
106

REVIEW
Non-coding RNAs for Medical Practice in Oncology
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Alterations in microRNA (miRNA) and other short or long non-coding RNA (ncRNA) are involved in 
the initiation, progression, and metastasis of human cancer. The main molecular alterations result from 
variations in gene expression, which are usually minor but have consequences for a vast number of tar-
get protein-coding genes. The causes of the widespread differential expression of ncRNAs in malignant 
cells compared with normal cells can be explained by the location of these genes in genomic regions 
associated with cancer, by epigenetic mechanisms, and by alterations in the processing machinery. Ex-
pression profiling of human tumors based on the expression of miRNAs and other short or long ncRNAs 
has identified signatures associated with diagnosis, staging, progression, prognosis, and response to 
treatment. In addition, profiling has been exploited to identify ncRNAs that may represent downstream 
targets of activated oncogenic pathways or that target protein-coding genes involved in cancer. Recent 
studies found that miRNAs and non-coding ultraconserved genes are the main candidates for the elu-
sive class of cancer-predisposing genes and that other types of ncRNAs participate in the genetic puzzle 
that gives rise to the malignant phenotype. These discoveries could be exploited for the development of 
useful markers for diagnosis and prognosis in cancer, as well as for the development of new RNA-based 
cancer therapies. (Keio J Med 60 (4) : 106–113, December 2011)
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Introduction

Non-coding RNAs (ncRNAs) are RNAs that do not en-
code proteins. Until recently the central dogma of genet-
ics was that RNA played the role of messenger between 
the gene and the final proteins codified by the gene, and 
ncRNAs were ignored in the field of genome sequenc-
ing.1,2 In the past decade, genome-wide transcriptional 
analyses have estimated that most transcribed mamma-
lian genomic sequences are ncRNAs.3–5 In addition, new 
ncRNAs have been recognized as important participants 
in several mechanisms of gene regulation.5

These new ncRNAs can be categorized as either short 
or long. Long ncRNAs (lncRNAs) are processed in full 

from their templates and are typically >200 nt long; small 
ncRNAs, conversely, are processed from longer precur-
sors and include microRNAs (miRNAs), small interfer-
ing RNAs, piwi-interacting RNAs, tiny RNAs, and cryp-
tic unstable transcripts.5

Many classes of ncRNAs have been described in the lit-
erature, and their roles in cellular biology are recognized 
as being sophisticated. miRNAs are well-known ncRNAs 
molecules that regulate various gene expressions at the 
RNA level. In addition, lncRNAs such as ultraconserved 
genes (UCGs) and HOX antisense intergenic RNA (HO-
TAIR) have been recently characterized.6,7

In various human diseases, the alteration of several 
ncRNA types has been reported. A role for ncRNA in hu-
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man carcinogenesis is most certain, providing evidence 
for targeting these molecules as anticancer agents. How-
ever, at present, a clear relationship with cancer has been 
reported for only a few ncRNA classes (miRNA, UCG, 
and HOTAIR). Therefore, the purpose of this review is to 
describe recent findings on UCGs, HOTAIR, and espe-
cially miRNAs and their effect on cancer.

HOTAIR and Ultraconserved Regions (UCRs)

lncRNAs range in size from approximately 200 nt to 
over 100 kb. Like messenger RNAs (mRNAs), lncRNAs 
seem to be transcribed mostly by RNA polymerase II, but 
many lncRNAs do not undergo the subsequent standard 
mRNA processing steps.8 Because of this characteristic, 
lncRNAs often have regulatory functions involving nu-
clear retention close to transcription sites.9 Although the 
mechanisms and functions of lncRNAs are mostly un-
clear, they seem to mirror those of protein-coding genes.6

The mechanism of lncRNA function is generally un-
known, but evidence suggests that it is similar to that of 
HOTAIR, which is itself an lncRNA. HOTAIR regulates 
the chromatin methylation state of the HOXD locus in 
trans through polycomb repressive complex 2. HOTAIR 
is related to polycomb repressive complex 2 and lysine-
specific demethylase 1/RE1-silencing transcription factor 
co-repressor 1/RE1-silencing transcription factor protein 
complexes; HOTAIR coordinates the chromatin targeting 
of these proteins and it couples histone H3K27 methyla-
tion with H3K4 demethylation to create epigenetic gene 
silencing.10,11 HOTAIR was recently reported to play a 
role in cancer metastasis and may be an indicator of poor 
prognosis in patients with primary breast cancer.7

UCGs, one of the new ncRNAs, are transcribed from 
UCRs12 and have a tissue-specific expression pattern.12,13 
Researchers became aware of UCRs when the align-
ments of human, rat, and mouse genomes demonstrated 
that despite 300 million years of negative selection, some 
genomic regions remained highly conserved (100% iden-
tity).5,14 In fact, UCRs are even more conserved than cod-
ing genes are, and UCRs are now believed to have funda-
mental functions in vertebrate evolution, including that 
of mammals.2,14–16 UCRs are frequently found in fragile 
genomic regions that are usually associated with cancer, 
and UCG expression is aberrant in several human carci-
nomas and leukemias compared to that of their normal 
tissue counterparts.12 Deregulated UCG signatures are 
cancer specific and have prognostic implications. As is 
also the case for miRNAs, UCGs can act as oncogenes 
or tumor-suppressor genes, and UCG expression is con-
trolled by miRNAs.12

miRNAs

miRNAs are ncRNAs of 19–25 nt in length and are 
classic examples of ncRNAs. By degrading or blocking 

translation of mRNA targets, these miRNAs regulate 
more than 30% of the mammalian genome.17 miRNAs 
are also involved in the initiation, progression, and me-
tastasis of human cancer18,19 and can behave as either on-
cogenes or tumor suppressors.17

miRNA profiling, which has been achieved by various 
methods, has identified signatures associated with diag-
nosis, staging, progression, prognosis, and response to 
treatment of human tumors. Therefore, miRNA profiling 
represents a new addition to the diagnostic and prognostic 
tools available for use by medical oncologists. The main 
paradigms for miRNA involvement in human cancers are 
summarized in the sections that follow.

