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Abstract: Since the response to chemoradiotherapy in patients with locally advanced rectal cancer is
heterogeneous, valid biomarkers are needed to monitor tumor response. Circulating microRNAs
are promising candidates, however analyses of circulating microRNAs in rectal cancer are still rare.
111 patients with rectal cancer and 46 age-matched normal controls were enrolled. The expression
levels of 30 microRNAs were analyzed in 17 pre-treatment patients’ plasma samples. Differentially
regulated microRNAs were validated in 94 independent patients. For 52 of the 94 patients a paired
comparison between pre-treatment and post-treatment samples was performed. miR-17, miR-18b,
miR-20a, miR-31, and miR-193a_3p, were significantly downregulated in pre-treatment plasma
samples of patients with rectal cancer (p < 0.05). miR-29c, miR-30c, and miR-195 showed a trend
of differential regulation. After validation, miR-31 and miR-30c were significantly deregulated
by a decrease of expression. In 52 patients expression analyses of the 8 microRNAs in matched
pre-treatment and post-treatment samples showed a significant decrease for all microRNAs (p < 0.05)
after treatment. Expression levels of miR-31 and miR-30c could serve as valid biomarkers if
validated in a prospective study. Plasma microRNA expression levels do not necessarily represent
miRNA expression levels in tumor tissue. Also, expression levels of microRNAs change during
multimodal therapy.
Keywords: microRNA; rectal cancer; neoadjuvant chemoradiotherapy; plasma; tumor biopsy; liquid
biopsy; biomarkers; prognosis

