, we hypothesized that circulating levels of
this miRNA would be associated with the presence of metas-
tasis. Therefore, we examined the association of miR-885-5p
in matched pCRC tissue and serum samples in the context of
various clinicopathological factors (Supplementary Table 5,
available online). This is the first study to interrogate the role of
miR-885-5p in CRC and cancer metastasis. Serum miR-885-5p
expression was statistically significantly associated with lymph
node metastasis (P = .0327), distant metastasis (P = .0069), TNM
stage (P =.0235), liver metastasis (P =.0011), and lymphatic inva-
sion (P = .0141). Tissue expression of miR-885-5p expression was
not associated with clinico-pathological factors.

ARTICLE



http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju492/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju492/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju492/-/DC1

%
=3
(9]
e
£

6 of 11 | JNCIJ Natl Cancer Inst, 2015, Vol. 107, No. 3

Tumor suppressor-miRNAs

hsa-let-7i hsa-miR-320a
s 1004~ ® 1004
T 80; - ik T 80 -
= | F S — ig =
S 601 2 60
w w
(__.E 40+ Group _ Pafients _Events Low E 407 Group _ Patients Events Low
[T High 34 9 S 7. High 43 15
> Low 50 26 > Low 4 20
o o JLogrank P = 082 o o JLogrank P = 1232
0 20 40 60 80 0 20 40 60 80
Time, mo Time, mo
No. at risk No. at risk
High 34 28 21 16 0 High 43 31 22 17 0
Low 50 32 20 13 0 Low 41 29 19 12 0
Oncogenic—miRNAs
hsa-miR-10b hsa-miR-221
e 1004 2 100fy
T 804 © 804 A
'g L 'g ‘E‘_Q"_“ Low
| ow d e, e
S 60 S 60 ——
w . w ‘L_____.!. .
E 401 G.roup Patients Events “ High E 401 Group _ Patients Events “ High
8 ol a7 23 & ool 51 25
> Low 36 12 > Low 33 10
@] o JLogrank P = 0628 o o JLog-rank P = 0572
0 20 40 60 80 0 20 40 60 80
Time, mo Time, mo
No. at risk No. at risk
High 47 31 19 12 0 High 51 34 22 16 0
Low 36 28 21 16 0 Low 33 26 19 13 0

Figure 2. Kaplan-Meier Survival Analysis based on microRNA (miRNA) microarray cohort (frozen tissue). Overall survival analysis based on four miRNAs (let-7i, miR-
10b, miR-221, and miR-320a) in miRNA microarray cohort. The P values were determined by log-rank test. All statistical tests were two-sided.

We used logistic regression to further analyze the asso-
ciation between miR-855-5p and lymph node metastasis and
distant metastasis, respectively (Table 4). Univariate logistic
regression showed that high serum miR-885-5p expression was
statistically significantly associated with lymph node metasta-
sis and distant metastasis. Multivariable models demonstrated
that these associations were statistically significant independ-
ent of other clinical factors (LN metastasis: OR = 3.0,95% CI = 1.3
to 7.2, P = .0116 and distant metastasis: OR = 3.1, 95% CI = 1.0 to
10.0, P = .0456).

Kaplan-Meier survival analysis showed that high expres-
sion of serum miR-885-5p was statistically significantly asso-
ciated with poor overall survival (P < .0001) as well as poor
disease-free survival (P = .0074) (Figure 3C), while tissue
miR-885-5p expression was not (P = .8947) (Supplementary
Figure 3, available online). Similarly, univariate Cox regression
revealed that high serum miR-885-5p expression was statisti-
cally significantly associated with poor prognosis (Table 4). In
the multivariable model, high serum miR-885-5p expression
(HR =2.9,95% CI = 1.1 to 7.5, P = .0323) was a statistically sig-
nificant predictor of poor survival. We found no evidence of
interaction between tissue miR-885-5p and serum miR-885-5p

in Cox regression and logistic regression outcome models,

respectively (all P, ..., > -10) (Supplementary Table 6, avail-
able online).

