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Serum miRNA expression profile
as a prognostic biomarker of stage
/1l colorectal adenocarcinoma
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. We sought to identify a serum miRNA expression profile to improve disease surveillance and to

. predict post-operative disease recurrence for stage II/lll colorectal cancer (CRC) patients. Using the

. TagMan Low-Density Array (TLDA), we performed an initial survey to analyze 749 miRNAs in the

. pooled serum of 20 paired pre- and post-operative CRC patients and 20 matched normal subjects.
Using individual RT-qPCR verification in 175 stage II/1ll CRC patients, we identified that miR-145, miR-
106a and miR-17-3p were significantly differentially expressed between pre- and post-operative CRC

: patients and between pre-operative CRC patients and normal controls (P < 0.0001). The area under

. the ROC curve (AUC) for the three-miRNA panel was 0.886 (95% Cl 0.850—0.921) for discriminating

. between pre-operative CRC patients and normal subjects and 0.850 (95% Cl 0.809-0.891) for
discriminating between pre- and post-operative CRC patients. Furthermore, using the Kaplan-Meier
method and Cox proportional hazards analysis, we found that miR-17-3p and miR-106a were powerful
and independent prognostic indicators and that high levels of these miRNAs were associated with
shorter disease-free survival (DFS) (P < 0.0001 for miR-17-3p and P =o0.001 for miR-106a). The present
study reveals novel serum-miRNA-based biomarkers for monitoring tumor dynamics as well as for
predicting disease recurrence in patients with stage II/Ill CRC.

Colorectal cancer (CRC) is currently the third most common malignancy and the second leading cause
. of cancer mortality worldwide, with more than 1.2 million new cases and 600,000 deaths annually".
. Approximately 60% of CRC patients present with resectable disease when diagnosed, and for these
- patients, curative surgical resection followed by adjuvant chemotherapy is considered the standard treat-
: ment strategy. However, 20-30% of patients will ultimately develop recurrent disease, and the prognosis

after recurrence is poor?®. In addition, for patients with stage IIT CRC, a survival benefit from adjuvant
. chemotherapy has been firmly established in several large-scale trials**. However, a subgroup of these
© patients may have a low risk of recurrence because nearly 40% of the patients who were randomized to
. the observation arm in chemotherapy trials did not develop a recurrence®’. For patients with stage II
. CRC, controversy exists as to the beneficial effect of post-operative adjuvant chemotherapy. Thus, the

identification of biomarkers that predict which patients are more likely to develop recurrent disease is
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Age (years)

Mean (SD) 58.7(12.3) 56.6(10.7) 54.1(7.5)

>65, No. 26 28 51

<65,No. 60 62 79
Sex, No.

Male 53 60 70

Female 32 30 50

Follow-up time, months

Median 36.0 32.0

Range 33.0-38.1 27.5-35.0

Recurrence rates

1 year 13/85 10/89

3 year 19/85 23/89

Histological grade, No.

Middle-Low 76 74

High 9 16

Tumor location, No.

Colon 37 37

Rectum 49 53

TNM stage, No.

1I 52 49

I 34 41

Adjuvant chemotherapy

Received 37 43

Did not received 48 42

Table 1. Demographic and clinical features of CRC patients and healthy subjects®. “Data are presented as
Mean £ SD.

particularly important for stage II/IIT CRC patients. A blood-based test is particularly attractive because
it is minimally invasive; however, currently, no clinically routine blood test is available. Therefore, the
identification of novel biomarkers is evidently needed for the detection, monitoring and prediction of
CRC to improve patient outcomes.

MicroRNAs (miRNAs) are a class of short (18-22 nt in length), evolutionarily conserved,
non-protein-coding RNAs that play critical roles in diverse biological processes though negative
post-transcriptional regulation®. Recent evidence has indicated that miRNAs can function as oncogenes
or tumor suppressors by repressing cancer-related genes®. Alterations of miRNA expression have been
observed in a variety of human tumors, including CRC, and we previously discovered that miRNAs are
stably present in circulating blood at sufficient levels for use as blood-based biomarkers'. Consistent
with these results, other studies found potential for serum-based miRNAs as biomarkers for cancer
diagnosis'!. In addition, previous studies have investigated the diagnostic potential of circulating miR-
NAs in CRC!?16, Recently, the role of miRNAs in predicting the response to 5-fluorouracil (5-FU)-based
chemotherapy in CRC treatment has been explored. Unfortunately, studies determining how to monitor
dynamic changes, assess prognosis and predict therapeutic outcomes in these patients are lacking.

In this study, we investigated the use of a serum miRNA profile as a prospective indicator to mon-
itor disease dynamics and to predict disease-free survival by comparing the differential expression of
serum miRNAs before and after curative resection for stage II/III colorectal cancer. We screened a serum
miRNA-based expression profile using a high-throughput TagMan Low-Density Array (TLDA), which
was combined with a literature review, and validated the results in two independent patient groups using
individual quantitative reverse-transcription PCR (RT-qPCR) assays.

Results
Patient characteristics. A total of 305 participants, including 175 CRC patients and 130 healthy
controls, were enrolled in the present study. Table 1 shows the demographics and clinical features of the
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Overview of the design strategy

Screening phase Screening phase

TLDA on pooled samples (20 pre-Op vs. literature overview

post-Op; 20 pre-Op vs. 20 controls)

Threshold: miRNAs deregulated

Threshold: fold change > 30 in CRC tissues

Tianjin cohort Training set
TaqMan-probe based RT-gPCR of individual sample
(20 pre- vs. post-Op; 20 pre-Op vs. 20 controls)

Threshold: miRNAs with a P value <0.0001,
1 CT value <35 and detection rate >75%

Tianjin Cohort internal validation set

Validation phase TagMan-probe based RT-qPCR of individual sample

(65 pre- vs. post-Op; 65 pre-Op vs. 40 controls)

Threshold: miRNAs with a P value <0.0001

A

Xiangya Cohort independent validation set
TagMan-probe based RT-qPCR of individual sample
(90 pre- vs. post-Op; 90 pre-Op vs. 70 controls)

Threshold: miRNAs with a P value <0.0001

A A

Statistical analysis phase Statistical analysis phase
ROC curve analysis; Risk score analysis K-M curve for survival analysis
y L 4
The profile of selected miRNAs The profile of selected miRNAs
provides a noninvasive biomarker for provides a noninvasive biomarker
diagnosis and monitoring of CRC for prognosis of CRC

Figure 1. A flow chart of the study design strategy.