1. Introduction
Treatment of locally advanced rectal cancer has changed in recent years by introducing
preoperative chemoradiotherapy (CRT) [1]. Extensive histopathological work-up of the tumor
specimen after surgery including tumor regression grading (TRG) [2] and lymph node status (ypN)
helped to visualize individual tumor sensitivity to CRT retrospectively. As this translates into patients’
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prognosis [3] many research groups focus on the identification of prognostic or predictive parameters
to enable an individualized risk-adopted therapy. A relevant number of studies aimed to identify
molecular markers retrieved from tumor tissue while the relevance of blood-based biomarkers is less
stringent assessed. Blood samples, however, offer several advantages: first, while taking biopsies is
an uncomfortable, invasive procedure for patients, which is not without clinical complications [4],
taking blood samples is less invasive, less expensive, easy to schedule, and nearly without any severe
complications. Second, sample preservation and intratumoral heterogeneity limit the informative value
of tumor biopsies for molecular analysis [5]. Especially in the case of rectal cancer, beyond intratumoral
heterogeneity, tumor biopsies are in general accompanied by normal, adenomatous or stromal tissue.
This contamination may affect results of molecular analyses [6,7]. Resorting to bloodstream bypasses
those problems: blood samples are a source of fresh DNA and RNA, without modifications due to
preservatives. Additionally, investigating blood from patients can account for molecular heterogeneity
and surrogate for tumor burden since tumor-derived fragments or biomarkers are collected from all
tumor cells in a patients’ body through circulation [8]. Therefore, they may offer both the possibility of
dynamic monitoring under treatment and the possibility to assess disease activity even after pathologic
complete response (pCR) or after resection of the tumor when no tissue is left for molecular analyses.
In summary, blood is a promising biomaterial that should be analyzed aiming to identify biomarkers
that could help to reveal tumor occurrence, identify molecular characteristics of the tumor and stratify
cancer treatment.
In clinical routines to date carcinoembryonic antigen (CEA) is established as a colorectal cancer
(CRC) related tumor marker but is not recommended as a screening test for colorectal cancer [9].
First, normal levels of CEA do not exclude the possibility of a colorectal cancer. Second, an elevated
CEA is not categorically associated with CRC, or in the period of follow-up with disease progression.
In rectal cancer there are several studies analyzing changing CEA levels in relation to preoperative CRT.
High CEA levels pre- as well as post-therapeutical were associated with a poorer prognosis [10–16].
However, the clinical use of CEA as a molecular biomarker to predict pathologic complete response
has its limitations and is controversially discussed [11,17].
As a potential alternative to CEA, microRNAs (miRNAs) are currently under investigation to serve
as blood-based biomarkers. miRNAs are small, noncoding RNAs that regulate gene expression by
post-transcriptional mRNA binding, which promotes the destabilization of target mRNAs. The target
specificity of miRNAs is largely predetermined by their so-called “seed-sequence” (containing
nucleotides at position 2–7 of the miRNA). They are highly conserved between species, stable and easy
detectable even in small concentrations. In the meantime a large panel of studies have indicated a role
as circulating biomarker. They have been widely analyzed in physiological and pathological processes.
Besides, miRNA expression is tissue specific [18]. Several sets of miRNAs are differentially up- or
downregulated in tumors of different origins, although on the other hand, the miRNA signature of
different cancer types can share individual miRNAs [19]. Considering the organ specificity of miRNAs
and the particular treatment modalities of rectal cancer, it is a need to analyze blood samples from
these patients. To date, no screening approach to identify relevant miRNAs as biomarkers in blood of
patients with rectal cancer was undertaken. Hypothesizing that cancer-specific circulating miRNAs
found in the blood of patients are associated to the individual tumor, we analyzed a subset that we
have previously identified as tumor specific by profiling locally advanced rectal cancer tumor tissue
and adjacent normal mucosa [20,21]. To investigate the role of circulating miRNAs as biomarkers
the study was divided into two phases: in a discovery/selection (phase I) up- and downregulated
miRNAs from the previous work were evaluated and in a validation phase (phase II) differentially
regulated miRNAs were validated.
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analyzed, 6 were excluded due to insufficient detection rate (50% of the Ct values were above a Ct
value of 36; miR-135b, miR-184, miR-492, miR-552, miR-375 and miR-215). Interestingly, the