Expression of CRC Metastasis-Specific miRNAs (let-
7i, miR-10b, and miR-885-5p)

To further confirm the pathologic expression patterns of
let-7i, miR-10b, and miR-885-5p, in situ hybridization (ISH)
staining was performed on 20 pCRCs without metasta-
sis and 20 with metastasis from the 175 CRC tissue cohort
(Figure 4A) and in matched 20 pCRC and 20 LM tissues
(Figure 4B). Consistent with our quantitative PCR (qPCR)
results, ISH analysis showed low let-7i and high miR-10b
expression in pCRCs with metastasis compared with pCRCs
without metastasis, while miR-885-5p expression was com-
parable between pCRCs without metastasis and pCRCs with
metastasis. We also observed downregulated expression of
let-7i and miR-10b and upregulated miR-885-5p expression
in LM compared with pCRC. Interestingly, adjacent hepato-
cytes barely expressed any of the three CRC metastasis-spe-
cific miRNAs.


http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju492/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju492/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju492/-/DC1
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Table 3. Association between miRNA biomarker expression and CRC prognosis and metastasis prediction in the CRC tissue cohort (175 FFPE

PCRC tissues)*

Univariate Multivariable
Characteristics HR (95% CI) P HR (95% CI) P
Association between miRNA expression and CRC prognosis (Cox proportional hazards model on overall survival)
Tumor suppressor-miRNAs
Age (>68 y vs <68 y) 0.80 (0.4 to 1.48) 4816 1.53 (0.77 to 3.05) 2302
Sex (male vs female) 1.15 (0.61 to 2.16) .662 1.79 (0.88 to 3.64) 1112
T stage (T3/4 vs T1/2) 7.94 (1.93 to 32.62) .0001 1.71 (0.39 to 7.48) 4763
N stage (N1/2/3 vs NO) 15.18 (5.42 to 42.50) <.0001 6.44 (2.13 to 19.45) .001
Liver metastasis (present vs absent) 12.06 (6.08 to 23.94) <.0001 6.69 (2.95 to 15.17) <.0001
Pathology (poor diff. vs well/mod diff.) 1.84 (0.77 to 4.37) .2005 4.11 (1.40 to 12.06) .105
CEA (>5ng/mL vs <5ng/mL) 5.46 (2.28 to 13.08) <.0001 1.60 (0.62 to 4.09) 3335
hsa-let-7i (low vs high) 5.35 (1.30 to 22.02) .0026 5.00 (1.02 to 24.35) .0479
Oncogenic-miRNAs
Age (>68 y vs <68 y) 0.80 (0.4 to 1.48) 4816 1.14 (0.58 to 2.24) 7082
Sex (male vs female) 1.15 (0.61 to 2.16) .662 1.45 (0.74 to 2.84) .2807
T stage (T3/4 vs T1/2) 7.94 (1.93 to 32.62) .0001 1.96 (0.44 to 8.69) 3792
N stage (N1/2/3 vs NO) 15.18 (5.42 to 42.50) <.0001 6.29 (2.04 to 19.38) .0015
Liver metastasis (present vs absent) 12.06 (6.08 to 23.94) <.0001 5.95 (2.58 to 13.69) <.0001
Pathology (poor diff. vs well/mod diff.) 1.84 (0.77 to 4.37) .2005 2.47 (0.90 to 6.77) .0794
CEA (>5ng/mL vs <5ng/mL) 5.46 (2.28 to 13.08) <.0001 1.67 (0.63 to 4.45) 3039
hsa-miR-10b (high vs low) 1.57 (0.66 to 3.70) .3097 0.82 (0.35 to 1.96) .6623
Association between miRNA expression and CRC distant metastasis (logistic regression model)
Tumor suppressor-miRNAs
Age (>68 y vs <68 y) 0.56 (0.29 to 1.11) 0958 0.54 (0.22 t0 1.32) 1778
Sex (male vs female) 1.08 (0.55 to 2.13) .8166 1.21 (0.49 to 2.98) .682
T stage (T3/4 vs T1/2) 5.38 (1.83 to 15.83) 10022 2.04 (0.49 to 8.57) 3294
N stage (N1/2/3 vs NO) 33.17 (9.78 to 112.48) <.0001 23.37 (6.55 to 83.46) <.0001
hsa-let-7i (low vs high) 5.99 (1.37 to 26.19) .0175 5.54 (1.14 to 26.80) .0334
Oncogenic-miRNAs
Age (>68 y vs <68 y) 0.56 (0.29 to 1.11) 0958 0.41 (0.17 to 1.01) 0533
Sex (male vs female) 1.08 (0.55 to 2.13) .8166 1.23 (0.49 to 3.06) .6615
T stage (T3/4 vs T1/2) 5.38 (1.83 to 15.83) 10022 2.41 (0.57 to 10.13) 2301
N stage (N1/2/3 vs NO) 33.17 (9.78 to 112.48) <.0001 25.34 (7.02 to 91.48) <.0001
hsa-miR-10b (high vs low) 2.86 (0.82 to 10.02) .05 4.91 (1.22 to 19.73) .0248

