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ABSTRACT

MicroRNAs (miRNAs) are small, non-coding RNAs that are involved in various cellular processes. Many
studies have shown that miRNAs are dysregulated in various types of cancer. In Malaysia, there are limited
published studies on miRNA expression profile for colorectal cancer, which is among the most common
cancer here and other parts of the world. Next-generation sequencing platform was introduced in recent years
and has revolutionized the biomedical research settings. In this study, we performed small RNA sequencing
on Illumina HiSeq 2000 platform and found that 22 miRNAs were significantly differential expressed
between cancer and normal tissues. Further validation on qRT-PCR on 5 of the miRNAs selected showed 3 of
them were up-regulated (hsa-miR-106a, hsa-miR-135b, hsa-miR-21) while 2 were down-regulated (hsa-miR1,
hsa-miR-504). These findings may lead to a simple profiling method to distinguish the risk of individuals in
developing colorectal cancer.
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Introduction

Colorectal cancer is the third most commonly diagnosed cancer in the
world and are among the top causes of cancer related death. Colorectal
cancer incidences worldwide are projected to reach 1.2 million new cases
with over 600 thousand deaths'. In the multiracial ethnicity of Malaysia,
colorectal cancer incidences were the commonest among the males and third
most common cancer in females, with Chinese having a higher incidence
of colorectal cancer as compared to other ethnicities'”. Mortality rate for
colorectal cancer is above 60% out of those diagnosed with the disease. Most
of us are unaware of this disease until it is too late. This is due to the fact
that colorectal cancer has few or no signs at all during the early stages of the
disease. Hence, detection of the disease at the early stage poses us with some
problems to deal with.

MicroRNAs (miRNAs) are small, non-coding RNAs that are found
in genomes of invertebrates, vertebrates and plants”’. They are found to
play a key role in various biological processes such as cell proliferation,
differentiation and apoptosis'”. MiRNAs synthesis begins in the nucleus,
whereby primary transcripts (pri-miRNAs) are processed into precursor
miRNAs (pre-miRNAs) mediated by Drosha and Dicer enzymes"’. The
pre-miRNAs are then exported into the cytoplasm by Exportin-5 and
cleaved by Dicer into a mature double-stranded miRNA. This strand is then
incorporated into the RNA-induced silencing complex (RISC) from which
the miRNA and its mRNA target interact. The miRNA will only interact with
the mRNAs that contain anti-sense sequences. However, the interaction can
still happen if they are partially complementary to each other'®.

1



Small RNA sequencing and differential expression of miRNAs in colorectal cancer

Before the effect of miRNAs on gene expression
can be studied, a robust method for profiling these
miRNAs is required. Since 2005, a variety of
massively parallel sequencing machines such as
Illumina, SOLID and Roche platforms have been
introduced in the scientific community. These
massively parallel sequencing methods or better
known as next generation sequencing (NGS) gives
a new breath towards the approach of miRNAs
profiling. NGS overcomes the limitations such as
low throughput, scalability, speed and resolution of
the capillary electrophoresis sequencing method”.
This method has been widely used for miRNAs
expression profiling in various types of cancers'.
To the best of our knowledge, the study of NGS
colorectal cancer profiling is limited in Malaysia.
Therefore, this study is to provide the insights of
the miRNAs profile between colorectal cancer and
adjacent normal tissues in Malaysia.

Materials and Methods
Patient samples and ethics statement

Twelve colorectal cancer (adenocarcinoma)
patients were selected from Hospital Kuala Lumpur,
Malaysia. Written informed consent was obtained
from all patients for the use of tissue samples in
this study. This project was approved by the local
Ethics Committees (National Medical Research
Register, NMRR and Hospital Kuala Lumpur, HKL).
The NMRR reference number is NMRR-09-604-
4252 and the HKL reference number is HKL/98/
AM.882. Tumor tissues and adjacent normal tissues
(~5-8cm apart from tumor tissue) were obtained
during surgery at Hospital Kuala Lumpur and was
immediately stored in RNAlater (Ambion, USA) for
1-2 hours at room temperature before being kept in
-80 °C until further processing.

Sample processing and RNA extraction

The miRNA-enriched total RNA was extracted
using innuPrep micro RNA kit (Analytik Jena,
Germany). Prior to extraction, 20 mg of tissue was
placed in a sterile 1.5 ml microcentrifuge tube and
was homogenized in 450 pl of lysis solution using a
rotor tissue homogenizer. After that, the sample was
centrifuged at 14 000 x g for 2 minutes to remove
the unlysed materials. The supernatant was then
subjected to subsequent extraction steps following
the manufacturer’s protocol. The concentration and
purity of the extracted RNA were measured using
Biophotometer 6131 (Eppendorf, USA). RNA
integrity was also confirmed by obtaining the RNA
integrity number (RIN) by using the Agilent 2100

Bioanalyzer (Agilent Technologies, USA). A total of
4 samples (2 cancer + 2 adjacent normal tissue) were
chosen for Small RNA Sequencing based on the
standard requirement needed for Next-Generation
Sequencing (NGS) samples.