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mucosa tissue, showed a decreased expression level in plasma of rectal cancer patients in comparison
to the control samples. Five of them were significantly downregulated (p < 0.05): miR-17, miR-18b,
2. Results
miR-20a, miR-31, and miR-193a_3p (Figure 1). Of the 15 miRNAs that were downregulated in the
tumor, none was significantly differentially expressed compared to the control group (Figure 2),
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2.2. Validation of Differentially Expressed miRNAs—Phase I
To validate the identified miRNAs, an independent set of 94 rectal cancer patients and 32 control
samples was analyzed. The clinical data of this validation set is presented in Supplementary Table S2.
The five significantly downregulated miRNAs of the first set (miR-17, miR-18b, miR-20a, miR-31, and
miR-193a_3p) were selected for further validation. Since all of them belong to the group of upregulated
miRNAs in tumor tissue compared to mucosa, we included three additional miRNAs from the group of
initially downregulated miRNAs in tumor tissue, which also showed a trend of differential regulation
in blood of patients compared to normal controls: miR-29c, miR-30c and miR-195. Overall, eight
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miRNAs were selected for further investigation. Of these, miR-31 (p = 0.013) and miR-30c (p = 0.017)
were significantly deregulated by a decrease of expression in the plasma of rectal cancer patients
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Figure 4. Boxplot showing the differences between miRNA expression levels before neoadjuvant
chemoradiotherapy and after completion of therapy (after surgery) in patients with rectal cancer. Ct
before–Ct after: Expression levels of the miRNA before treatment substracted to the respective miRNA
expression levels after the completed treatment.
Figure 4. Boxplot showing the differences between miRNA expression levels before neoadjuvant
chemoradiotherapy and after completion of therapy (after surgery) in patients with rectal cancer. Ct
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Figure 5. Kaplan–Meier Curves showing a trend for better DFS for plasma expression level
changes between two time points (pre-CRT and post-adjuvant-CT) of miR-17, miR-18b, miR-20a
Figure 5. Kaplan–Meier Curves showing a trend for better DFS for plasma expression level changes
(tumor-upregulated miRNAs) and miR-29c (tumor-downregulated miRNA).
between two time points (pre-CRT and post-adjuvant-CT) of miR-17, miR-18b, miR-20a (tumorupregulated miRNAs) and miR-29c (tumor-downregulated miRNA).
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still not investigated in detail and has to be elucidated in further experiments to reveal the complex
mechanisms. In addition, decreased miRNA expression levels in cancer plasma samples might be
rather a non-tumor-specific effect. Furthermore, normalization effects or sample quality could also
influence a change of miRNA expression. In this context, we have to emphasize that each plasma
sample was taken, stored and processed under stringent biobanking Standard Operating Procedures [7]
since translational research relies on high-quality biospecimens.
After validation miR-31 turned out to be significantly downregulated in the plasma–in contrast
to the tissue. Very recently Wang et al. [27] analyzed this and other miRNAs in the serum of a mixed
colorectal cancer cohort and also described a lower expression in the tumor group compared to healthy
controls. The expression pattern is not consistent over cancer of the gastrointestinal tract. While miR-31
was shown to be upregulated in colorectal cancer (CRC) a decreased expression was described in
gastric [28] or pancreatic cancer [29]. In-vivo, up-regulation of miR-31 in CRC cells leads to increased
cell proliferation, invasion, and metastasis [21,28]. In-vivo miR-31 directly represses SATB2 [30].
Sun et al. [31] demonstrated the activation of the RAS pathway by miR-31. Recently miR-31 has
been shown to play a role in modulating radioresistance in esophageal adenocarcinoma, potentially
enhanced via DNA repair and was tested as predictive marker for response of preoperative RCT [32].
Suppression of microRNA-31 increases sensitivity to 5-FU at an early stage [30].
In the group of downregulated miRNAs from the tumor tissue screen, finally miR-30c turned out
to be significantly lower expressed in the plasma compared to healthy controls. As a member of the
miR-30 family, very recently several groups have shown its tumor suppressive function in CRC [32–35]
as well as other entities [36]. However, Wang et al. [37] showed opposing results in ovarian cancer.
Overall, miR-30c and -31 may have a potential relevance as biomarker in rectal cancer to
distinguish between cancer and non-cancer patients in the plasma. However, these data need a larger
validation as the biological explanation is still under debate. As mentioned above, the hypothesis
of miRNA retention is possible. However, considering the fact of discrepant attitude towards the