* All statistical tests were two-sided. CI = confidence interval; CRC = colorectal cancer; HR = hazard ratio; miRNA = microRNA; N stage = lymph node metastasis in
Union for International Cancer Control classification; OR = odds ratio; T stage = tumor depth.

Discussion

This study utilized a series of high-throughput screening tech-
niques for discovery, and quantitative analytical approaches to
validate CRC metastasis-specific miRNAs using several large
and independent patient cohorts (Supplementary Figure 1, avail-
able online). One of the unique strengths of our study is that
we directly compared pCRC and matching LM tissues from the
same patients, which facilitated discovery of distinct miRNAs
in metastasized lesions. Moreover, our approach for selecting
overexpressed miRNAs in metastasized lesions allowed discov-
ery of noninvasive circulating biomarkers for metastasis predic-
tion. Previous studies for discovering CRC metastasis-specific
miRNAs had the potential limitation of analyzing unmatched
pairs of primary tumors and LM or lymph node metastases. In
addition, these studies primarily explored the prognostic role
of these biomarkers and did not evaluate their metastasis-
predictive potential in CRC patients (26,27). Recently, we have
demonstrated that miR-200c is overexpressed in LM compared
with matched pCRC, and this miRNA is a key modulator of the
EMT-MET process (11). Considering its tumor suppressor role,

elevated expression of miR-200c in LM was unpredictable and
intriguing. Our NanoString data also revealed that several miR-
NAs which had been reported as oncomiRs in CRC—such as
miR-10b (24-26), miR-25 (28), miR-221 (25), miR-196a (29), and
miR-451 (30)—were actually downregulated in LM tissues; which
is discordant with their function in primary CRC. Furthermore,
miR-320a and miR-221 did not contribute to distant metasta-
sis in the CRC tissue cohort, but were statistically significantly
downregulated in LM compared with pCRC. These findings high-
light that studies focused on merely comparing primary cancer
tissues associated with the presence or absence of metastasis
may fail to find crucial information that can be gathered from
the use of paired, metastatic lesions from the same patients. In
view of this, our miRNA profiling and validation results provide
novel and previously unrecognized information underlying a
metastasis-specific miRNA signature in colorectal cancer.