CRC patients and healthy controls in the two different cohorts. All 175 patients recruited for this study
had undergone surgical resection with a histologically negative resection margin. The median follow-up
was 36 months for the Tianjin cohort and 32 months for the Xiangya cohort, and 21% of the patients in
the Tianjin cohort and 23% in the Xiangya cohort developed tumor relapse during the follow-up period.
Of all 175 patients, 74 received adjuvant chemotherapy in our study: 43 of 85 in the Tianjin cohort and
31 of 90 in the Xiangya cohort. No significant differences were observed between CRC patients and
normal controls in either the Tianjin cohort or the Xiangya cohort in the distribution of age (P=0.49
and P=0.56, respectively) or gender (P=0.98 and P=0.77, respectively).

Screening of serum miRNAs for disease monitoring. We designed a multiphase study to iden-
tify novel serum miRNAs as surrogate markers for detecting CRC and monitoring disease dynamics
and predicting the prognosis of CRC patients (Fig. 1). To screen candidate serum miRNAs for CRC
detection and monitoring, we combined the TLDA technique with a literature review. The miRNAs
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recruited in the present study and their reported relevance to CRC was seen in Supplemental Data
Table S1. We employed the TLDA technique to screen the expression levels of 749 miRNAs in pooled
serum samples from healthy controls and pre- and post-operative CRC patients (each pooled from
20 individuals). Compared with the healthy control group, serum from the pre-operative CRC group
had 108 up-regulated miRNAs and 20 down-regulated miRNAs (fold change > 30) (See Supplemental
Data Table S2). Moreover, 203 serum miRNAs were found to be differentially expressed between the
pre-operative and post-operative groups, of which 183 were up-regulated and 20 were down-regulated
(fold change > 30) (See Supplemental Data Table S3). We selected miRNAs that satisfied the following
criteria for additional RT-qPCR validation: 1) fold change > 30 between the pre-operative CRC patients
and the healthy controls; 2) fold change > 30 between pre- and post-operative CRC patients; and 3)
decreased/increased serum levels of up-regulated/down-regulated miRNAs in the post-operative serum
samples compared with the pre-operative samples that reached levels comparable to those of healthy con-
trols. Using these criteria, 18 miRNAs were identified and chosen for further analysis (See Supplemental
Data Table S4). In addition, we included six miRNAs (miR-17-3p, miR-21, miR-31, miR-92a, miR-143
and miR-145) that were previously reported to be dysregulated in CRC.

Validation of candidate miRNAs by RT-qPCR. The differential expression of these 27 selected
miRNAs was confirmed in two independent cohorts of 175 CRC patients and 130 healthy controls using
RT-qPCR analysis. We first compared the miRNA profiles of 85 pairs of pre- and post-operative serum
samples of CRC patients and 60 healthy controls in a training and internal validation set (including the
individuals used to create the pool). At first, we validated the differential expression of these 27 selected
miRNAs in 20 CRC patients and 20 healthy controls (samples that were used to create the pool) using
RT-qPCR analysis in the training set. Differentially expressed miRNAs (P < 0.0001) were chosen only
when they showed a parallel trend in the variation among the three groups in both the screening and
validation phases. The expression levels of miR-15b, miR-17, miR-26b, miR-21, miR-31, miR-95, miR-
139-3p, miR-143, miR-146b, miR-193a-3p, miR-199a-3p, miR-214, miR-216a, miR-337-5p and miR-382
were not significantly altered. The detection rates were <75% or the Ct values were higher than 35 in
the quantitative RT-qPCR assay for miR-382, miR-412, miR-517b, miR-518b miR-572, miR-454, and
miR-1233 (See Supplemental Table S5). The expression levels of miR-145, miR-17-3p and miR-106a
were differentially expressed among three groups. Thus, we validated our results in a larger population
in an internal validation set including 65 pairs of pre- and post-operative serum samples of CRC patients
and 40 healthy controls. Ultimately, miR-17-3p and miR-106a were up-regulated in CRC patients and
decreased after surgery, reaching levels comparable with those of healthy controls, whereas miR-145 was
found to be down-regulated in CRC patients compared with those of normal subjects and reached levels
comparable to those of normal subjects after surgery; thus, miR-17-3p, miR-106a and miR-145 were
selected as candidates for further analyses.

To confirm whether the miRNAs identified from the internal validation had similar alterations in dif-
ferent populations, we applied our internal validation set to the independent validation set of 90 patients
from different healthcare centers. A set of 70 healthy subjects was recruited as the control group. We
found similar results in this cohort: the expression levels of these three miRNAs were significantly altered
in the post-operative samples compared with those in the pre-operative samples, reaching levels com-
parable with those of healthy controls (Fig. 2A-C). Together, these findings suggest that these miRNAs
may be tumor-derived and have the potential to be novel indicators for monitoring disease dynamics.

To evaluate whether these selected miRNAs were consistently differentially expressed in colon and
rectal cancers, we compared the levels of the three miRNAs in these two diseases. No significant differ-
ence was found between colon and rectal cancer (Supplemental Data Figure S1).