existence of a hormone-like function of miRNAs [38] and the absence of reliable data on an active
uptake of specific miRNAs into the tumor, there is currently only a validated correlation. To further
discuss this hypothesis of miRNA uptake by tumor cells we performed the analysis of plasma from
patients after the tumor has been resected and the adjuvant therapy was administered; in conclusion
a patient considered as tumor free. Certainly, there was the potency of potential dorming cells,
however, none of the patients developed recurrence within 3 months after the time point of tumor
free diagnosis. Accordingly, the absence of tumor should lead to an increase of circulating miRNAs,
however, our findings showed again a decrease of expression. In this constellation, all of the miRNAs
showed a significant change. To which extent these effects are tumor driven or present an effect of
non-tumor processes that regulate the miRNA appearance in the blood is unclear. To answer this
question, comparative studies using comparable treatment strategies are needed. Specifically, rectal
cancer patients without preoperative treatment as well as patients with e.g. prostate cancer receiving
radiotherapy need to be analyzed. A change of miRNA expression levels under radiotherapy has
already been shown [39,40]. Although these data are not retrieved from patients the relevance of
non-tumor specific effects need to be acknowledged. As it is well known, patients respond with
different type and grade of toxicity on radiotherapy. Therefore, these effects may have an input on
blood-based biomarkers.
Finally, it needs to be mentioned, that only a few members of the miR-17-92 cluster were found as
significantly regulated. In particular, miR-92 was identified to drive oncogenesis in colon cancer [41]
and was not among the deregulated miRNAs in plasma samples. This may indicate a general
upregulation of the miR-17-92 polycistron in cancer progression, while only parts of the primary
transcript are cell retained.
Although our results are promising, there are several limitations in this study. First, as the
collective size is still small and miRNA plasma level changes show just a trend for a better prognosis,
further validations in a larger cohort and in independent studies are necessary to confirm potential
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statistically significance. Second, the amount of some miRNAs (n = 6/30) in plasma are too low to
be accurately quantified by failing the linear range of the assay, therefore, some potential relevant
markers could not be considered for further analyses. Third, the investigated miRNAs are based on
a previous study where tumor tissue and matched mucosa were analyzed. To avoid limitations in
identifying relevant miRNA expression patterns for rectal cancer patients in plasma genome wide
miRNA screen should be considered in blood samples in future.
4. Materials and Methods
4.1. Patients, Patient Treatment and Control Group
Overall, 111 patients with locally advanced rectal cancers treated in the Department of General,
Visceral and Pediatric Surgery, University Medical Center Goettingen, Germany and 46 age-matched
normal controls were enrolled in this study. All patients were enrolled in the CAO/ARO/AIO-94 [1]
or the CAO/ARO/AIO-04 [42] trial (EudraCT-Number 2006-002385-20-NCT00349076) of the German
Rectal Cancer Study Group. Accordingly, pretherapeutical assessment of the tumor was performed
by endorectal ultrasound, computed tomography scan and magnetic resonance imaging. Staging
results were described as clinically assessed T-level (cT), lymph node status (cN), distant metastases
(cM), and UICC stage (cUICC). All patients received a preoperative chemoradiotherapy (CRT): Total
radiation dose was 50.4 Gray (Gy) in 28 fractions accompanied by either an intravenous (iv) application
of 5-FU (1000 mg/m2 on days 1–5 and 29–33) or a combination of an iv-infusion of oxaliplatin and
5-FU according to the study protocol. Six weeks after the completion of preoperative CRT, curative
total-mesorectal-excision-surgery (TME) was performed. Four to six weeks after surgery treatment
was completed with an adjuvant therapy with either 5-FU or 5-FU with folinic acid combined with
oxaliplatin. Blood was taken prior to preoperative CRT and after completion of adjuvant therapy.
At the second time point patients had no signs of disease progression and accordingly were considered
as cancer free. Blood samples for the control group (n = 32) were obtained from patients treated for
either groin hernia or asymptomatic cholecystolithiasis. Further inclusion criteria were age between 60
and 80, no malignant disease in the past, colonoscopy without pathological findings within the last
four years, no clinical signs of acute inflammation and unremarkable laboratory parameters (blood
count, coagulation, liver enzymes). Written informed consent was obtained from all patients. This
study conformed to the ethical principles of the Declaration of Helsinki (Seoul, Korea, 2008) and was