To ensure the reliability and reproducibility of our discov-
ery data, we intensively validated our findings for candidate
miRNAs using multiple experimental techniques and by ana-
lyzing large, independent cohorts of both pCRC and matched
LM tissues. In spite of this, miR-30b did not validate in qRT-PCR
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Figure 3. Kaplan-Meier Survival Analysis based on different types of specimen cohorts (FFPE tissue and serum). A) Overall survival (left panel) and disease-free survival
(right panel) analyses based on let-7i in colorectal cancer (CRC) tissue cohort. B) Overall survival (left panel) and disease-free survival (right panel) analyses based on
miR-10b in CRC tissue cohort. C) Overall survival (left panel) and disease-free survival (right panel) analyses based on miR-885-5p in CRC serum cohort. The P values
were determined by log-rank test. Disease recurrence was observed in 19 patients, which included three patients with stage II disease and 16 with stage III cancers.

All statistical tests were two-sided.

analysis, likely because of the differences in its expression lev-
els between colon and rectal cancers (31,32). As a result, we
were able to successfully validate the expression of a three
CRC metastasis—-specific miRNA signature (let-7i, miR-10b,
and miR-885-5p) by using complementary analytical methods
(NanoString, microarray, and qRT-PCR) and different types of
specimen cohorts (frozen tissue, FFPE tissue, and serum). In
addition, we confirmed the pathologic expression pattern of

the three miRNAs by ISH analysis. While some of the discord-
ant results between different patient cohorts analyzed in our
study may be attributable to ethnic differences, we also feel
that this is perhaps one of the unique strengths of our study,
because we were able to validate data for the CRC metasta-
sis—specific miRNA signature (let-7i, miR-10b, and miR-885-5p)
discovered in our study among Japanese, Chinese, and US pop-
ulations. We believe that identification of similarities between
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Table 4. Association between expression levels of miR-885-5p and CRC prognosis and metastasis prediction in the matched CRC tissue and

serum cohorts (175 FFPE pCRC tissues and 169 sera)

Univariate Multivariable
Characteristics HR (95% CI) P HR (95% CI) P
Association between miRNA expression and CRC prognosis (Cox proportional hazards model on overall survival)
Age (>68 y vs <68 y) 0.76 (0.43 to 1.35) .3533 1.17 (0.50 to 2.76) 7213
Sex (male vs female) 1.09 (0.60 to 1.96) .7875 1.40 (0.59 to 3.28) 4461
Tumor size (>40mm vs <40mm) 2.35 (1.27 to 4.35) .0066 0.78 (0.29 to 2.10) .6302
Lymph node metastasis (present 17.05 (6.13 to 47.44) <.0001 7.80 (1.55 to 39.34) .0133
vs absent)
Distant metastasis (present vs 35.93 (14.78 to 87.42) <.0001 15.09 (4.74 to 48.10) <.0001
absent)
CEA (>5ng/mL vs <5ng/mL) 5.14 (2.29 to 11.56) .0001 0.87 (0.26 to 2.85) 8125
Tissue miR-885-5p (high vs low) 0.95 (0.48 to 1.90) .895 0.87 (0.33 to 2.30) 7793
Serum miR-885-5p (high vs low) 3.94 (1.91 to 8.11) .0002 2.87 (1.10 to 7.51) .0323
Association between miRNA expression and CRC lymph node metastasis (logistic regression model)
Age (>68 y vs <68 y) 0.86 (0.49 to 1.50) .5922 1.48 (0.65 to 3.36) .3518
Sex (male vs female) 0.81 (0.46 to 1.43) 4736 0.54 (0.25 to 1.19) 1272
Tumor size (>40mm vs <40mm) 2.26 (1.28 t0 4.01) .0052 1.89 (0.82 to 4.32) 1336
Pathology (poor diff. vs diff.) 2.14 (0.79 to 5.78) 1322 1.65 (0.41 to 6.65) 4817
Venous Invasion (present vs 3.99 (2.21to0 7.22) <.0001 2.03 (0.91 to 4.52) .0835
absent)
CEA (>5ng/mL vs <5ng/mL) 3.60 (1.90 to 6.84) .0001 2.12 (0.92 to 4.86) .0767
Tissue miR-885-5p (high vs low) 0.59 (0.31 to 1.16) .1269 0.47 (0.20 to 1.09) .0788
Serum miR-885-5p (high vs low) 2.08 (1.11 to 3.89) 0226 3.03 (1.28 to 7.18) 0116
Association between miRNA expression and CRC distant metastasis (logistic regression model)
Tumor size (>40mm vs <40mm) 3.32(1.59 to 6.93) .0014 1.81 (0.52 to 6.37) .3545
Lymph node metastasis (present 33.17 (9.78 to 112.47) <.0001 34.73 (4.32 to 279.04) .0008
vs absent)
Venous Invasion (present vs 5.78 (2.71 to 12.31) <.0001 4.82 (1.36 to 17.03) .0146
absent)
Tissue miR-885-5p (high vs low) 0.64 (0.28 to 1.47) .2941 0.57 (0.16 to 2.00) .3824
Serum miR-885-5p (high vs low) 3.42 (1.45 to 8.06) .005 3.12 (0.97 to 10.03) 0456