Small RNA sequencing by Illumina HiSeq
2000

Small RNA sequencing was performed on
[Ilumina HiSeq 2000 (Illumina, USA) platform
according to manufacturer’s protocol. Briefly, small
RNA that was extracted will undergo adapter ligation
and reverse transcribed into cDNA. The cDNA
was subsequently amplified by PCR. After PCR
purification, the miRNA libraries were sequenced
on Illumina HiSeq 2000. Data analysis process
started with the data cleaning of the 50 nucleotide
(nt) sequence tags from HiSeq sequencing. Low
quality reads and reads which is shorter than 18 nt
were trimmed and adapter sequences were removed.
The clean reads obtained were then mapped to a
human reference genome (hgl9) using SOAP v2.0
to analyze the miRNAs expression and distribution
on the genome. To separate miRNAs from other
ncRNA, we annotated the small RNA tags to rRNA,
scRNA, snoRNA, and tRNA from Genbank. Then,
we mapped the tags with sequences from Rfam and
removed matched tags from unannotated tags.

For the differential expression analysis, known
miRNA expression of two samples (tumor and
adjacent normal tissue) was compared to obtain the
differentially expressed miRNA. First, the miRNA
expression in the two samples were normalized to
get the expression of transcript per million (TPM) as
shown below. The fold-change was then calculated
from the normalized expression and the log2 ratio
plot and scatter plot was generated.

Normalized expression = Actual miRNA count/
(Total count of clean reads x 1000000)

Fold change = log2 (tumor/normal)

MiRNAs validation by real-time PCR

Five miRNAs were chosen for validation (Table
1) by real-time PCR. The miRNA-enriched total
RNA extracted as mentioned above was converted to
cDNA using the NCode™ miRNA first-strand cDNA
synthesis kit (Invitrogen, USA) according to the
manufacturer’s protocol. The universal gPCR primer
provided in the kit was used as the reverse primer.
The forward primer was designed from the NCode™
miRNA database (http://escience.invitrogen.com/
ncode). The levels of miRNAs expression were
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Table 1. Primers for miRNA qPCR validation

miRNA Primer Sequence Tm (°C)

hsa-miR-1 Forward: CCGGTGGAATGTAAAGAAGTATGTAT 60.4
Reverse: Universal qPCR primer (Invitrogen)

hsa-miR-106a Forward: GAAAAGTGCTTACAGTGCAGGTAG 61.1
Reverse: Universal qPCR primer (Invitrogen)

hsa-miR-135b Forward: TATGGCTTTTCATTCCTATGTGA 54.9
Reverse: Universal qPCR primer (Invitrogen)

hsa-miR-21 Forward: CGGTAGCTTATCAGACTGATGTTGA 61.1
Reverse: Universal gPCR primer (Invitrogen)

hsa-miR-504 Forward: AGACCCTGGTCTGCACTCTATC 63.7
Reverse: Universal qPCR primer (Invitrogen)

RNU48 Forward: TGACCCCAGGTAACTCTGAGTGTGT 61.2
Reverse: AGAGCGCTGCGGTGATGGCAT 61.5

quantified by real-time PCR using Kapa SYBR" Fast
qPCR kit (Kapa Biosystems, USA) according to the
manufacturer’s protocol. The real-time PCR was
run on Rotorgene 6000 (Qiagen, USA) according
to manufacturer’s protocol. Rnu48 was used as
endogenous control after its expression was found
stable when tested across a set of miRNA samples
from colorectal cancer patients. A no template
control (NTC) was included to assess the specificity
of the qPCR reaction. Fold-change of miRNAs
expression was calculated using the 2-AACt method.

Prediction of putative targets via in silico
analysis

Targets of the differentially expressed miRNAs
were predicted using DIANA microT v3.0 with the
Score Threshold set at 8.0 and the KEGG (Kyoto
Encyclopedia of Genes and Genomes) filter was set
for only cancer pathways. DIANA microT v3.0 is an
algorithm for the prediction of miRNA target genes
and the search was conducted based on either known
miRNAs or novel miRNAs.