approved by the University of Goettingen Ethics Committee in Goettingen, Germany (application
number 20/9/95, 9/8/08).
4.2. Study-Design
The study was divided into two phases: a discovery/selection (phase I:) and a validation phase
(phase II) (Figure 6). In a previous work of our group a tissue-based comparison of paired tumor and
normal mucosa samples of patients with locally advanced rectal cancer identified 49 differentially
expressed miRNAs [20]. Of those 15 were upregulated while 34 were down-regulated in the tumor
tissue samples compared to the paired mucosa samples.
Phase I: Expecting a higher likelihood for upregulated miRNAs to be found in blood, all of the
15 upregulated miRNAs were selected, while only 15 of the 34 downregulated miRNAs were chosen
for the initial discovery phase. These analyses were performed using 17 pre-therapeutical plasma
probes of rectal cancer patients that were subsequently treated by CRT and 14 control samples.
Phase II: In the next step miRNAs that turned out to be differentially regulated between rectal
cancer patients and the control group were validated. This phase comprised 94 independent patients
and 32 control samples. Of importance, for 52 of the 94 patients a paired comparison between
pretreatment (pre-CRT) and post-treatment (after surgery and adjuvant chemotherapy) samples,
respectively, was possible.
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The total RNA was extracted by using the miRNeasy Mini Kit (Qiagen, Hilden, Germany)
using 5× volumes Qiazol (Qiagen, Hilden, Germany). After 20 min incubation at room temperature,
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to the manufacturer’s protocol with the following modifications: The probes were lysed
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Hilden, Germany) according to the manufacturer’s instructions. After reverse transcription using RT
II Kit (Qiagen, Hilden, Germany), cDNA with universal tags were put in together with the specific
miRNA Primer (see Table S3) and Master mix for the quantitative PCR reactions using Biorad CFX384
Real Time System (Bio-Rad Laboratories, Hercules, CA, USA). All assays were performed in triplicates.
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miRNA expression was presented as normalized Ct values, where Ct = threshold cycle, normalized Ct
of sample X = (Ct target microRNA of sample X − average cel-miR-39, cel-miR-54 and cel-miR-238 of
sample X + average cel-miR-39, cel-miR-54 and cel-miR-238 of all samples).
4.5. Data Analysis
In order to identify miRNAs that were differentially expressed, we applied the empirical Bayes,
moderated t-statistics implemented using the R software package “limma” [44]. For disease-free (DFS)
and overall survival (OS) analysis, Kaplan–Meier plots and the Cox proportional hazards model were
applied using the R package “survival” [45]. DFS was defined as time from resection of the tumor
(patients considered as tumor free) until the development of distant or local recurrence, and OS as
time until tumor-related death. p-Values smaller 0.05 (p < 0.05) were considered significant. In order to
not exceed a false discovery rate (q-value, Q) of 5%, p-values were adjusted for multiple testing using
the Benjamini-Hochberg method [46]. All analyses were performed using the free statistical software
R (version 2.14.1, the R Foundation for Statistical Computing, Vienna, Austria).
5. Conclusions
In conclusion, we could identify two differentially expressed miRNAs in plasma probes of rectal
cancer patients based on a previous study comparing tumor tissue and matched mucosa samples.
Hereby, plasma miRNA expression does not necessarily represent miRNA expression levels in tumor
tissue. miRNA expression plasma changes between two time points, before and after multimodal
therapy, could predict prognosis. Future efforts are still needed to identify circulating microRNA
expression patterns that can accurately detect rectal cancer at an early stage and could serve as
predictive and prognostic biomarkers.
Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/6/1140/s1.
Acknowledgments: For technical, logistical support and acquisition of biomaterial and follow-up data we thank
Chan Rong Lai, Jessica Eggert, Birgit Jünemann, Elke Stauffer, Susanne Klie and Johanna Kreutzer. We are in
debt to all the patients that participated in this analysis. This study is part of the Clinical Research Unit KFO 179
(“Biological Basis of Individual Tumor Response in Patients with Rectal Cancer”) funded by the DFG (German
Research Foundation).
Author Contributions: Peter Jo, Azadeh Azizian, Junius Salendo, Marian Grade and Jochen Gaedcke conceived
and designed the experiments; Peter Jo, Junius Salendo and Markus Bernhardt performed the experiments;
Peter Jo, Junius Salendo, Frank Kramer, Tim Beißbarth and Jochen Gaedcke analyzed the data; Hendrik A. Wolff,
Jens Gruber and B. Michael Ghadimi contributed reagents, samples and analysis tools. All authors wrote the paper.
Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
CEA
CT
CRT
DFS
DNA
f
m
miRNA
OS
pCR
PCR
RNA
TME
TRG
ypN