Alteration of miRNAs in All Human Malignancies

Alterations of miRNAs, first identified in the most 
common form of adult leukemia, i.e., B cell chronic lym-
phocytic leukemia (CLL),20 have since been detected in 
many types of human tumors (Table 1)18,20–68. The main 
mechanism of alterations of microRNoma (defined as the 
full complement of miRNAs present in a genome) in can-
cer cells seems to be aberrant gene expression, which is 
characterized by abnormal levels of expression of mature 
and/or precursor miRNA sequences. The causes of the 
widespread differential expression of miRNA genes be-
tween malignant and normal cells can be explained by 
the genomic location of these genes in cancer-associated 
regions and genomic alterations,18 by epigenetic mecha-
nisms, and by alterations in the processing machinery

Several developments in high-throughput miRNA 
profiling include oligonucleotide miRNA microarrays, 
as described previously69; the use of a bead-based flow 
cytometric technique36–38,70; the quantitative reverse 
transcription-polymerase chain reaction for precursor 
miRNA71 or active miRNA72,73; the miRNA serial analy-
sis of gene expression (miRAGE), which combines direct 
miRNA cloning with serial analysis of gene expression 
(SAGE)35–38,73,74; and the high-throughput array-based 
Klenow enzyme (RAKE) assay.75 miRNAs differentially 
expressed between tumors and their normal tissue coun-
terparts have been identified for several tumor types, 
including lymphoma,57 breast cancer,25 lung cancer,24 
thyroid papillary carcinoma,76 glioblastoma,63 hepatocel-
lular carcinoma,77 colorectal carcinoma,74 pancreatic tu-
mors,78 and pituitary adenomas.79

miRNA Alterations May Result in Cancer  
Predisposition

Despite extensive research, the molecular basis for 
most familial cancers is unknown. Because the extent 
of miRNA involvement in human cancers is much great-
er than initially believed, it is tempting to propose that 
germline mutations or polymorphisms in miRNA genes 
or interacting sequences from target mRNA might repre-
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sent a mechanism of cancer predisposition (for a review, 
see Calin et al. 200618). In fact, a germline mutation in 
the pri-miR-16–1/15a precursor in a patient with familial 
CLL and breast cancer in first-degree family members 
suggests a possible predisposing effect,30 but the precise 
roles of mutations in miRNAs are still unknown. Tumor-
specific pri-miRNA sequence abnormalities seem to be a 
more widespread phenomenon in tumorigenesis, as mu-
tations near the clusters miR-17–92 on chromosome 13 
and miR-106–92 on chromosome X were described in a 
mouse model.

These clusters are amplified in human lymphomas80 
and accelerate c-MYC-induced tumorigenesis in a mouse 
model of B-cell lymphoma,57 suggesting a possible patho-
genetic role for such mutations. Furthermore, germline 
single nucleotide polymorphisms were identified in two 
recognition sites in the c-KIT oncogene for miR-221, miR-
222, and miR-146, which are all strongly overexpressed 
in thyroid cancers.76 Therefore, because the thermody-
namics of RNA–RNA binding plays an essential role in 
a miRNA interaction with its target mRNA, sequence 
variations influencing this interaction may result in can-
cer predisposition.

miRNAs as Oncogenes and Tumor Suppressors

The classical models of tumorigenesis postulate altera-
tions in protein coding oncogenes and tumor suppressor 
genes. miRNAs are also contributors to oncogenesis, 
functioning as tumor suppressors (as in the case of miR-
15a and miR-16–123 and the let-7 family26) or as oncogenes 
(as in the case of miR-155,51 the miR17-92 cluster,57,76 and 
miR-2151,65). Relatively minor variations in the levels of 
expression of a miRNA or mutations that moderately 

affect the conformation of the miRNA::mRNA pairing 
could have important consequences for the cell because 
of the large number of targets of each miRNA. For exam-
ple, downregulation of the suppressor miR-15a/miR-16–1 
induces overexpression of the B cell lymphoma 2 (BCL2) 
gene and possibly other genes that may be important 
for tumorigenesis,23 while overexpression of oncogenic 
miR-17–92 cooperates with c-MYC in stimulating lym-
phomagenesis.57,76 miRNA alterations in somatic cells 
can initiate or contribute to tumorigenesis, and miRNA 
alterations in germline cells may predispose a person to 
cancer. A paradigm for this model is human B-cell CLL, 
in which miR-15a and miR-16–1 are located in the most 
frequently deleted genomic region, are downregulated in 
the majority of cases, harbor mutations in familial cases, 
and induce apoptosis in a leukemia mouse model by tar-
geting the antiapoptotic BCL2 gene.