Results

From the small RNA sequencing by HiSeq 2000,
we managed to obtain clean reads ranging from 31-
42 million reads. As shown in Figure 1A, the length
distribution of the small RNAs mainly falls in the
range of 20-25 nucleotides which conforms with
the size of small RNAs. A small portion (~13%) of
unique small RNAs is present in both the cancer and
normal sample. However, they make up the majority
number (~95%) of the total small RNA reads (Figure
1B). The distribution of the small RNAs among the
different categories after annotation showed that
miRNAs are the most abundant small RNA present

with nearly 50% of the total reads (Figure 1C). For
sample quality check, the rRNA proportion should
be less than 40% in high quality samples as was the
case for this sample (<20%).

For the differential expression analysis, known
miRNAs expression of cancer samples and normal
samples were compared and shown in a scatter plot
(Figure 2). Using 2-fold expression as the cutoff
value, 22 miRNAs were significantly differential
expressed between cancer and normal tissues (Table
2). From the list of differentially expressed miRNAs,
5 of them were chosen and further analyzed by
gPCR. The results of the qPCR conform to the
results obtained from the small RNA sequencing.
The up-regulated miRNAs are hsa-miR-106a, hsa-
miR-135b and hsa-miR-21, while hsa-miR-1 and
hsa-miR-504 are down-regulated (Table 3).

Using DIANA microT v3.0 with Score Threshold
set at 8.0 and KEGG filter only for cancer pathways,
target genes for the 5 miRNAs were obtained and
summarized in Table 4 (Refer to Supplymentary
File). Among the 5 miRNAs, hsa-miR-106a has
the most number of target genes, while hsa-miR-21
has the least. Among the interesting targets are
adenomatous polyposis coli (APC) targeted by hsa-
miR-135b, PTEN targeted by hsa-miR-106a, Bcl,
targeted by both hsa-miR-106a and hsa-miR-504,
and also Kras gene which is targeted by hsa-miR-1.

Discussion

Differences in the expression profiles of miRNAs
have been observed in many types of cancers™”.
Dysregulation of specific miRNAs have been shown
to be involved in carcinogenesis of colorectal

10,11 - -
cancer!' ™", However, the expression profiles of
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Figure 1. Small RNA sequencing of selected colorectal cancer and adjacent normal tissue. Figure 1A showed the
length distribution of the small RNA obtained from next generation sequencing. Figure 1B showed the total SRNA and
unique sSRNAs distribution in both the cancer and normal samples. Figure 1C showed the annotation of total SRNAs
with miRNAs being the most abundantly present SRNAs in the study.

Scatter plot (control:x | treatment:y)

1000000

Wup-expressed mikNa
Wdown=¢xpressed miRNA
Wequally-expressed miRMNy .
100000

10000 1

1000

100

10

Expression level (C38)

0.1 1 10 100 1000 10000 100000 1000000

Expression level (N38)

Figure 2. Scatter plot of miRNA expression level of C38 against N38. In this study, it was shown that
the present of up-regulated miRNAs are more in cancer as compared to the adjacent normal tissues.
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Table 2. Summary of normalized reads in cancer and normal tissue and the log, fold change

Normalized reads in cancer

Normalized reads in

miRNA tissue adjacent normal tissue Log2 Fold Change
C34 C38 N34 N38 C34/N34 C38/N38
hsa-miR-1 383.63 134.59 1044.89 1277.23 -1.45 -3.25
hsa-miR-106a 2.87 5.07 0.12 1.80 4.53 1.49
hsa-miR-135b 2.57 9.86 0.01 0.47 8.01 4.38
hsa-miR-21 21340.77 29230.85 1156.70 4135.01 4.20 2.82
hsa-miR-504 2.33 0.10 11.01 5.08 -2.24 -5.63
hsa-miR106b 147.04 202.97 17.81 42.81 3.04 2.24
hsa-miR-133a 4.28 1.18 41.53 41.01 -3.27 -5.12
hsa-miR-145 136.74 98.53 703.39 1010.33 -2.36 -3.36
hsa-miR-17 281.68 491.26 17.63 68.78 4.00 2.84
hsa-miR-182 6244.02 14471.26 360.12 979.75 4.11 3.88
hsa-miR-183 4520.81 9650.95 345.86 686.89 3.71 3.81
hsa-miR-203 1077.91 4620.58 181.02 638.46 2.57 2.85
hsa-miR-224 215.81 468.39 15.49 43.03 3.80 3.44
hsa-miR-31 1.47 39.41 0.25 1.73 2.57 4.50
hsa-miR-3180 129.15 7.50 1.85 0.95 6.12 2.99
hsa-miR-424 13.96 25.61 0.43 2.90 5.01 3.14
hsa-miR-452 218.14 649.05 16.05 54.83 3.76 3.56
hsa-miR-454 4.38 6.79 0.18 1.17 4.56 2.54
hsa-miR-552 20.68 27.22 1.21 2.62 4.10 3.38
hsa-miR-627 2.98 18.34 0.15 2.37 4.27 2.95
hsa-miR-7 13.53 103.93 1.79 9.91 291 3.39
hsa-miR-96 23.09 35.47 0.37 1.95 5.96 4.18
Table 3. RT-qPCR validation on selected hsa-miRNAs
Fold change
miRNA log 2 (cancer/ P-value Cancer vs. normal Chromosomal location
normal)