* All statistical tests were two-sided. CI = confidence interval; CRC = colorectal cancer; HR = hazard ratio; miRNA = microRNA; OR = odds ratio; pCRC = primary CRC.

these different ethnic cohorts will allow better generalizability
of these biomarkers across populations worldwide.

While examining the potential clinical impact of these
metastasis-specific miRNAs, we observed that both let-7i
and miR-10b were statistically significantly downregulated
in LM compared with pCRC. Low let-7i expression and high
miR-10b expression were independent predictors of distant
metastasis in pCRC tissues. Notably, the combination of
low let-7i and/or high miR-10b expression were statistically
significantly associated with metastasis recurrence of CRC
patients. Because each miRNA can regulate hundreds of dif-
ferent target genes (5,6), aberrantly expressed miRNAs in can-
cer tissues reflect the possible mechanistic basis of genetic
dysregulation in multiple signaling pathways. Another novel
and clinically relevant finding of our study is that we suc-
cessfully elucidated the potential role of serum miR-885-5p
as a noninvasive CRC biomarker. MiR-885-5p was statistically
significantly upregulated in LM compared with pCRC tissues,
and high serum miR-885-5p expression statistically signifi-
cantly predicted CRC prognosis and metastasis. Although
miR-885-5p expression in pCRC tissues was not associated
with CRC clinicopathologic variables, high serum miR-885-5p
was statistically significantly associated with both poor

overall survival and poor disease-free survival. Notably, ISH
analysis displayed specific and very high expression of miR-
885-5p in LM tissues, suggesting that the elevated levels of
serum miR-885-5p may be because of upregulation of this
miRNA in distant metastasized cells, which may also per-
mit identification of synchronous as well as metachronous
metastasis in CRC patients. These results collectively provide
a compelling rationale for further exploration of these newly
discovered miRNAs as both tissue- and/or serum-based CRC
metastasis biomarkers.

In conclusion, this study uncovers a unique and previously
unrecognized metastasis-specific miRNA signature for CRC and
highlights the importance of directly comparing primary and
matched metastatic cancer tissues as an optimal approach to
discover metastasis biomarkers. Our tissue-based and serum-
based metastasis-specific miRNA biomarkers may be clinically
applicable for the management of patients with CRC.
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Figure 4. In situ expression of colorectal cancer (CRC) metastasis-specific microRNAs (miRNAs; let-7i, miR-10b, and miR-885-5p). Pathologic expression patterns of
three validated CRC metastasis-specific miRNAs (let-7i, miR-10b, and miR-885-5p) were determined by hybridization with LNA-modified and 5'- and 3'-DIG-labeled
oligonucleotide probes. In situ hybridization analysis of let-7i, miR-10b, and miR-885-5p in (A) positive and negative controls (primary colorectal cancer [pCRC]) and (B)
matched primary pCRC with and without metastases and expression in the matched liver metastasis (positive control, U6 snRNA; negative control, scrambled miRNA
control). LM = liver metastasis; pCRC = primary colorectal cancer.
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