miRNA Profiling Can Improve Diagnosis of  
Cancer in Patients

To date, numerous profiling studies using tumors of 
various histotypes have been published.51,70,81 Lu et al70., 
using a bead-based flow-cytometric profiling technology 
performed on a set of 334 samples that included multiple 
human cancers (mainly leukemias), found that miRNA 
expression profiles classify human cancers and reflect 
the developmental lineage and differentiation state of 
the tumors. Of important diagnostic consequence is that 
the miRNA-based classifier is better at establishing the 
correct diagnosis of poorly differentiated samples with 
non-diagnostic histological appearance than is the pro-
tein-coding gene’s mRNA classifier. This type of clas-
sification represents an important advance in the diag-

Table 1 miRNA expression profiles in common types of cancer

miRNA Target genes Property Expression in cancer References
miR-15a miR-16–1 
cluster

Bcl-2, MCL1, Wt-1 TS Downregulated in CLL 20–23

let-7 family KRAS, NRAS, c-myc, 
HMGA2

TS Downregulated in lung and breast cancers 24–29

miR-29 family TCL-1, MCL1, CDK6, 
DNMT3s

TS Downregulated in CLL, AML, lung cancer, 
breast cancer, and cholangiocarcinoma

24,25,30–34

miR-34a/b/c CDK4, CDK6, Bcl-2, cy-
clinE2, E2F3, c-Met, c-Myc

TS Downregulated in pancreatic, colon, and breast 
cancers

35–38

miR-200/141 family ZEB1, ZEB2 TS Downregulated in breast, renal clear cell, 
gastric, and bladder cancers

39–43

miR-155 c-maf, SHIP1 OG Upregulated in high-risk CLL, AML, lym-
phomas, colon cancer, lung cancer, and breast 
cancer

24,25,31,44–51

miR-17–92 family E2F1, Bim, PTEN OG Upregulated in lymphomas and breast, lung, 
colon, stomach, and pancreatic cancers

51–62

miR-21 PTEN, PDCD4, TPM1 OG Upregulated in breast, colon, pancreatic, lung, 
prostate, liver, and stomach cancers; AML; 
CLL; and glioblastomas

18,30,31,47,51,63–67

miR-372/ miR-373 LATS2 OG Upregulated in testicular cancer 68

CLL, chronic lymphocytic leukemia; AML, acute myeloid leukemia; TS, tumor suppressor; OG, oncogene.
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nosis of metastatic cancer of unknown primary site, as 
these patients present with metastases (late-stage disease) 
without an established primary tumor (i.e., a site where a 
therapeutically curative or palliative intervention can be 
performed).

Volinia et al.51 described a large-scale, detailed microar-
ray analysis using 540 samples from six types of the most 
frequent solid human cancers and found a common sig-
nature composed of 61 miRNAs, mainly overexpressed 
with respect to corresponding normal tissues. Evidence 
has been found that the predicted targets for the differ-
entially expressed miRNAs are significantly enriched for 
protein-coding tumor suppressors and oncogenes, sup-
porting the roles of these genes in tumorigenesis. Of the 
228 miRNA genes analyzed, 36 were overexpressed and 
21 were downregulated in cancer cells compared with 
normal cells. Hierarchical clustering analysis showed that 
this miRNA signature enabled the tumor samples to be 
grouped on the basis of their tissue of origin, which can 
greatly help in diagnosis.

miRNA Profiling Can Predict Outcome for  
Cancer Patients

In most CLL patients, the prognosis is relatively good 
and, after diagnosis, treatment is started only if poor 
prognostic markers are evident. Among these markers, 
those most commonly used are high expression levels 
of the zeta-chain-associated protein of 70 kDa (ZAP-70) 
gene and the absence of mutations in the immunoglobulin 
variable-region heavy-chain (IgVH) gene. By perform-
ing a miRNA profiling screening of 144 CLL patients, 
researchers found that a unique signature of 13 miRNAs 
(of the 190 analyzed) differentiated cases on the basis of a 
good or poor prognosis and on the presence or absence of 
disease progression.30 Among the 13 miRNAs, miR-16–1 
and miR-15a were expressed at lower levels in patients 
with a good prognosis, which was in agreement with 
early reports that 13q14.3 genomic deletions at the locus 
harboring these genes are favorable prognostic features.

Identification of new prognostic markers could repre-
sent a significant advance for the identification of patients 
who would benefit from more aggressive therapy for lung 
cancer, which is the leading cause of cancer death in men 
worldwide. In univariate analyses, expressions of both 
miR-155 and let-7a-2 were shown to correlate with poor 
survival in 104 American patients with lung cancer; in 
multivariate analyses, only the expression of miR-155 was 
correlated with poor prognosis when all clinical variables 
were considered together.24 In an independent study of 
143 Japanese patients with lung cancer, underexpression 
of let-7 was found to significantly correlate with a shorter 
survival time after potentially curative surgery; multivar-
iate analysis showed that underexpression of let-7 was an 
independent prognostic factor for the stage of the disease 
and correlated with significantly shorter survival time.82

miRNAs as Therapeutic Targets

Because miRNAs regulate the expression of multiple 
genes in a disease pathway, miRNAs and the genes they 
influence can be therapeutic targets. The use of miRNAs 
as drug therapies is still at the preclinical stage, and the 
results of clinical and toxicological studies have not yet 
been published. miRNA mimics were shown to induce 
cell death and reduce tumorigenic potential of the miR-
15a/16 cluster in a leukemia model21 and of the members 
of the miR-29 family in a lung cancer model.33