hsa-miR-1 -3.2 0 Down-regulated 20:61151513-61151583 (+)
hsa-miR-106a 1.5 9.5050303795997¢-14 Up-regulated X:133304228-133304308 (-)
hsa-miR-135b 4.4 1.88969745195566¢-78 Up-regulated 1:205417430-205417526 (-)
hsa-miR-21 2.8 0 Up-regulated 17:57918627-57918698 (+)
hsa-miR-504 -5.6 1.90129855717238e-50  Down-regulated X:137749872-137749954 (-)

miRNAs involved in colorectal cancer amongst
Malaysian have not been reported. Therefore, this
study is aim to elucidate the expression profiles of
miRNAs in Malaysian diagnosed with colorectal
cancer.

In this study, we found that miRNAs are
differentially expressed between tumors and normal
tissues. We found 22 miRNAs that are differentially
expressed between cancer and normal sample. Out
of these, 18 miRNAs were up-regulated and 4 were
down-regulated. From these miRNAs, we picked
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5 miRNAs that were significantly differentially
expressed and 3 of them were up-regulated; hsa-
miR-106a, hsa-miR-135b and hsa-miR-21, while
2 of them were down-regulated; hsa-miR-1 and
hsa-miR-504. This result is in agreement with
previous studies that showed more miRNAs that
were up-regulated than down-regulated in cancers
profiling!"'"?,

The down-regulation of hsa-miR-1 in this study
is in agreement with a study on colon cancer samples
by Sarver et al.""”. Besides, hsa-miR-1 was also
found to be down-regulated in a few other types
of cancers such as rhabdomyosarcomas''", lung
cancer'”, and also thyroid cancer''”. This finding
was similar with Hamjford et al.!'”, whereby using
high-throughput sequencing and comparing between
paired tumor and normal tissue, they managed to
identify 37 dysregulated miRNAs with miR-1 among
the down-regulated miRNAs. It was also shown that
hsa-miR-1 inhibits the tumorigenic property of lung
cancer cells by down-regulating oncogenic genes
such as MET and FoxP1'"”. These findings support
the fact that hsa-miR-1 could play a role as tumor
suppressor, whereby down-regulation of this miRNA
leads to colorectal cancer and other types of cancer
formation.

Meanwhile, Hu e al.'"" showed the negative
regulation of p53 tumor suppressor gene by hsa-
miR-504. Overexpression of hsa-miR-504 leads to
the decrease of p53 protein levels and function in
cells, thus increasing the tumorigenicity of cells.
Another study also found out that hsa-miR-504
was significantly up-regulated, causing the down-
regulation of nuclear respiratory factor 1 leading to
radio-resistance in nasopharyngeal carcinoma'”.
Expression of hsa-miR-504 was also significantly
higher in pancreatic duct adenocarcinoma as
compared to normal pancreatic tissue and was
correlated with poor prognosis and survival rate in
patients””’. However, the hsa-miR-504 expression in
this study showed a down-regulation as compared to
the normal tissue. There are a few studies showing
the expression of hsa-miR-504 which was down-
regulated in cancers such as in the hypopharyngeal
squamouse cell carcinoma”" and glioma™?". This
indicated that hsa-miR-504 could be playing different
roles in different cancers at different localities.

Besides this, we have also observed up-regulation
of hsa-miR-106a in colorectal cancer samples. This
finding is in concordance with a few other studies
done before™ ", Schetter et al.””’ showed that
hsa-miR-106a is among the miRNAs that are up-
regulated in his two study cohorts of colon cancer

patients. An in vivo study also showed that hsa-miR-
106a was overexpressed in T-leukemia™. However,
the same miRNA was found to be down-regulated
in glioma and its low expression was significantly
related with the high levels of E2F1 protein and
high grade glioma"”. This further enhanced the fact
that miRNAs can act differently in various types of
cancer

Another miRNA, hsa-miR-135b has also been
shown to be up-regulated in different types of cancers
including breast cancer, colon cancer, prostate cancer
and osteosarcoma. McBee ef al. reported that hsa-
miR-135b was overexpressed in cervical cancer and
even serve as potential marker for progression from
dysplasia to invasive cervical cancer””. In another
study using real time PCR, hsa-miR-135b was
among the significantly overexpressed miRNAs in
comparison between colorectal cancer and adjacent
normal tissue”'’. Regulation of APC gene and Wnt
pathway by this miRNA was illustrated by Nagel et
al. In his study, hsa-miR-135b was shown to target
the 3 UTR of APC, thus suppressing its expression
and induce downstream Wnt pathway activity"”.