Diagnostic accuracy of the candidate miRNAs. A ROC curve analysis was used to evaluate
the diagnostic accuracy of the selected serum miRNAs between CRC patients and normal subjects.
Compared with normal subjects, the AUCs for miR-145, miR-106a and miR-17-3p were 0.874, 0.808
and 0.781, respectively. Furthermore, the AUC for the combination of the three miRNAs was 0.886 (95%
CI 0.850-0.921) (Fig. 3A). With an optimal cutoft value of 1.613, at which the sum of the sensitivity and
specificity was maximal, the specificity was 0.828 and the sensitivity was 0.785 for CRC. Together, these
results indicate that the identified miRNAs, alone or in combination, can discriminate between CRC
cases and normal samples with high accuracy. Concurrently, using ROC curve analysis, we assessed the
discriminating power of the candidate miRNAs to distinguish pre- from post-operative CRC patients.
Our results showed a relatively high accuracy for each miRNA and for the combined three-miRNA
panel, with AUCs of 0.843, 0.813, 0.749 and 0.850 for miR-145, miR-106a, miR-17-3p and the combined
miRNA panel, respectively (Fig. 3B). Together, these results suggest that the three miRNAs can discrim-
inate CRC patients with relatively high accuracy and could be powerful indictors for CRC monitoring.

Prognostic indicators for disease relapse. We then performed an analysis to identify whether the
three selected miRNAs were associated with cancer recurrence. We analyzed the expression level of each
individual miRNA for an association with poor prognosis in both the Tianjin cohort and the Xiangya
cohort using Kaplan-Meier DFS curves for all of the recruited CRC patients. The median follow-up
period was 36 months for the Tianjin cohort and 32 months for the Xiangya cohort. We categorized
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Figure 2. The differential expression of three serum miRNAs in pre-operative (pre-Op) and post-
operative (post-Op) CRC serum samples and between CRC serum samples and control samples. Dot
plots of the plasma levels of (A) miR-145, (B) miR-17-3p and (C) miR-106a in 175 CRC cases (paired pre-
and post-operative samples) and 130 healthy controls (NC) (both from the Tianjin cohort and the Xiangya
cohort) using RT-qPCR assays. The expression levels of the miRNAs were normalized to let-7d/g/i and
calculated using the 2724 method.
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Figure 3. ROC curve analysis for the discrimination between pre-operative (pre-Op) and post-operative
(post-Op) CRC serum samples and between CRC serum samples and control samples based on the
three-serum miRNA profile. (A) ROC curve for the ability of miR-145, miR-17-3p, miR-106a and the miR
panel to separate the 175 pre-operative (pre-Op) from post-operative (post-Op) patients. (B) ROC curve for
the ability of each miRNA and the miR panel to discern 175 CRC cases from 130 healthy controls (NC).

these patients into patients at high risk of disease recurrence (high-risk group) and patients at low risk of
disease recurrence (low-risk group) based on the expression levels of each miRNA. When we assessed the
distribution of the expression levels of each miRNA and survival status, we found similar results for the
prognostic values in both the Tianjin cohort and the Xiangya cohort. In the Tianjin cohort, patients with
lower levels of miR-17-3p and miR-106a generally had better survival than patients with higher levels
(log-rank test: P=0.005 and P=0.028, respectively) (Fig. 4A,B). In the Xiangya cohort, we also found
consistent correlations between the expression level of each miRNA and survival status (log-rank test:
P=0.013 for miR-17-3p and P=0.017 for miR-106a) (Fig. 4C,D). Similar results were found in all 175
patients (log-rank test: P < 0.0001 for miR-17-3p and P=0.001 for miR-106a) (Fig. 4E,F). Subsequently,
we performed univariate and multivariate Cox proportional hazards regression analyses to determine
the influence of serum miRNA levels and clinicopathological characteristics on patient survival. In the
univariate analysis for the Tianjin test cohort, we found that high expression of miR-17-3p and miR-106a
as well as TNM stage was significantly correlated with DFS (P=0.002, P=0.03 and P=0.001, respec-
tively). Similar results were also observed in an independent validation of miR-17-3p and miR-106a lev-
els as well as TNM stage for the Xiangya cohort (P=0.009, P=0.023 and P=0.007, respectively). After
multivariable adjustment by clinicopathological variables, miR-17-3p, miR-106a and the TNM stage
remained independent risk factors in the entire cohort of all 175 patients (HR 2.24, 95% CI 1.28-3.92,
P=0.035; HR 3.02, 95% CI 1.36-6.73, P=0.007; and HR 4.13, 95% CI 1.66-10.2, P= 0.002, respectively).
We also found similar results in the combined training and internal validation set (P=0.012, P=0.013
and P =0.001, respectively) and in the independent validation set (P=0.011, P=0.01 and P =0.002,
respectively) (Table 2). These data indicate that miR-17-3p and miR-106a may be prognostic biomarkers
for CRC patients with localized disease who underwent surgery.

Prognostic indicators for therapeutic outcome. We analyzed the associations between miRNA
expression and therapeutic outcomes in stage IT and III cancer patients treated with adjuvant chemother-
apy. Receipt of adjuvant chemotherapy was beneficial for patients with either stage II or stage III cancer,
although this benefit was only significant for stage III patients (P=0.017). For individuals who received
adjuvant therapy, high expression of miR-17-3p or miR-106a predicted a more rapid tumor recurrence
(P=10.002 and P < 0.0001, respectively), providing preliminary support that high levels of miR-17-3p
and miR-106a are associated with poor therapeutic outcomes (Fig. 5A). Additionally, because the benefit
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Figure 4. A Kaplan-Meier curve estimates the association of miRNAs and the survival of patients
with stage II/III colorectal cancer. (A-C) The miR-17-3p high-level group (greater than the cutoff value)
compared with the low-level group (less than the cutoff value) in both cohorts. (D-E) The miR-106a high-
level group compared with the low-level group in both cohorts.