carcinoembryonic antigen
chemotherapy
chemoradiotherapy
disease-free-survival
deoxyribonucleic acid
female
male
microRNA
overall-survival
pathologic complete response
polymerase chain reaction
ribonucleic acid
total mesorectal excision
tumor regression grade
post-chemoradiotherapy nodal status

Int. J. Mol. Sci. 2017, 18, 1140

11 of 13

References
1.

2.
3.

4.

5.
6.

7.

8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Sauer, R.; Becker, H.; Hohenberger, W.; Rödel, C.; Wittekind, C.; Fietkau, R.; Martus, P.; Tschmelitsch, J.;
Hager, E.; Hess, C.F.; et al. Preoperative versus postoperative chemoradiotherapy for rectal cancer. N. Engl.
J. Med. 2004, 351, 1731–1740. [CrossRef] [PubMed]
Dworak, O.; Keilholz, L.; Hoffmann, A. Pathological features of rectal cancer after preoperative
radiochemotherapy. Int. J. Colorectal. Dis. 1997, 12, 19–23. [CrossRef] [PubMed]
Rodel, C.; Martus, P.; Papadoupolos, T.; Füzesi, L.; Klimpfinger, M.; Fietkau, R.; Liersch, T.; Hohenberger, W.;
Raab, R.; Sauer, R.; et al. Prognostic significance of tumor regression after preoperative chemoradiotherapy
for rectal cancer. J. Clin. Oncol. 2005, 23, 8688–8696. [CrossRef] [PubMed]
Overman, M.J.; Modak, J.; Kopetz, S.; Murthy, R.; Yao, J.C.; Hicks, M.E.; Abbruzzese, J.L.; Tam, A.L. Use of
research biopsies in clinical trials: Are risks and benefits adequately discussed? J. Clin. Oncol. 2013, 31, 17–22.
[CrossRef] [PubMed]
Holdhoff, M.; Schmidt, K.; Donehower, R.; Diaz, L.A., Jr. Analysis of circulating tumor DNA to confirm
somatic KRAS mutations. J. Natl. Cancer Inst. 2009, 101, 1284–1285. [CrossRef] [PubMed]
Jo, P.; König, A.; Schirmer, M.; Kitz, J.; Conradi, L.C.; Azizian, A.; Bernhardt, M.; Wolff, H.A.; Grade, M.;
Ghadimi, M.; et al. Heterogeneity of KRAS Mutation Status in Rectal Cancer. PLoS ONE 2016, 11, e0153278.
[CrossRef] [PubMed]
Jo, P.; Nietert, M.; Gusky, L.; Kitz, J.; Conradi, L.C.; Müller-Dornieden, A.; Schüler, P.; Wolff, H.A.; Rüschoff, J.;
Ströbel, P.; et al. Neoadjuvant Therapy in Rectal Cancer-Biobanking of Preoperative Tumor Biopsies. Sci. Rep.
2016, 6, 35589. [CrossRef] [PubMed]
Siravegna, G.; Marsoni, S.; Siena, S.; Bardelli, A. Integrating liquid biopsies into the management of cancer.
Nat. Rev. Clin. Oncol. 2017. [CrossRef] [PubMed]
Locker, G.Y.; Hamilton, S.; Harris, J.; Jessup, J.M.; Kemeny, N.; Macdonald, J.S.; Somerfield, M.R.; Hayes, D.F.;
Bast, R.C., Jr. ASCO update of recommendations for the use of tumor markers in gastrointestinal cancer.
J. Clin. Oncol. 2006, 24, 5313–5327. [CrossRef] [PubMed]
Aldulaymi, B.; Christensen, I.J.; Soletormos, G.; Jess, P.; Nielsen, S.E.; Laurberg, S.; Brunner, N.; Nielsen, H.J.
Chemoradiation-induced changes in serum CEA and plasma TIMP-1 in patients with locally advanced rectal
cancer. Anticancer 2010, 30, 4755–4759.
Restivo, A.; Zorcolo, L.; Cocco, I.M.; Manunza, R.; Margiani, C.; Marongiu, L.; Casula, G. Elevated CEA levels
and low distance of the tumor from the anal verge are predictors of incomplete response to chemoradiation
in patients with rectal cancer. Ann. Surg. Oncol. 2013, 20, 864–871. [CrossRef] [PubMed]
Huang, C.S.; Lin, J.K.; Wang, L.W.; Liang, W.Y.; Lin, C.C.; Lan, Y.T.; Wang, H.S.; Yang, S.H.; Jiang, J.K.;
Chen, W.S.; et al. Assessment of the value of carcinoembryonic antigen reduction ratio as a prognosis factor
in rectal cancer. Am. J. Surg. 2014, 208, 99–105. [CrossRef] [PubMed]
Hotta, T.; Takifuji, K.; Yokoyama, S.; Matsuda, K.; Oku, Y.; Nasu, T.; Ieda, J.; Yamamoto, N.; Iwamoto, H.;
Takei, Y.; et al. Impact of the post/preoperative serum CEA ratio on the survival of patients with rectal
cancer. Surg. Today 2014, 44, 2106–2115. [CrossRef] [PubMed]
Garland, M.L.; Vather, R.; Bunkley, N.; Pearse, M.; Bissett, I.P. Clinical tumour size and nodal status
predict pathologic complete response following neoadjuvant chemoradiotherapy for rectal cancer. Int. J.
Colorectal. Dis. 2014, 29, 301–307. [CrossRef] [PubMed]
Chung, M.J.; Chung, S.M.; Kim, J.Y.; Ryu, M.R. Prognostic significance of serum carcinoembryonic antigen
normalization on survival in rectal cancer treated with preoperative chemoradiation. Cancer Res. Treat 2013,
45, 186–192. [CrossRef] [PubMed]
Wallin, U.; Rothenberger, D.; Lowry, A.; Luepker, R.; Mellgren, A. CEA: A predictor for pathologic complete
response after neoadjuvant therapy for rectal cancer. Dis. Colon. Rectum 2013, 56, 859–868. [CrossRef]
[PubMed]
Kalady, M.F.; de Campos-Lobato, L.F.; Stocchi, L.; Geisler, D.P.; Dietz, D.; Lavery, I.C.; Fazio, V.W. Predictive
factors of pathologic complete response after neoadjuvant chemoradiation for rectal cancer. Ann. Surg. 2009,
250, 582–589. [CrossRef] [PubMed]
Gaur, A.; Jewell, D.A.; Liang, Y.; Ridzon, D.; Moore, J.H.; Chen, C.; Ambros, V.R.; Israel, M.A. Characterization
of microRNA expression levels and their biological correlates in human cancer cell lines. Cancer Res. 2007,
67, 2456–2468. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2017, 18, 1140

19.
20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.
37.