Several animal model studies have been reported.83–86 
Systemic administration of anti-miRNA (miR-122) oligo-
nucleotide therapeutics in mice and African green mon-
keys was shown to reduce total plasma cholesterol and 
hepatitis C viral load. As a result, systemic administra-
tion of miR-122 could reduce liver damage.83–85 In addi-
tion, when the mimic for miR-26a was administered sys-
temically in a murine model of liver cancer, tumor size 
was clearly reduced.86 Thus, in addition to confirming the 
safety and efficacy of anti-miRNA oligonucleotides in a 
preclinical trial, these studies have established a baseline 
for their testing in future clinical trials.

Conclusions

There is no question that miRNAs and other ncRNAs 
are involved in the regulation of tumorigenic pathways 
involved in tumor development and progression. Whether 
miRNAs represent the “dark side” of cancer predisposi-
tion will be soon be clearly answered by our future stud-
ies in a large series of familial cancer patients. miRNAs 
and other ncRNAs have only recently been identified as 
new diagnostic and prognostic tools for cancer patients, 
and the use of miRNAs in cancer therapy represents a 
potential treatment option for medical oncologists in the 
near future. The rationale for using miRNAs and other 
ncRNAs in cancer treatment is that they are natural an-
tisense interactors that regulate many genes involved in 
eukaryotic survival and proliferation. These discoveries 
could be exploited for the development of useful markers 
for diagnosis and prognosis in cancer, as well as for the 
development of new RNA-based cancer therapies.

Acknowledgments

G.A.C. is supported as a Fellow at The University of 
Texas MD Anderson Research Trust, as a University of 
Texas System Regents Research Scholar, and by the CLL 
Global Research Foundation. Research in Dr. Calin’s lab-
oratory is supported in part by the National Institutes of 
Health through MD Anderson’s Cancer Center Support 
Grant CA016672, a Department of Defense Breast Cancer 
Idea Award, Developmental Research Awards in Breast 
Cancer, MD Anderson’s Ovarian Cancer, Brain Cancer, 



Setoyama T, et al: Non-coding RNAs for Diagnosis and Therapy of Cancer110

and Leukemia SPOREs, a CTT/3I-TD grant, a 2009 See-
na Magowitz–Pancreatic Cancer Action Network AACR 
Pilot Grant, and the Arnold Foundation. We would like 
to thank Kristi Speights (Department of Scientific Publi-
cations, MD Anderson Cancer Center) for her help with 
editing this manuscript.

References

 1. Eddy SR: Non-coding RNA genes and the modern RNA world. 
Nat Rev Genet 2001; 2: 919–929. [Medline]  [CrossRef]

 2. Mattick JS: The genetic signatures of noncoding RNAs. PLoS 
Genet 2009; 5: e1000459. [Medline]  [CrossRef]

 3. Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda 
N, Oyama R, Ravasi T, Lenhard B, Wells C, Kodzius R, Shimo-
kawa K, Bajic VB, Brenner SE, Batalov S, Forrest AR, Zavolan 
M, Davis MJ, Wilming LG, Aidinis V, Allen JE, Ambesi-Im-
piombato A, Apweiler R, Aturaliya RN, Bailey TL, Bansal M, 
Baxter L, Beisel KW, Bersano T, Bono H, Chalk AM, Chiu KP, 
Choudhary V, Christoffels A, Clutterbuck DR, Crowe ML, Dal-
la E, Dalrymple BP, de Bono B, Della Gatta G, di Bernardo D, 
Down T, Engstrom P, Fagiolini M, Faulkner G, Fletcher CF, Fu-
kushima T, Furuno M, Futaki S, Gariboldi M, Georgii-Hemming 
P, Gingeras TR, Gojobori T, Green RE, Gustincich S, Harbers 
M, Hayashi Y, Hensch TK, Hirokawa N, Hill D, Huminiecki L, 
Iacono M, Ikeo K, Iwama A, Ishikawa T, Jakt M, Kanapin A, Ka-
toh M, Kawasawa Y, Kelso J, Kitamura H, Kitano H, Kollias G, 
Krishnan SP, Kruger A, Kummerfeld SK, Kurochkin IV, Lareau 
LF, Lazarevic D, Lipovich L, Liu J, Liuni S, McWilliam S, Madan 
Babu M, Madera M, Marchionni L, Matsuda H, Matsuzawa S, 
Miki H, Mignone F, Miyake S, Morris K, Mottagui-Tabar S, Mul-
der N, Nakano N, Nakauchi H, Ng P, Nilsson R, Nishiguchi S, 
Nishikawa S, Nori F, Ohara O, Okazaki Y, Orlando V, Pang KC, 
Pavan WJ, Pavesi G, Pesole G, Petrovsky N, Piazza S, Reed J, 
Reid JF, Ring BZ, Ringwald M, Rost B, Ruan Y, Salzberg SL, 
Sandelin A, Schneider C, Schönbach C, Sekiguchi K, Semple CA, 
Seno S, Sessa L, Sheng Y, Shibata Y, Shimada H, Shimada K, 
Silva D, Sinclair B, Sperling S, Stupka E, Sugiura K, Sultana R, 
Takenaka Y, Taki K, Tammoja K, Tan SL, Tang S, Taylor MS, 
Tegner J, Teichmann SA, Ueda HR, van Nimwegen E, Verardo 
R, Wei CL, Yagi K, Yamanishi H, Zabarovsky E, Zhu S, Zim-
mer A, Hide W, Bult C, Grimmond SM, Teasdale RD, Liu ET, 
Brusic V, Quackenbush J, Wahlestedt C, Mattick JS, Hume DA, 
Kai C, Sasaki D, Tomaru Y, Fukuda S, Kanamori-Katayama M, 
Suzuki M, Aoki J, Arakawa T, Iida J, Imamura K, Itoh M, Kato 
T, Kawaji H, Kawagashira N, Kawashima T, Kojima M, Kondo S, 
Konno H, Nakano K, Ninomiya N, Nishio T, Okada M, Plessy C, 
Shibata K, Shiraki T, Suzuki S, Tagami M, Waki K, Watahiki A, 
Okamura-Oho Y, Suzuki H, Kawai J, Hayashizaki Y: FANTOM 
Consortium; RIKEN Genome Exploration Research Group and 
Genome Science Group (Genome Network Project Core Group). 
The transcriptional landscape of the mammalian genome. Science 
2005; 309: 1559–1563. [Medline]