from adjuvant chemotherapy was not consistent for patients with different disease stages, we then sep-
arately evaluated the association of miRNA levels and therapeutic outcomes in patients with stages II
and III. Of the 39 patients with stage II CRC who had received adjuvant chemotherapy, high levels of
miR-17-3p and miR-106a were associated with poor therapeutic outcomes (P=0.055 and P=0.038,
respectively) (Fig. 5B). For 41 patients with stage III CRC who had received adjuvant chemotherapy,
high levels of miR-17-3p and miR-106a were also associated with shorter DFS (P=0.038 and P=0.001,
respectively) (Fig. 5C). These results show that miR-17-3p and miR-106a were associated with poor ther-
apeutic outcomes in CRC patients with localized disease who had already undergone curative surgical
resection and received adjuvant chemotherapy.

Discussion

Previous studies have identified multiple circulating miRNAs that are dysregulated in CRC patients com-
pared with normal controls. However, few studies have evaluated the dynamic changes in miRNAs before
and after curative surgical resection of a primary tumor!>'*7-1%, Of these studies, only two, with sample
sizes of 10 and 20 CRC patients, have assessed the differential expression of miRNAs before and after
surgical cancer resection'>". In the present study, we compared the differential expression levels of a
circulating miRNA profile between pre- and post-operative blood samples of CRC patients and matched
healthy individuals in two large-scale, independent cohorts. We performed the largest study to date
that analyzed the distinctive expression of circulating miRNA profiles in paired pre- and post-operative
blood samples from patients with colorectal cancer using two independent cohorts. What's more, the
expression levels of these miRNAs were consistently altered both in colon and rectal cancers and no dif-
ference between them. In present study, we found a novel panel of circulating miRNAs that remarkably
distinguished CRC patients before and after surgery, indicating it may reflect the tumor burden. Using
the three miRNA-based panel may help to monitor the effect of surgical resection with high accuracy in
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Tianjin Training and Internal Validation Cohort

Age (>65/<65) 1.11(0.48-2.55) 0.81 1.39(0.54-3.56) 0.49
Gender (male/female) 0.77 (0.36-1.68) 0.518 0.80 (0.33-1.92) 0.62
Stage (IT1/IT) 3.54 (1.75-7.81) 0.001 4.54 (1.93-10.6) 0.001
Histology (high/low) 3.99 (0.88-5.88) 0.072 3.56 (1.27-10.1) 0.017
Location (colon/rectum) 1.06 (0.49-2.30) 0.873 1.11 (0.48-2.54) 0.79
miR-145 (low/high) 0.68 (0.30-1.53) 0.35 0.67 (0.27-1.68) 0.39
miR-17-3p (low/high) 3.72 (1.61-8.60) 0.002 3.74 (1.34-10.4) 0.012
miR-106a (low/high) 4.31 (1.02,18.27) 0.03 3.34 (1.29-8.62) 0.013

Xiangya Independent Validation Cohort

Age (>65/<65) 0.72 (0.25-2.11) 0.551 1.36 (0.42-1.91) 0.61
Gender (male/female) 0.64 (0.25-1.60) 0.336 2.17 (0.79-5.95) 0.13
Stage (ITI/IT) 3.36 (1.39-8.10) 0.007 5.12 (1.83-14.2) 0.002
Histology (high/low) 0.86 (0.39-1.92) 0.718 1.24 (0.50-3.05) 0.64
Location (colon/rectum) 1.13 (0.50-2.55) 0.764 2.39 (0.90-6.39) 0.08
miR-145 (low/high) 1.42 (0.64-3.17) 0.39 0.77 (0.29-1.98) 0.58
miR-17-3p (low/high) 3.09 (1.33-7.24) 0.009 3.74 (1.34-10.4) 0.011
miR-106a (low/high) 2.61 (1.14-5.98) 0.023 3.34 (1.28-8.63) 0.01

All recruited CRC patients

Age (>65/<65) 1.02 (0.99-1.04) 0.142 1.05 (0.99-1.11) 0.09
Gender (male/female) 0.64 (0.25-1.60) 0.336 1.85 (0.48-9.43) 0.54
Stage (III/II) 1.68 (1.16-2.44) 0.006 4.13 (1.66-10.2) 0.002
Histology (high/low) 4.29 (0.95,19.8) 0.059 1.62 (0.71-3.12) 0.098
Location (colon/rectum) 0.87 (0.44-2.01) 0.874 1.47 (0.62-3.44) 0.38
miR-145 (low/high) 0.78 (0.46-1.35) 0.382 0.61 (0.26-1.37) 0.228
miR-17-3p (low/high) 2.72 (1.58-4.69) <0.0001 2.24 (1.28-3.92) 0.035
miR-106a (low/high) 2.81 (1.64-4.80) <0.0001 3.02 (1.36-6.73) 0.007

Table 2. Univariate and multivariate analyses of parameters associated with disease-free survival (DFS)
of all CRC patients®. *Data are normalized to let-7d/g/i and presented as the mean &= SEM. "Mann-Whitney
unpaired test for rank sum.

clinical practice. Our findings suggest that these miRNAs could potentially be used to monitor disease
dynamics, such as estimating the completeness of surgical resection and monitoring tumor recurrence
in CRC with localized disease. Future studies may further evaluate its potential use in post-operative
surveillance, which may provide an opportunity for the early detection of recurrent disease.