12 of 13

Barbarotto, E.; Secchiero, P.; Dasgupta, A.; Fortina, P.; Calin, G.A.; Hyslop, T. MicroRNAs as new players in
the genomic galaxy and disease puzzles. Clin. Transl. Sci. 2008, 1, 50–56. [CrossRef] [PubMed]
Gaedcke, J.; Grade, M.; Camps, J.; Søkilde, R.; Kaczkowski, B.; Schetter, A.J.; Difilippantonio, M.J.;
Harris, C.C.; Ghadimi, B.M.; Møller, S.; et al. The rectal cancer microRNAome - microRNA expression in
rectal cancer and matched normal mucosa. Clin. Cancer Res. 2012, 18, 4919–4930. [CrossRef] [PubMed]
Salendo, J.; Spitzner, M.; Kramer, F.; Zhang, X.; Jo, P.; Wolff, H.A.; Kitz, J.; Kaulfuß, S.; Beißbarth, T.;
Dobbelstein, M.; et al. Identification of a microRNA expression signature for chemoradiosensitivity of
colorectal cancer cells, involving miRNAs-320a, -224, -132 and let7g. Radiother. Oncol. 2013, 108, 451–457.
[CrossRef] [PubMed]
Yang, M.H.; Yu, J.; Chen, N.; Wang, X.Y.; Liu, X.Y.; Wang, S.; Ding, Y.Q. Elevated microRNA-31 expression
regulates colorectal cancer progression by repressing its target gene SATB2. PLoS ONE 2013, 8, e85353.
[CrossRef] [PubMed]
Zanutto, S.; Pizzamiglio, S.; Ghilotti, M.; Bertan, C.; Ravagnani, F.; Perrone, F.; Leo, E.; Pilotti, S.; Verderio, P.;
Gariboldi, M.; et al. Circulating miR-378 in plasma: A reliable, haemolysis-independent biomarker for
colorectal cancer. Br. J. Cancer 2014, 110, 1001–1007. [CrossRef] [PubMed]
Xu, L.; Li, M.; Wang, M.; Yan, D.; Feng, G.; An, G. The expression of microRNA-375 in plasma and tissue is
matched in human colorectal cancer. BMC Cancer 2014, 14, 714. [CrossRef] [PubMed]
Wulfken, L.M.; Moritz, R.; Ohlmann, C.; Holdenrieder, S.; Jung, V.; Becker, F.; Herrmann, E.;
Walgenbach-Brünagel, G.; von Ruecker, A.; Müller, S.C.; et al. MicroRNAs in renal cell carcinoma: Diagnostic
implications of serum miR-1233 levels. PLoS ONE 2011, 6. [CrossRef] [PubMed]
Pigati, L.; Yaddanapudi, S.C.; Iyengar, R.; Kim, D.J.; Hearn, S.A.; Danforth, D.; Hastings, M.L.; Duelli, D.M.
Selective release of microRNA species from normal and malignant mammary epithelial cells. PLoS ONE
2010, 5, e13515. [CrossRef] [PubMed]
Wang, J.; Huang, S.K.; Zhao, M.; Yang, M.; Zhong, J.L.; Gu, Y.Y.; Peng, H.; Che, Y.Q.; Huang, C.Z.
Identification of a circulating microRNA signature for colorectal cancer detection. PLoS ONE 2014, 9,
e87451. [CrossRef] [PubMed]
Guo, J.; Miao, Y.; Xiao, B.; Huan, R.; Jiang, Z.; Meng, D.; Wang, Y. Differential expression of microRNA
species in human gastric cancer versus non-tumorous tissues. J. Gastroenterol. Hepatol. 2009, 24, 652–657.
[CrossRef] [PubMed]
Papaconstantinou, I.G.; Manta, A.; Gazouli, M.; Lyberopoulou, A.; Lykoudis, P.M.; Polymeneas, G.; Voros, D.
Expression of microRNAs in patients with pancreatic cancer and its prognostic significance. Pancreas 2013,
42, 67–71. [CrossRef] [PubMed]
Wang, C.J.; Stratmann, J.; Zhou, Z.G.; Sun, X.F. Suppression of microRNA-31 increases sensitivity to 5-FU at
an early stage, and affects cell migration and invasion in HCT-116 colon cancer cells. BMC Cancer 2010, 10,
616. [CrossRef] [PubMed]
Sun, D.; Yu, F.; Ma, Y.; Zhao, R.; Chen, X.; Zhu, J.; Zhang, C.Y.; Chen, J.; Zhang, J. MicroRNA-31 activates the
RAS pathway and functions as an oncogenic MicroRNA in human colorectal cancer by repressing RAS p21
GTPase activating protein 1 (RASA1). J. Biol. Chem. 2013, 288, 9508–9518. [CrossRef] [PubMed]
Lynam-Lennon, N.; Reynolds, J.V.; Marignol, L.; Sheils, O.M.; Pidgeon, G.P.; Maher, S.G. MicroRNA-31
modulates tumour sensitivity to radiation in oesophageal adenocarcinoma. J. Mol. Med. 2012, 90, 1449–1458.
[CrossRef] [PubMed]
Zhang, Q.; Yu, L.; Qin, D.; Huang, R.; Jiang, X.; Zou, C.; Tang, Q.; Chen, Y.; Wang, G.; Wang, X.; et al. Role of
microRNA-30c targeting ADAM19 in colorectal cancer. PLoS ONE 2015, 10, e0120698. [CrossRef] [PubMed]
Zhang, Q.; Tang, Q.; Qin, D.; Yu, L.; Huang, R.; Lv, G.; Zou, Z.; Jiang, X.C.; Zou, C.; Liu, W.; et al. Role of
microRNA 30a targeting insulin receptor substrate 2 in colorectal tumorigenesis. Mol. Cell Biol. 2015, 35,
988–1000. [CrossRef] [PubMed]
Liu, M.; Huang, F.; Zhang, D.; Ju, J.; Wu, X.B.; Wang, Y.; Wang, Y.; Wu, Y.; Nie, M.; Li, Z.; et al.
Heterochromatin protein HP1γ promotes colorectal cancer progression and is regulated by miR-30a.
Cancer Res. 2015, 75, 4593–4604. [CrossRef] [PubMed]
Zhang, N.; Wang, X.; Huo, Q.; Sun, M.; Cai, C.; Liu, Z.; Hu, G.; Yang, Q. MicroRNA-30a suppresses breast
tumor growth and metastasis by targeting metadherin. Oncogene 2014, 33, 3119–3128. [CrossRef] [PubMed]
Wang, T.; Li, F.; Tang, S. MiR-30a upregulates BCL2A1, IER3 and cyclin D2 expression by targeting FOXL2.
Oncol. Lett. 2015, 9, 967–971. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2017, 18, 1140