Among these miRNAs, hsa-miR-21 has been
extensively evaluated in literature and was shown
to be related to numerous cancers. It is among
the first miRNA to be described as oncomiR and
targets a host of tumor suppressor genes such as
PTEN™ Pdcd,” and Bcl,”. Qi et al. showed
that hsa-miR-21 was up-regulated in flat epithelial
atypia (FEA) of breast. However, in that study,
immunohistochemical staining showed no clear
relation between the staining pattern of hsa-miR-21
and the target genes”. In another study, hsa-miR-21
was found to down-regulate tumor suppressor Pdcd,
protein and triggers invasion and metastasis in
colorectal cell lines"”. Hsa-miR-21 was also shown
to play a role in cell cycle progression and DNA
damage checkpoint activation via Cdc25A"*. This
miRNA down-regulates Cdc25A after being induced
by serum starvation and DNA damage. Meanwhile,
Seike et al. showed that EGFR mutation leads to
higher expression of miR-21 that contributes to lung
carcinogenesis’™”.

The introduction of next generation sequencing
technology has revolutionized the biomedical
research settings. From the year 2005, a variety of
next generation sequencing platforms were widely
used such as 454 Genome Sequencer FLX from
Roche, SOLiD Sequencer from Applied Biosystem
and Genome Analyzer from Illumina. Next
generation sequencing has enabled the sequencing
of complete set of miRNAs present in the total
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RNA. From here, the data obtained can be used to
study miRNAs expression profile, identify miRNAs
isoforms and also to predict novel miRNAs and their
putative targets"*”*". Various studies have utilized
this next generation sequencing technology. Chen et
al. showed that miRNAs are present in serum and
plasma of human and the levels of the miRNAs in
serum are stable, reproducible and consistent among
individuals of the same species'*”. Another study on
[Mlumina’s Genome Analyzer platform showed that
by comparing the matched tumor and normal pairs,
mutational landscape between individuals can be
assessed and identified™. Wu et al. also utilized the
next-generation sequencing technology to profile
miRNAs in breast cancer and found 19 miRNAs
were upregulated by at least 2-fold expression
difference when comparing between cancer and
adjacent normal tissue'*. All these discoveries
lead towards better diagnosis and prognosis of the
diseases.

Conclusion

This is among the first study in Malaysia to
compare the miRNAs expression profile from
colorectal cancer patients utilizing the next-
generation sequencing technology followed by qRT-
PCR validation. The miRNAs that were differentially
expressed between cancer and normal tissue can be
potentially used as biomarkers for colorectal cancer.
Nevertheless, further investigation has to be carried
out on a larger sample size with more diverse stages
of cancers to identify miRNAs that are of better
diagnostic and prognostic value.

Acknowledgement

The authors gratefully acknowledges financial
support from the MAKNA (National Cancer Council
Malaysia) Research Award for the financial support,
and our research collaborators from the Biomedical
Science Department, Faculty of Medicine and Health
Sciences, Universiti Putra Malaysia.

References

1. Jemal A, Bray F, Center MM, Ferlay J, et al. Global
Cancer Statistics. CA: A Cancer Journal for Clinicians
2011;61(2): 69-90. doi: 10.3322/caac.20107.

2. Lim GCC and Halimah Y. Second Report of the
National Cancer Registry. Cancer Incidence in
Malaysia 2003. National Cancer Registry, Kuala
Lumpur. 2004

3. Ambros V.The functions of animals microRNAs.
Nature 2004; 431(7006): 350-355. doi: 10.1038/
nature02871.

10.

11.

13.

14.

15.

16.

Harfe BD. MicroRNAs in vertebrate development.
Current Opinion in Genetics and Development 2005;
15(4): 410-415. doi: 10.1016/j.gde.2005.06.012.
Calin GA, Groce CM. MicroRNA signatures in
human cancers. Nat Rev Cancer 2006; 6(11): 857—
866. doi: 10.1038/nrc1997.

Cullen BR. Transcription and processing of human
microRNA precursors. Molecular Cell 2004; 16(6):
861-865. doi: 10.1016/j.molcel.2004.12.002.