 4. Kapranov P, Drenkow J, Cheng J, Long J, Helt G, Dike S, Gin-
geras TR: Examples of the complex architecture of the human 
transcriptome revealed by RACE and high-density tiling arrays. 
Genome Res 2005; 15: 987–997. [Medline] [CrossRef]

 5. Mercer TR, Dinger ME, Mattick JS: Long non-coding RNAs: in-
sights into functions. Nat Rev Genet 2009; 10: 155–159. [Medline]  
[CrossRef]

 6. Taft RJ, Pang KC, Mercer TR, Dinger M, Mattick JS: Non-coding 
RNAs: regulators of disease. J Pathol 2010; 220: 126–139. [Med-
line] [CrossRef]

 7. Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong DJ, 
Tsai MC, Hung T, Argani P, Rinn JL, Wang Y, Brzoska P, Kong 

B, Li R, West RB, van de Vijver MJ, Sukumar S, Chang HY: Long 
non-coding RNA HOTAIR reprograms chromatin state to pro-
mote cancer metastasis. Nature 2010; 464: 1071–1076. [Medline]  
[CrossRef]

 8. Motamedi MR, Verdel A, Colmenares SU, Gerber SA, Gygi SP, 
Moazed D: Two RNAi complexes, RITS and RDRC, physically 
interact and localize to noncoding centromeric RNAs. Cell 2004; 
119: 789–802. [Medline] [CrossRef]

 9. Seidl CI, Stricker SH, Barlow DP: The imprinted Air ncRNA is 
an atypical RNAPII transcript that evades splicing and escapes 
nuclear export. EMBO J 2006; 25: 3565–3575. [Medline] [Cross-
Ref]

 10. Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, Brugmann 
SA, Goodnough LH, Helms JA, Farnham PJ, Segal E, Chang HY: 
Functional demarcation of active and silent chromatin domains in 
human HOX loci by noncoding RNAs. Cell 2007; 129: 1311–1323. 
[Medline] [CrossRef]

 11. Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan 
F, Shi Y, Segal E, Chang HY: Long noncoding RNA as modular 
scaffold of histone modification complexes. Science 2010; 329: 
689–693. [Medline] [CrossRef]

 12. Calin GA, Liu CG, Ferracin M, Hyslop T, Spizzo R, Sevignani 
C, Fabbri M, Cimmino A, Lee EJ, Wojcik SE, Shimizu M, Tili E, 
Rossi S, Taccioli C, Pichiorri F, Liu X, Zupo S, Herlea V, Gram-
antieri L, Lanza G, Alder H, Rassenti L, Volinia S, Schmittgen 
TD, Kipps TJ, Negrini M, Croce CM: Ultraconserved regions en-
coding ncRNAs are altered in human leukemias and carcinomas. 
Cancer Cell 2007; 12: 215–229. [Medline] [CrossRef]

 13. Allen TA, Von Kaenel S, Goodrich JA, Kugel JF: The SINE-en-
coded mouse B2 RNA represses mRNA transcription in response 
to heat shock. Nat Struct Mol Biol 2004; 11: 816–821. [Medline]  
[CrossRef]

 14. Bejerano G, Pheasant M, Makunin I, Stephen S, Kent WJ, Mattick 
JS, Haussler D: Ultraconserved elements in the human genome. 
Science 2004; 304: 1321–1325. [Medline]  [CrossRef]

 15. Barbarotto E, Schmittgen TD, Calin GA: MicroRNAs and cancer: 
profile, profile, profile. Int J Cancer 2008; 122: 969–977. [Med-
line] [CrossRef]

 16. Elgar G, Vavouri T: Tuning in to the signals: noncoding sequence 
conservation in vertebrate genomes. Trends Genet 2008; 24: 344–
352. [Medline] [CrossRef]

 17. Croce CM: Causes and consequences of microRNA dysregulation 
in cancer. Nat Rev Genet 2009; 10: 704–714. [Medline] [Cross-
Ref]

 18. Calin GA, Croce CM: MicroRNAs and chromosomal abnormali-
ties in cancer cells. Oncogene 2006; 25: 6202–6210. [Medline]  
[CrossRef]