In addition, although many studies have evaluated the diagnostic potential of circulating miRNAs in
CRG, the relation of circulating miRNA deregulation with disease outcome or response to chemotherapy
in colorectal cancer patients has been explored in only a few studies?®?!. Our studies also demonstrated
the potential value of serum miRNAs for predicting tumor relapse as well as therapeutic outcome in
CRC patients with localized disease. We observed that high levels of circulating miR-17-3p and miR-
106a were associated with poor survival, and this association was independent of other clinical factors,
indicating the potential of these miRNAs as noninvasive prognostic biomarkers for CRC. In addition,
for patients who undergo adjuvant chemotherapy, high levels of miR-17-3p and miR-106a predicted a
poor therapeutic outcome. This association may help predict the benefits of therapy in individuals whose
expression status is known and identify patients who are candidates for more intensive initial therapies. If
high expression is causal to a poor therapeutic outcome, antagomirs that target these two miRNAs may
prove to have therapeutic benefits in patients with tumors with high expression levels.

Appropriate normalization using stably expressed reference genes is important and critical for the
accurate quantification of RNA levels when using RT-qPCR. A common problem in research on circu-
lating miRNAs is that no consensus endogenous controls have been established to date. The identified
studies used several different genes as their endogenous controls, such as RNU6B, RNU44, RNU48 and
miR-16>%3. However, few reports detailed a robust identification and validation strategy for suitable
reference genes for normalization. Our laboratory has clearly demonstrated that a combination of let-7d,
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Figure 5. A Kaplan-Meier curve estimates the association of miRNAs and the survival of patients

with stage II/III colorectal cancer who received adjuvant chemotherapy. (A) Association between the
expression of miR-17-3p and miR-106a and disease-free survival (DFS) in patients with stage II/IIl CRC
who had received chemotherapy. (B) Associations between the expression of miR-17-3p and miR-106a and
DFS in patients with stage II CRC who had received chemotherapy. (C) Association between the expression
of miR-17-3p and miR-106a and DFS among patients with stage III CRC who had received chemotherapy.

let-7g and let-7i can be a suitable reference for the normalization of serum miRNAs and that this com-
bination is statistically superior to the commonly used reference genes U6, RNU44, RNU48 and miR-
16%. Thus, we used let-7d/g/i as an endogenous control for the normalization of serum miRNA levels to
guarantee the reliability of our results.

The biological relevance and the expression pattern in CRC tumor tissue of the selected miRNAs
identified in our study have been widely investigated in previous studies. MiR-145 has been reported
to possess anti-tumorigenic activity and be involved in a variety of cancer-related biological processes
during the tumorigenesis and progression of various cancers, including colorectal cancer; this miRNA
has been shown to exhibit reduced accumulation in colorectal tumor tissue compared with adjacent
non-tumor tissue®%. In addition, previous studies have investigated several miR-145 targets that pos-
sess vital roles in colorectal cancer?®3!. We speculated that the dynamic change of circulating miR-145
may help monitoring disease dynamics in clinical diagnosis; however, we could not make hypothesis
that this alteration was due to the reduced or increased secrete by tumor cells. We envision that the
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exact molecular mechanism for this alteration needs further exploration in future studies. Previous stud-
ies have found that miR-106a is up-regulated in CRC tumor tissue and that deregulation of miR-106a
was associated with survival in CRC patients’*-**. MiR-17-3p is a member of the miR-17-92a cluster,
which has been reported to play oncogenic roles by promoting cell proliferation, suppressing apoptosis
of cancer cells, and inducing tumor angiogenesis. The overexpression of this cluster has been observed
in several types of cancer, including CRC*-¥. These data indicate that the overexpression of these two
miRNAs (miR-17-3p and miR-106a) in serum may be tumor-derived, which strengthens their clinical
application as noninvasive biomarkers that are specific for CRC. Further studies should be performed to
reveal the underlying mechanism for the deregulation of circulating miRNAs.

The present work has some limitations. Previous studies have found rectal cancer-specific miRNAs
in rectal cancer tissues compared with normal tissues®. However, the expression levels of these three
miRNAs in our study were not significantly different between colon and rectal cancer, which indicates
that these three miRNAs may reflect the common biological process in colon and rectal cancer and
could be biomarkers for these two cancers. Future studies should be designed to find the colon or rectal
cancer-specific cancer. Additionally, the present work failed to evaluate the miRNA expression profiles
in different ethnic population, which limits the potential use of these three miRNAs in different racial
groups. Nevertheless, our group recently has evaluated the levels of serum miRNAs in different racial
populations and found that there is no significant difference after normalizing by the endogenous control
let-7d/g/i. Future studies should include a validation to evaluate the expression levels of these miRNAs
in a similar large cohort in different ethnic groups.

In conclusion, we found a novel panel of distinctive circulating miRNAs by comparing paired pre- and
post-operative blood samples from stage II/ III CRC patients. High expression levels of circulating miR-
17-3p and miR-106a were correlated with poor survival and therapeutic outcome. These results indicate
that circulating miRNAs have the potential to be used for monitoring tumor dynamics and as predictive
biomarkers for prognosis and therapeutic outcomes in CRC patients who received chemotherapy.

Materials and Methods

Study design, patients and control subjects. We used paired serum samples of 175 stage II/III
CRC patients before and 7-14 days after curative resection. In the initial biomarker screening stage, we
subjected pooled serum samples from 20 CRC cases both before and after surgery (Tianjin Medical
University Cancer Institute and Hospital, Tianjin) and from 20 matched controls (Jinling Hospital,
Nanjing) to identify miRNAs whose expression was altered in CRC. For the training and internal val-
idation set, 85 patients were recruited from Tianjin Medical University Cancer Institute and Hospital,
Tianjin, China, between May 4, 2011, and Aug 20, 2011. In addition, 60 matched, disease-free individuals
were recruited as healthy controls. In the external validation set, we included another 90 patients from
the Affiliated Tumor Hospital of Xiangya Medical School of Central South University and from the
Third Xiangya Hospital of Central South University, Changsha, between Dec 20, 2011, and May 5, 2012.
Another 70 healthy individuals (Jinling Hospital) were enrolled as controls.