38.

39.
40.
41.

42.

43.

44.
45.
46.

13 of 13

Akat, K.M.; Moore-McGriff, D.; Morozov, P.; Brown, M.; Gogakos, T.; Correa Da Rosa, J.; Mihailovic, A.;
Sauer, M.; Ji, R.; Ramarathnam, A.; et al. Comparative RNA-sequencing analysis of myocardial and
circulating small RNAs in human heart failure and their utility as biomarkers. Proc. Natl. Acad. Sci. USA
2014, 111, 11151–11156. [CrossRef] [PubMed]
Cui, W.; Ma, J.; Wang, Y.; Biswal, S. Plasma miRNA as biomarkers for assessment of total-body radiation
exposure dosimetry. PLoS ONE 2011, 6, e22988. [CrossRef] [PubMed]
Wagner-Ecker, M.; Schwager, C.; Wirkner, U.; Abdollahi, A.; Huber, P.E. MicroRNA expression after ionizing
radiation in human endothelial cells. Radiat. Oncol. 2010, 5, 25. [CrossRef] [PubMed]
Tsuchida, A.; Ohno, S.; Wu, W.; Borjigin, N.; Fujita, K.; Aoki, T.; Ueda, S.; Takanashi, M.; Kuroda, M. miR-92
is a key oncogenic component of the miR-17-92 cluster in colon cancer. Cancer Sci. 2011, 102, 2264–2271.
[CrossRef] [PubMed]
Rodel, C.; Liersch, T.; Becker, H.; Fietkau, R.; Hohenberger, W.; Hothorn, T.; Graeven, U.; Arnold, D.;
Lang-Welzenbach, M.; Raab, H.R.; et al. Preoperative chemoradiotherapy and postoperative chemotherapy
with fluorouracil and oxaliplatin versus fluorouracil alone in locally advanced rectal cancer: Initial results of
the German CAO/ARO/AIO-04 randomised phase 3 trial. Lancet Oncol. 2012, 13, 679–687. [CrossRef]
Brase, J.C.; Johannes, M.; Schlomm, T.; Fälth, M.; Haese, A.; Steuber, T.; Beissbarth, T.; Kuner, R.; Sültmann, H.
Circulating miRNAs are correlated with tumor progression in prostate cancer. Int. J. Cancer 2011, 128,
608–616. [CrossRef] [PubMed]
Smyth, G.K. Linear models and empirical bayes methods for assessing differential expression in microarray
experiments. Stat. Appl. Genet. Mol. Biol. 2004, 3. [CrossRef] [PubMed]
Cox, D.R.; Oakes, D. Analysis of Survival Data 1984; Chapman and Hall: London, UK, 1984.
Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. J. R. Stat. Soc. Ser. B Stat Methodol. 1995, 57, 289–300.
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