 19. Di Leva G, Calin GA, Croce CM: MicroRNAs: fundamental facts 
and involvement in human diseases. Birth Defects Res C Embryo 
Today 2006; 78: 180–189. [Medline] [CrossRef]

 20. Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, 
Aldler H, Rattan S, Keating M, Rai K, Rassenti L, Kipps T, Ne-
grini M, Bullrich F, Croce CM: Frequent deletions and down-
regulation of micro- RNA genes miR15 and miR16 at 13q14 in 
chronic lymphocytic leukemia. Proc Natl Acad Sci USA 2002; 99: 
15524–15529. [Medline] [CrossRef]

 21. Calin GA, Cimmino A, Fabbri M, Ferracin M, Wojcik SE, Shi-
mizu M, Taccioli C, Zanesi N, Garzon R, Aqeilan RI, Alder H, 
Volinia S, Rassenti L, Liu X, Liu CG, Kipps TJ, Negrini M, Croce 
CM: MiR-15a and miR-16-1 cluster functions in human leukemia. 
Proc Natl Acad Sci USA 2008; 105: 5166–5171. [Medline]  [Cross-
Ref]

 22. Linsley PS, Schelter J, Burchard J, Kibukawa M, Martin MM, 
Bartz SR, Johnson JM, Cummins JM, Raymond CK, Dai H, 
Chau N, Cleary M, Jackson AL, Carleton M, Lim L: Transcripts 
targeted by the microRNA-16 family cooperatively regulate cell 
cycle progression. Mol Cell Biol 2007; 27: 2240–2252. [Medline]  

http://www.ncbi.nlm.nih.gov/pubmed/11733745?dopt=Abstract
http://dx.doi.org/10.1038/35103511
http://www.ncbi.nlm.nih.gov/pubmed/19390609?dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1000459
http://www.ncbi.nlm.nih.gov/pubmed/16141072?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15998911?dopt=Abstract
http://dx.doi.org/10.1101/gr.3455305
http://www.ncbi.nlm.nih.gov/pubmed/19188922?dopt=Abstract
http://dx.doi.org/10.1038/nrg2521
http://www.ncbi.nlm.nih.gov/pubmed/19882673?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19882673?dopt=Abstract
http://dx.doi.org/10.1002/path.2638
http://www.ncbi.nlm.nih.gov/pubmed/20393566?dopt=Abstract
http://dx.doi.org/10.1038/nature08975
http://www.ncbi.nlm.nih.gov/pubmed/15607976?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2004.11.034
http://www.ncbi.nlm.nih.gov/pubmed/16874305?dopt=Abstract
http://dx.doi.org/10.1038/sj.emboj.7601245
http://dx.doi.org/10.1038/sj.emboj.7601245
http://www.ncbi.nlm.nih.gov/pubmed/17604720?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/20616235?dopt=Abstract
http://dx.doi.org/10.1126/science.1192002
http://www.ncbi.nlm.nih.gov/pubmed/17785203?dopt=Abstract
http://dx.doi.org/10.1016/j.ccr.2007.07.027
http://www.ncbi.nlm.nih.gov/pubmed/15300240?dopt=Abstract
http://dx.doi.org/10.1038/nsmb813
http://www.ncbi.nlm.nih.gov/pubmed/15131266?dopt=Abstract
http://dx.doi.org/10.1126/science.1098119
http://www.ncbi.nlm.nih.gov/pubmed/18098138?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18098138?dopt=Abstract
http://dx.doi.org/10.1002/ijc.23343
http://www.ncbi.nlm.nih.gov/pubmed/18514361?dopt=Abstract
http://dx.doi.org/10.1016/j.tig.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/19763153?dopt=Abstract
http://dx.doi.org/10.1038/nrg2634
http://dx.doi.org/10.1038/nrg2634
http://www.ncbi.nlm.nih.gov/pubmed/17028600?dopt=Abstract
http://dx.doi.org/10.1038/sj.onc.1209910
http://www.ncbi.nlm.nih.gov/pubmed/16847883?dopt=Abstract
http://dx.doi.org/10.1002/bdrc.20073
http://www.ncbi.nlm.nih.gov/pubmed/12434020?dopt=Abstract
http://dx.doi.org/10.1073/pnas.242606799
http://www.ncbi.nlm.nih.gov/pubmed/18362358?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0800121105
http://dx.doi.org/10.1073/pnas.0800121105
http://www.ncbi.nlm.nih.gov/pubmed/17242205?dopt=Abstract


Keio J Med 2011; 60 (4): 106–113 111

[CrossRef]
 23. Cimmino A, Calin GA, Fabbri M, Iorio MV, Ferracin M, Shimizu 

M, Wojcik SE, Aqeilan RI, Zupo S, Dono M, Rassenti L, Alder H, 
Volinia S, Liu CG, Kipps TJ, Negrini M, Croce CM: miR-15 and 
miR-16 induce apoptosis by targeting BCL2. Proc Natl Acad Sci 
USA 2005; 102: 13944–13949. [Medline] [CrossRef]

 24. Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, Yi 
M, Stephens RM, Okamoto A, Yokota J, Tanaka T, Calin GA, 
Liu CG, Croce CM, Harris CC: Unique microRNA molecular pro-
files in lung cancer diagnosis and prognosis. Cancer Cell 2006; 9: 
189–198. [Medline] [CrossRef]