Patients were excluded if they had any tumor type other than adenocarcinoma or mucinous adenocar-
cinoma, acute infections, or pre-operative chemotherapy or radiotherapy. Tumor stage was determined
based on surgical findings, and tumors were staged according to the tumor-node-metastasis (TNM)
system classification of the American Joint Committee on Cancer®. Detailed clinical features for each
patient, including age, gender, clinical stage, tumor size, tumor location, survival time and receipt of
adjuvant chemotherapy, were available. The final date of follow-up was April 30, 2014, for the Tianjin
cohort and May 30, 2014, for the Xiangya cohort. Disease-free survival (DFS) was defined as the time
from the date of surgery to the date of confirmed tumor relapse or death from tumor relapse. DFS was
censored at the date of death from other causes or at the date of the final follow-up visit for disease-free
patients. Information on the administration of adjuvant chemotherapy was available for all patients in
both cohorts. Chemotherapy regimens were primarily fluorouracil-based and with or without oxalipla-
tin. All 130 healthy individuals in this study were recruited from a large pool of individuals seeking a
routine health check-up at the Healthy Physical Examination Center of Jinling Hospital. Subjects with no
evidence of disease were enrolled as cancer-free controls. All subjects provided written informed consent
to participate in the study. The methods in this study were carried out in accordance with the approved
guidelines by Tianjin Medical University Cancer Institute and Hospital, Affiliated Tumor Hospital of
Central South University, the Third Xiangya Hospital of Central South University and Jinling Hospital
and all experimental protocols were approved by the ethics committees of the four hospitals. This study
was approved by the ethics committees of each of the participating institutions.

Lirerature overview. To identify all relevant literature, we searched PubMed for CRC miRNA expres-
sion profiling studies published between 2000 and 2012.We carried out a systematic review to determine
the differentially expressed up-regulated and down-regulated miRNAs that were consistently reported
in independent miRNA expression profiling studies in CRC patients and selected most up-regulated
and down-regulated miRNAs (at least four studies). Three miRNAs (miR-106a, miR-21, miR-31) were
the most up-regulated and four miRNAs (miR-30a-3p, miR-145, miR-125a and miR-133a) were the
most down-regulated in colon tumor tissue. In addition, we further select those that play vital roles in
colon cancer. Finally, miR-145, miR-143, miR-21 and miR-31 were selected in our studies. The miRNAs
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recruited in the present study and their reported relevance to CRC was seen in Supplemental Data Table
S1. Besides, previous study has shown that serum miR-17-3p and miR-92a were differential expressed
before and after surgical resection in CRC patients but with only small samples'?. We also recruited these
two miRNAs for validation in a large-scale population.

Blood collection and rna isolation. The methods used for sample processing are given in the
Supplemental Data file in the online Data Supplement. All the analyses for miRNAs were performed in a
central laboratory (Jiangsu Engineering Research Center for microRNA Biology and Biotechnology, State
Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing University, Nanjing,
China). For the TLDA analysis, equal volumes of serum before and after surgery from 20 CRC patients
and 20 controls (500pL each) were pooled (10mL each). TRIzol reagent (Invitrogen, Carlsbad, CA)
was used to extract total RNA from each pool of serum samples as previously described'. The aqueous
phase was subjected to 3 steps of acid phenol/chloroform purification to eliminate protein residue before
isopropyl alcohol precipitation. The resulting RNA pellet was dissolved in 20 L of RNase-free water and
stored at —80°C until further analysis.

For the RT-qPCR assay, total RNA was extracted from 100pL of serum with a 1-step phenol/chlo-
roform purification protocol as previously described®. In brief, 100puL of serum was mixed with 200pL
of acid phenol, 200pL of chloroform, and 300pL of RNase-free water. The mixture was vigorously
vortex-mixed and centrifuged at room temperature for 15min. After phase separation, the aqueous layer
was mixed with 1.5 volumes of isopropyl alcohol and 0.1 volumes of 3 pmol/L sodium acetate (pH 5.3),
and the solution was stored at —20°C for 1h. The RNA pellet was collected by centrifugation at 16,000 g
for 20min at 4°C and then washed once with 750 uL/L ethanol and dried for 10min at room temper-
ature. Finally, the pellet was dissolved in 20 uL of RNase-free water and stored at —80°C until further
analysis.

Analysis of miRNAs by tlda. TLDA analysis was performed as previously described*!. For more
details, see the Supplemental Data file in the online Data Supplement.

Analysis of serum miRNAs by RT-qPCR. A TagMan probe-based RT-qPCR assay was performed
according to the manufacturer’s instructions (7500 Sequence Detection System; Applied Biosystems),
with minor modifications (see Methods in the Supplemental Data file in the online Data Supplement).
A combination of let-7d, let-7g and let-7i (let-7d/g/i) showed high stability across normal controls and
patients with disease and was statistically superior to the most commonly used reference genes for the
quantification of serum miRNAs?*. Therefore, let-7d/g/i was used as an endogenous control to normalize
the data from the experimental RT-qPCR. The relative levels of miRNA were normalized to let-7d/g/i and
were calculated using the equation 27242, ACt was calculated by subtracting the Ct values of let-7d/g/i
from the average Ct values of the miRNAs of interest. AACt was then calculated by subtracting the ACt
of the controls from the ACt of the cases.