Dennis Lo YM, Chiu RWK. Next-generation
sequencing of plasma/serum DNA: An emerging
research and molecular diagnostic tool. Clinical
Chemistry 2009; 55(4): 607-608. doi: 10.1373/
clinchem.2009.

Calin CA, Ferracin M, Cimmino A, Di Leva G,
Shimizu M, et al. A microRNA signature associated
with prognosis and progression in chronic
lymphocytic leukemia. The New England Journal of
Medicine 2005; 353(17): 1793-1801. doi: 10.1056/
NEJMo0a050995.

Bottoni A, Piccin D, Tagliati F, Luchin A, Zatelli
MC, et al. miR-15a and miR-16-1 down-regulation
in pituitary adenomas. Journal of Cellular Physiology
2005; 204(1): 280-285. doi: 10.1002/jcp.20282.
Cummins JM, He Y, Leary RJ, Pagliarini R, Diaz A,
et al. The colorectal microRNAome. Proceedings of
the National Academy of Sciences 2006; 103(10):
3687-3692. doi: 10.1073/pnas.0511155103.

XiY, Formentini A, Chien M, Weir DB, Russo JJ,
et al. Prognostic values of microRNAs in colorectal
cancer. Biomarker Insights 2006; 1: 113—121.

Dong Y, Wu WK, Wu CW, Sung JJ, Yu J, et al.
MicroRNA dysregulation in colorectal cancer: a
clinical perspective. Br J Cancer 2011; 104(6): 893—
898. doi: 10.1038/bjc.2011.57.

Sarver AL, French AJ, Borralho PM, Thayanithy
V, Oberg AL, et al. Human colon cancer profiles
show differential microRNA expression depending
on mismatch repair status and are characteristic of
undifferentiated proliferative states. BMC Cancer
2009; 9: 401. doi: 10.1186/1471-2407-9-401.

Rao P K, Missiaglia E, Shields L, Greg Hyde G, Yuan
B, et al. Distinct roles for miR-1 and miR-133a in the
proliferation and differentiation of rhabdomyosarcoma
cells. The FASEB Journal 2010; 24(9): 3427-3437.
doi: 10.1096/1].09-150698.

Nasser M W, Datta J, Nuovo G, Kutay H, Motiwala
T, et al. Down-regulation of microRNA-1 (miR-
1) in lung cancer. Journal of Biological Chemistry
2008; 283(48): 33394-33405. doi: 10.1074/jbc.
M804788200.

Leone V, D’Angelo D, Rubio I, de Freitas PM,
Federico A, et al. MiR-1 is a tumor suppressor in
thyroid carcinogenesis targeting CCND2, CXCR4
and SDF-1. The Journal of Clinical Endocrinology &


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ferlay J%5BAuthor%5D&cauthor=true&cauthor_uid=21296855
https://doi.org/10.1016/j.gde.2005.06.012
https://www.ncbi.nlm.nih.gov/pubmed/?term=Luchin A%5BAuthor%5D&cauthor=true&cauthor_uid=15648093
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zatelli MC%5BAuthor%5D&cauthor=true&cauthor_uid=15648093
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zatelli MC%5BAuthor%5D&cauthor=true&cauthor_uid=15648093
http://www.ingentaconnect.com/search;jsessionid=2neggpdx0pn5k.x-ic-live-01?option2=author&value2=David B. Weir
http://www.ingentaconnect.com/search;jsessionid=2neggpdx0pn5k.x-ic-live-01?option2=author&value2=James J. Russo
http://www.fasebj.org/search?author1=Greg+Hyde&sortspec=date&submit=Submit

Small RNA sequencing and differential expression of miRNAs in colorectal cancer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Metabolism 2011; 96(9): 1388—1398. doi: 10.1210/
jc.2011-0345.

Hamfjord J, Stangeland AM, Hughes T, Skrede ML,
Tveit KM, et al. Differential expression of miRNAs in
colorectal cancer: comparison of paired tumor tissue
and adjacent normal mucosa using high throughput
sequencing. PLOS ONE 2012 7(4): e314150. doi:
10.1371/journal.pone.0034150.

Hu W, Chan CS, Wu R, Zhang C, Sun Y, ef al.
Negative regulation of tumor suppressor p53 by
microRNA miR-504. Molecular Cell 2010; 38(5):
689-699. doi: 10.1016/j.molcel.2010.05.027.

Zhao L, Tang M, Hu Z, Yan B, Pi W, et al. miR-504
mediated down-regulation of nuclear respiratory
factor 1 leads to radio-resistance in nasopharyngeal
carcinoma. Oncotarget 2015; 6(18): 15995—-16018.
doi: 10.18632/oncotarget.4138.