 25. Iorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni S, 
Magri E, Pedriali M, Fabbri M, Campiglio M, Ménard S, Palazzo 
JP, Rosenberg A, Musiani P, Volinia S, Nenci I, Calin GA, Quer-
zoli P, Negrini M, Croce CM: MicroRNA gene expression dereg-
ulation in human breast cancer. Cancer Res 2005; 65: 7065–7070. 
[Medline]  [CrossRef]

 26. Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, Cheng 
A, Labourier E, Reinert KL, Brown D, Slack FJ: RAS is regulated 
by the let-7 microRNA family. Cell 2005; 120: 635–647. [Med-
line] [CrossRef]

 27. Akao Y, Nakagawa Y, Naoe T: let-7 microRNA functions as a 
potential growth suppressor in human colon cancer cells. Biol 
Pharm Bull 2006; 29: 903–906. [Medline] [CrossRef]

 28. Lee YS, Dutta A: The tumor suppressor microRNA let-7 repress-
es the HMGA2 oncogene. Genes Dev 2007; 21: 1025–1030. [Med-
line] [CrossRef]

 29. Sampson VB, Rong NH, Han J, Yang Q, Aris V, Soteropoulos P, 
Petrelli NJ, Dunn SP, Krueger LJ: MicroRNA let-7a down-regu-
lates MYC and reverts MYC-induced growth in Burkitt lympho-
ma cells. Cancer Res 2007; 67: 9762–9770. [Medline]  [CrossRef]

 30. Calin GA, Ferracin M, Cimmino A, Di Leva G, Shimizu M, 
Wojcik SE, Iorio MV, Visone R, Sever NI, Fabbri M, Iuliano R, 
Palumbo T, Pichiorri F, Roldo C, Garzon R, Sevignani C, Rassenti 
L, Alder H, Volinia S, Liu CG, Kipps TJ, Negrini M, Croce CM: 
A MicroRNA signature associated with prognosis and progres-
sion in chronic lymphocytic leukemia. N Engl J Med 2005; 353: 
1793–1801. [Medline] [CrossRef]

 31. Garzon R, Volinia S, Liu CG, Fernandez-Cymering C, Palumbo 
T, Pichiorri F, Fabbri M, Coombes K, Alder H, Nakamura T, Flo-
menberg N, Marcucci G, Calin GA, Kornblau SM, Kantarjian H, 
Bloomfield CD, Andreeff M, Croce CM: MicroRNA signatures 
associated with cytogenetics and prognosis in acute myeloid leu-
kemia. Blood 2008; 111: 3183–3189. [Medline] [CrossRef]

 32. Mott JL, Kobayashi S, Bronk SF, Gores GJ: mir-29 regulates Mcl-
1 protein expression and apoptosis. Oncogene 2007; 26: 6133–
6140. [Medline] [CrossRef]

 33. Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, Callegari E, 
Liu S, Alder H, Costinean S, Fernandez-Cymering C, Volinia S, 
Guler G, Morrison CD, Chan KK, Marcucci G, Calin GA, Hueb-
ner K, Croce CM: MicroRNA-29 family reverts aberrant methyla-
tion in lung cancer by targeting DNA methyltransferases 3A and 
3B. Proc Natl Acad Sci USA 2007; 104: 15805–15810. [Medline]  
[CrossRef]

 34. Pekarsky Y, Santanam U, Cimmino A, Palamarchuk A, Efanov A, 
Maximov V, Volinia S, Alder H, Liu CG, Rassenti L, Calin GA, 
Hagan JP, Kipps T, Croce CM: Tcl1 expression in chronic lym-
phocytic leukemia is regulated by miR-29 and miR-181. Cancer 
Res 2006; 66: 11590–11593. [Medline] [CrossRef]

 35. He L, He X, Lim LP, de Stanchina E, Xuan Z, Liang Y, Xue W, 
Zender L, Magnus J, Ridzon D, Jackson AL, Linsley PS, Chen 
C, Lowe SW, Cleary MA, Hannon GJ: A microRNA component 
of the p53 tumour suppressor network. Nature 2007; 447: 1130–
1134. [Medline] [CrossRef]

 36. Raver-Shapira N, Marciano E, Meiri E, Spector Y, Rosenfeld N, 
Moskovits N, Bentwich Z, Oren M: Transcriptional activation of 
miR-34a contributes to p53-mediated apoptosis. Mol Cell 2007; 

26: 731–743. [Medline] [CrossRef]
 37. Chang TC, Wentzel EA, Kent OA, Ramachandran K, Mullendore 

M, Lee KH, Feldmann G, Yamakuchi M, Ferlito M, Lowenstein 
CJ, Arking DE, Beer MA, Maitra A, Mendell JT: Transactivation 
of miR-34a by p53 broadly influences gene expression and pro-
motes apoptosis. Mol Cell 2007; 26: 745–752. [Medline] [Cross-
Ref]

 38. Chang TC, Yu D, Lee YS, Wentzel EA, Arking DE, West KM, 
Dang CV, Thomas-Tikhonenko A, Mendell JT: Widespread mi-
croRNA repression by Myc contributes to tumorigenesis. Nat 
Genet 2008; 40: 43–50. [Medline] [CrossRef]