Data analysis. All statistical analyses were performed using the Statistical Analysis System soft-
ware SPSS (version 20.0, SAS Institute). Data are presented as the means = SEMs for miRNAs or as the
means =+ SDs for other variables. We compared two groups using Student’s ¢-test for continuous variables
and the two-sided X ? test for categorical variables. Statistical significance was set at 0.05. We constructed
receiver-operating-characteristic (ROC) curves and calculated the area under the ROC curves (AUC) to
evaluate the predictive power of candidate miRNAs for CRC. We performed risk score analysis to eval-
uate the associations between the miRNA expression level and CRC (see Methods in the Supplemental
Data file in the online Data Supplement). To evaluate the association between the expression levels of
selected miRNAs and patient survival, we categorized these patients into patients at high risk of disease
recurrence (high-risk group) and patients at low risk of disease recurrence (low-risk group) based on
the expression levels of each miRNA. Expression levels of these three miRNAs were stratified by the
median value and the association between survival outcome and miRNA levels was determined using
the Kaplan-Meier method. We also calculated the level of statistical significance for each miRNA, based
on univariate and multivariate Cox proportional hazard regression models. Statistical significance was
calculated using the log-rank test. Stepwise univariate and multivariate Cox regressions were performed
to analyze factors related to DFS.

References

1. Jemal, A. et al. Global cancer statistics. CA: A Cancer Journal for Clinicians 61, 69-90 (2011).

2. André, T. et al. Improved Overall Survival With Oxaliplatin, Fluorouracil, and Leucovorin As Adjuvant Treatment in Stage II or
III Colon Cancer in the MOSAIC Trial. Journal of Clinical Oncology 27, 3109-3116 (2009).

3. O’Connell, M. J. et al. Survival Following Recurrence in Stage II and III Colon Cancer: Findings From the ACCENT Data Set.
Journal of Clinical Oncology 26, 2336-2341 (2008).

4. Andre, T. et al. Improved overall survival with oxaliplatin, fluorouracil, and leucovorin as adjuvant treatment in stage II or III
colon cancer in the MOSAIC trial. ] Clin Oncol 27, 3109-3116 (2009).

5. Twelves, C. et al. Capecitabine as adjuvant treatment for stage III colon cancer. N Engl ] Med 352, 2696-2704 (2005).

6. Efficacy of adjuvant fluorouracil and folinic acid in colon cancer. International Multicentre Pooled Analysis of Colon Cancer
Trials (IMPACT) investigators. Lancet 345, 939-944 (1995).

SCIENTIFIC REPORTS | 5:12921 | DOI: 10.1038/srep12921 11



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.

35.

36.
37.

38.

39.
40.

41.

. OConnell, M. J. et al. Controlled trial of fluorouracil and low-dose leucovorin given for 6 months as postoperative adjuvant

therapy for colon cancer. ] Clin Oncol 15, 246-250 (1997).

. Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281-297 (2004).
. Calin, G. A. et al. Human microRNA genes are frequently located at fragile sites and genomic regions involved in cancers.

Proceedings of the National Academy of Sciences of the United States of America 101, 2999-3004 (2004).

Chen, X. et al. Characterization of microRNAs in serum: a novel class of biomarkers for diagnosis of cancer and other diseases.
Cell Res 18, 997-1006 (2008).

Mitchell, P. S. et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc Natl Acad Sci USA 105,
10513-10518 (2008).

Ng, E. K. et al. Differential expression of microRNAs in plasma of patients with colorectal cancer: a potential marker for
colorectal cancer screening. Gut 58, 1375-1381 (2009).

Toiyama, Y. et al. Serum miR-21 as a Diagnostic and Prognostic Biomarker in Colorectal Cancer. J Natl Cancer Inst 105, 849-859
(2013).

Luo, X., Burwinkel, B., Tao, S. & Brenner, H. MicroRNA Signatures: Novel Biomarker for Colorectal Cancer? Cancer Epidemiology
Biomarkers & Prevention 20, 1272-1286 (2011).

Yong, E L., Law, C. W. & Wang, C. W. Potentiality of a triple microRNA classifier: miR-193a-3p, miR-23a and miR-338-5p for
early detection of colorectal cancer. BMC Cancer 13, 280 (2013).

Luo, X,, Stock, C., Burwinkel, B. & Brenner, H. Identification and evaluation of plasma MicroRNAs for early detection of
colorectal cancer. PLoS One 8, 62880 (2013).

Huang, Z. et al. Plasma microRNAs are promising novel biomarkers for early detection of colorectal cancer. Int | Cancer 127,
118-126 (2010).

Yong, E L., Law, C. W. & Wang, C. W. Potentiality of a triple microRNA classifier: miR-193a-3p, miR-23a and miR-338-5p for
early detection of colorectal cancer. BMC Cancer 13, 280 (2013).

Toiyama, Y. et al. Serum miR-21 as a Diagnostic and Prognostic Biomarker in Colorectal Cancer. Journal of the National Cancer
Institute 105, 849-859 (2013).

Pu, X. X. et al. Circulating miR-221 directly amplified from plasma is a potential diagnostic and prognostic marker of colorectal
cancer and is correlated with p53 expression. ] Gastroenterol Hepatol 25, 1674-1680 (2010).

Cheng, H. et al. Circulating plasma MiR-141 is a novel biomarker for metastatic colon cancer and predicts poor prognosis. PLoS
One 6, 17745 (2011).

Chang, K. H., Mestdagh, P., Vandesompele, J., Kerin, M. J. & Miller, N. MicroRNA expression profiling to identify and validate
reference genes for relative quantification in colorectal cancer. BMC Cancer 10, 173 (2010).

Kroh, E. M., Parkin, R. K., Mitchell, P. S. & Tewari, M. Analysis of circulating microRNA biomarkers in plasma and serum using
quantitative reverse transcription-PCR (qQRT-PCR). Methods 50, 298-301 (2010).

Chen, X. et al. A combination of Let-7d, Let-7g and Let-7i serves as a stable reference for normalization of serum microRNAs.
PLoS One 8, €79652 (2013).

Michael, M. Z., SM, O.C., van Holst Pellekaan, N.G., Young, G.P. & James, R.J. Reduced accumulation of specific microRNAs in
colorectal neoplasia. Mol Cancer Res 1, 882-891 (2003).