Jiang B, Gu Y, Chen Y. Identification of novel
predictive markers for the prognosis of pancreatic
ductal adenocarcinoma. Cancer Investigation 2014;
32(6): 218-225. doi: 10.3109/07357907.2014.905586.
Kikkawa N, Kinoshita T, Nohata N, Hanazawa
T, Yamamoto N, et al. microRNA-504 inhibits
cancer cell proliferation via targeting CDK6
in hypopharyngeal squamous cell carcinoma.
International Journal of Oncology 2014; 44(6): 2085—
2092. doi: 10.3892/ij0.2014.2349.

Guan Y, Chen L, Bao Y, Pang C, Cui R, et al.
Downregulation of miR-504 is associated with poor
prognosis in high-grade glioma. Int J Clin Exp Pathol
2015; 8(1): 727-734.

Cui R, Guan Y, Sun C, Wang Y. A tumor-suppresive
microRNA, miR-504, inhibits cell proliferation and
promotes apoptosis by targeting FOXP1 in human
glioma. Cancer Letters 2016; 374(1): 1-11. doi:
10.1016/j.canlet.2016.01.051.

Slaby O, Svoboda M, Michalek J, Vyzula R.
MicroRNAs in colorectal cancer: translation of
molecular biology into clinical application. Molecular
Cancer 2009; 8(102). doi:10.1186/1476-4598-8-102.
Agostini M, Pucciarelli S, Calore F, Bedin C, Enzo
MV, et al. MiRNAs in colon and rectal cancer:
A consensus for their true clinical value. Clinica
Chimica Acta 2010; 411: 1181-1186. doi: 10.1016/
j.cca.2010.05.002.

Srinivasan S, Patric IRP, Somasundaram K. A ten-
microRNA expression signature predicts survival
in glioblastoma. PLOS ONE 2011; 6(3): e17438.
doi:10.1371/journal.pone.0017438.

Schetter AJ, Leung SY, Sohn JJ, Zanetti KA, Bowman
ED, et al. MicroRNA expression profiles associated
with prognosis and therapeutic outcome in colon
adenocarcinoma. JAMA 2008; 299(4): 425-436. doi:
10.1001/jama.299.4.425.

Lum AM, Wang BB, Li L, Channa N, Bartha G, et
al. Retroviral activation of the mir-106a microRNA

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

cistron in T lymphoma. Retrovirology 2007; 4(5).
doi:10.1186/1742-4690-4-5.

Yang G, Zhang R, Chen X, Mu Y, Ai J, et al. MiR-
106a inhibits glioma cell growth by targeting E2F1
independent of p53 status. J Mol Med 2011; 89(10):
1037-1050. doi: 10.1007/s00109-011-0775-x.
McBee WC, Gardiner AS, Edwards RP, Lesnock
JL, Bhargava R, et al. MicroRNA analysis in human
papillomavirus (HPV)-associated cervical neoplasia
and cancer. J Carcinogene Mutagene 2011; 2(1): 1-9.
doi: 10.4172/2157-2518.1000114.

Bandres E, Cubedo E, Agirre X, Malumbres R, Zarate
R, et al. Identification by real-time PCR of 13 mature
microRNAs differentially expressed in colorectal
cancer and non-tumoral tissues. Molecular Cancer
2006; 5(29). doi: 10.1186/1476-4598-5-29.

Nagel R, le Sage C, Diosdado B, van der Waal
M, Oude Vrielink JA, et al. Regulation of the
adenomatous polyposis coli gene by miR-135 family
in colorectal cancer. Cancer Res 2008; 68(14): 5795—
5802. doi: 10.1158/0008-5472.CAN-08-0951
Peralta-Zaragoza O, Deas J, Meneses-Acosta A, De la
0O-Goémez F, Fernandez-Tilapa G, et al. Relevance of
miR-21 in regulation of tumor suppressor gene PTEN
in human cervical cancer cells. BMC Cancer 2016;
16(215). doi: 10.1186/s12885-016-2231-3.

Zhang X, Gee H, Rose B, Tran N. Regulation of the
tumuor suppressor PDCD4 by miR-499 and miR-21
in oropharyngeal cancers. BMC Cancer 2016; 16(86).
doi: 10.1186/s12885-016-2109-4.

Gu J-B, Bao X-B, Ma Z. Effects of miR-21 on
proliferation and apoptosis in human gastric
adenocarcinoma cells. Oncology Letters 2017. doi:
10.3892/01.2017.6171.