Bandres, E. et al. Identification by Real-time PCR of 13 mature microRNAs differentially expressed in colorectal cancer and
non-tumoral tissues. Mol Cancer 5, 29 (2006).

Cummins, J. M. et al. The colorectal microRNAome. Proc Natl Acad Sci USA 103, 3687-3692 (2006).

Xu, Q. et al. MiR-145 directly targets p70S6K1 in cancer cells to inhibit tumor growth and angiogenesis. Nucleic Acids Res 40,
761-774 (2012).

Gregersen, L. H. et al. MicroRNA-145 targets YES and STAT1 in colon cancer cells. PLoS One 5, e8836 (2010).

Zhang, J. et al. Putative tumor suppressor miR-145 inhibits colon cancer cell growth by targeting oncogene Friend leukemia virus
integration 1 gene. Cancer 117, 86-95 (2011).

Bauer, K. M. & Hummon, A. B. Effects of the miR-143/-145 microRNA cluster on the colon cancer proteome and transcriptome.
] Proteome Res 11, 4744-4754 (2012).

Schetter, A. J. et al. MicroRNA expression profiles associated with prognosis and therapeutic outcome in colon adenocarcinoma.
Jama 299, 425-436 (2008).

Diaz, R. et al. Deregulated expression of miR-106a predicts survival in human colon cancer patients. Genes, Chromosomes and
Cancer 47, 794-802 (2008).

Ma, Y. et al. Candidate microRNA biomarkers in human colorectal cancer: Systematic review profiling studies and experimental
validation. International Journal of Cancer 130, 2077-2087 (2012).

Hayashita, Y. et al. A polycistronic microRNA cluster, miR-17-92, is overexpressed in human lung cancers and enhances cell
proliferation. Cancer Res 65, 9628-9632 (2005).

Takakura, S. et al. Oncogenic role of miR-17-92 cluster in anaplastic thyroid cancer cells. Cancer Sci 99, 1147-1154 (2008).
Humphreys, K. J., Cobiac, L., Le Leu, R. K., Van der Hoek, M. B. & Michael, M. Z. Histone deacetylase inhibition in colorectal
cancer cells reveals competing roles for members of the oncogenic miR-17-92 cluster. Mol Carcinog 52, 459-474 (2013).
Gaedcke, J. et al. The rectal cancer microRNAome—microRNA expression in rectal cancer and matched normal mucosa. Clin
Cancer Res 18, 4919-4930 (2012).

Edge, S. B. & American Joint Committee on Cancer. AJCC cancer staging manual (Springer, New York, 2010).

Liu, R. et al. A five-microRNA signature identified from genome-wide serum microRNA expression profiling serves as a
fingerprint for gastric cancer diagnosis. Eur | Cancer 47, 784-791 (2011).

Wu, C. et al. Diagnostic and prognostic implications of a serum miRNA panel in oesophageal squamous cell carcinoma. PLoS
One 9, €92292 (2014).

Acknowledgements

This work was supported by grants from the National Natural Science Foundation of China (Nos.
81201946, 81372394, 30772484, 81401257, 81171120) and National Research Platform of Clinical
Evaluation Technology for New Anticancer Drugs (No. 2013ZX09303001). This work was also supported
by the Ministry of Education Research Fund for doctoral programs (No. 2012202120013), Tianjin
Municipal Health Bureau Science and Technology Foundation (No. 2013KZ095) and Science Foundation
of the Medical University of Tianjin (Nos. 2011KY15, 2013ky03). The funders had no role in the study
design; collection, analysis, and interpretation of the data; in the writing of the report; or in the decision
to submit this article for publication.

SCIENTIFIC REPORTS | 5:12921 | DOI: 10.1038/srep12921 12



www.nature.com/scientificreports/

Author Contributions

Y.B., C.Y.Z, X.C. and K.Z. conceived and designed the study. J.L., Y.B. and C.W. wrote the manuscript.
J.L., Y.L, H.L. and Y.W. performed the experiments. J.L., Y.L. and C.W. performed the statistical analysis.
T.D., D.H., X.W,, TN. and R.L. contributed reagents, materials and analysis tools. QE, C.W.,, X.C., H.L.
and T.D. prepare the figures and tables. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Li, J. ef al. Serum miRNA expression profile as a prognostic biomarker of
stage II/IIT colorectal adenocarcinoma. Sci. Rep. 5, 12921; doi: 10.1038/srep12921 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M i mages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:12921 | DOI: 10.1038/srep12921 13


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Serum miRNA expression profile as a prognostic biomarker of stage II/III colorectal adenocarcinoma
	Introduction
	Results
	Patient characteristics
	Screening of serum miRNAs for disease monitoring
	Validation of candidate miRNAs by RT-qPCR
	Diagnostic accuracy of the candidate miRNAs
	Prognostic indicators for disease relapse
	Prognostic indicators for therapeutic outcome

	Discussion
	Materials and Methods
	Study design, patients and control subjects
	Lirerature overview
	Blood collection and rna isolation
	Analysis of miRNAs by tlda
	Analysis of serum miRNAs by RT-qPCR
	Data analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Serum miRNA expression profile as a prognostic biomarker of stage II/III colorectal adenocarcinoma
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12921
            
         
          
             
                Jialu Li
                Yang Liu
                Cheng Wang
                Ting Deng
                Hongwei Liang
                Yifei Wang
                Dingzhi Huang
                Qian Fan
                Xia Wang
                Tao Ning
                Rui Liu
                Chen-Yu Zhang
                Ke Zen
                Xi Chen
                Yi Ba
            
         
          doi:10.1038/srep12921
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12921
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12921
            
         
      
       
          
          
          
             
                doi:10.1038/srep12921
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12921
            
         
          
          
      
       
       
          True
      
   