Qi L, Bart J, Tan LP, Platteel I, Sluis Tv, et al.
Expression of miR-21 and its targets (PTEN, PDCD4,
TM1) in flat epithelial atypia of the breast in relation
to ductal carcinoma in situ and invasive carcinoma.
BMC Cancer 2009; 9(163). doi: 10.1186/1471-2407-
9-163.

Asangani IA, Rasheed SA K, Nikolova DA, Leupold
JH, Colburn NH, et al. MicroRNA-21 (miR-21) post-
transcriptionally downregulates tumor suppressor
Pdcd4 and stimulates invasion, intravasation and
metastasis in colorectal cancer. Oncogene 2008;
27(15)21288-2136. doi: 10.1038/sj.onc.1210856.
Wan P, Zou F, Zhang X, Li H, Dulak A, et al.
microRNA-21 negatively regulates Cdc25A and cell
cycle progression in colon cancer cells. Cancer Res
2009; 69(20): 8157-8165. doi: 10.1158/0008-5472.
CAN-09-1996.

Seike M, Goto A, Okano T, Bowman ED, Schetter AJ,
et al. MiR-21 is an EGFR-regulated anti-apoptotic
factor in lung cancer in never-smokers. Proceedings
of the National Academy of Sciences 2009; 106(29):
12085-12090. doi: 10.1073/pnas.0905234106.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Malumbres R%5BAuthor%5D&cauthor=true&cauthor_uid=16854228
https://www.ncbi.nlm.nih.gov/pubmed/?term=Z%26%23x000e1%3Brate R%5BAuthor%5D&cauthor=true&cauthor_uid=16854228
https://www.ncbi.nlm.nih.gov/pubmed/?term=van der Waal M%5BAuthor%5D&cauthor=true&cauthor_uid=18632633
https://www.ncbi.nlm.nih.gov/pubmed/?term=van der Waal M%5BAuthor%5D&cauthor=true&cauthor_uid=18632633
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oude Vrielink JA%5BAuthor%5D&cauthor=true&cauthor_uid=18632633
https://www.ncbi.nlm.nih.gov/pubmed/?term=De la O-G%C3%B3mez F%5BAuthor%5D&cauthor=true&cauthor_uid=26975392
https://www.ncbi.nlm.nih.gov/pubmed/?term=De la O-G%C3%B3mez F%5BAuthor%5D&cauthor=true&cauthor_uid=26975392
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fern%C3%A1ndez-Tilapa G%5BAuthor%5D&cauthor=true&cauthor_uid=26975392
https://doi.org/10.1186/s12885-016-2109-4
https://www.ncbi.nlm.nih.gov/pubmed/?term=Platteel I%5BAuthor%5D&cauthor=true&cauthor_uid=19473551
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sluis Tv%5BAuthor%5D&cauthor=true&cauthor_uid=19473551
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leupold JH%5BAuthor%5D&cauthor=true&cauthor_uid=17968323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leupold JH%5BAuthor%5D&cauthor=true&cauthor_uid=17968323
https://www.ncbi.nlm.nih.gov/pubmed/?term=Colburn NH%5BAuthor%5D&cauthor=true&cauthor_uid=17968323
https://dx.doi.org/10.1158%2F0008-5472.CAN-09-1996
https://dx.doi.org/10.1158%2F0008-5472.CAN-09-1996

40.

41.

42.

Lye KL., et al.

Motameny S, Wolters S, Nurnberg P, Schumacher B.
Next generation sequencing of miRNAs — strategies,
resources and methods. Genes 2010; 1(1): 70-84.
doi:10.3390/genes1010070.

Xiong M, Zhao Z, Arnold J, Yu F. Next-
generation sequencing. Journal of Biomedicine and
Biotechnology 2010. doi: 10.1155/2010/370710.
Chen X, Ba Y, Ma L, Cai X, Wang K, et al.
Characterization of microRNAs in serum: A novel
class of biomarkers for diagnosis of cancer and other

43.

44,

diseases. Cell Res 2008; 18(10): 997-1006. doi:
10.1038/cr.2008.282.

Goh L, Chen GB, Cutcutach I, Low B, The BT, et al.
Assessing matched normal and tumor pairs in next-
generation sequencing studies. PLOS ONE 2011;
6(3): 1-5. doi: 10.1371/journal.pone.0017810.

WuQ, LuZ, LiH, LuJ, Guo L, ef al. Next-generation
sequencing of microRNAs for breast cancer detection.
Journal of Biomedicine and Biotechnology 2011. doi:
10.1155/2011/597145.


http://www.mdpi.com/search?authors=Bj%C3%B6rn Schumacher&orcid=
http://dx.doi.org/10.3390/genes1010070