 39. O’Day E, Lal A: MicroRNAs and their target gene networks in 
breast cancer. Breast Cancer Res 2010; 12: 201–210. [Medline]  
[CrossRef]

 40. Gregory PA, Bracken CP, Bert AG, Goodall GJ: MicroRNAs as 
regulators of epithelial-mesenchymal transition. Cell Cycle 2008; 
7: 3112–3117. [Medline]  [CrossRef]

 41. Nakada C, Matsuura K, Tsukamoto Y, Tanigawa M, Yoshimoto 
T, Narimatsu T, Nguyen LT, Hijiya N, Uchida T, Sato F, Mimata 
H, Seto M, Moriyama M: Genome-wide microRNA expression 
profiling in renal cell carcinoma: significant down-regulation of 
miR-141 and miR-200c. J Pathol 2008; 216: 418–427. [Medline]  
[CrossRef]

 42. Du Y, Xu Y, Ding L, Yao H, Yu H, Zhou T, Si J: Down-regulation 
of miR-141 in gastric cancer and its involvement in cell growth. J 
Gastroenterol 2009; 44: 556–561. [Medline] [CrossRef]

 43. Adam L, Zhong M, Choi W, Qi W, Nicoloso M, Arora A, Calin G, 
Wang H, Siefker-Radtke A, McConkey D, Bar-Eli M, Dinney C: 
miR-200 expression regulates epithelial-to-mesenchymal transi-
tion in bladder cancer cells and reverses resistance to epidermal 
growth factor receptor therapy. Clin Cancer Res 2009; 15: 5060–
5072. [Medline] [CrossRef]

 44. Metzler M, Wilda M, Busch K, Viehmann S, Borkhardt A: High 
expression of precursor microRNA-155/BIC RNA in children 
with Burkitt lymphoma. Genes Chromosomes Cancer 2004; 39: 
167–169. [Medline] [CrossRef]

 45. Kluiver J, Poppema S, de Jong D, Viehmann S, Borkhardt A: BIC 
and miR-155 are highly expressed in Hodgkin, primary medi-
astinal and diffuse large B cell lymphomas. J Pathol 2005; 207: 
243–249. [Medline]  [CrossRef]

 46. Tam W, Hughes SH, Hayward WS, Besmer P: Avian bic, a gene 
isolated from a common retroviral site in avian leukosis virus-
induced lymphomas that encodes a noncoding RNA, cooperates 
with c-myc in lymphomagenesis and erythroleukemogenesis. J 
Virol 2002; 76: 4275–4286. [Medline]  [CrossRef]

 47. Garzon R, Garofalo M, Martelli MP, Briesewitz R, Wang L, Fer-
nandez-Cymering C, Volinia S, Liu CG, Schnittger S, Haferlach 
T, Liso A, Diverio D, Mancini M, Meloni G, Foa R, Martelli MF, 
Mecucci C, Croce CM, Falini B: Distinctive microRNA signature 
of acute myeloid leukemia bearing cytoplasmic mutated nucleo-
phosmin. Proc Natl Acad Sci USA 2008; 105: 3945–3950. [Med-
line] [CrossRef]

 48. Thai TH, Calado DP, Casola S, Ansel KM, Xiao C, Xue Y, Mur-
phy A, Frendewey D, Valenzuela D, Kutok JL, Schmidt-Supprian 
M, Rajewsky N, Yancopoulos G, Rao A, Rajewsky K: Regulation 
of the germinal center response by microRNA-155. Science 2007; 
316: 604–608. [Medline] [CrossRef]

 49. Rodriguez A, Vigorito E, Clare S, Ansel KM, Xiao C, Xue Y, 
Murphy A, Frendewey D, Valenzuela D, Kutok JL, Schmidt-
Supprian M, Rajewsky N, Yancopoulos G, Rao A, Rajewsky K: 
Requirement of bic/microRNA-155 for normal immune function. 
Science 2007; 316: 608–611. [Medline] [CrossRef]

 50. Costinean S, Zanesi N, Pekarsky Y, Tili E, Volinia S, Heerema N, 
Croce CM: Pre-B cell proliferation and lymphoblastic leukemia/
high-grade lymphoma in E(mu)-miR155 transgenic mice. Proc 
Natl Acad Sci USA 2006; 103: 7024–7029. [Medline] [CrossRef]

 51. Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, 

http://dx.doi.org/10.1128/MCB.02005-06
http://www.ncbi.nlm.nih.gov/pubmed/16166262?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0506654102
http://www.ncbi.nlm.nih.gov/pubmed/16530703?dopt=Abstract
http://dx.doi.org/10.1016/j.ccr.2006.01.025
http://www.ncbi.nlm.nih.gov/pubmed/16103053?dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-05-1783
http://www.ncbi.nlm.nih.gov/pubmed/15766527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15766527?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2005.01.014
http://www.ncbi.nlm.nih.gov/pubmed/16651716?dopt=Abstract
http://dx.doi.org/10.1248/bpb.29.903
http://www.ncbi.nlm.nih.gov/pubmed/17437991?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17437991?dopt=Abstract
http://dx.doi.org/10.1101/gad.1540407
http://www.ncbi.nlm.nih.gov/pubmed/17942906?dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-07-2462
http://www.ncbi.nlm.nih.gov/pubmed/16251535?dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa050995
http://www.ncbi.nlm.nih.gov/pubmed/18187662?dopt=Abstract
http://dx.doi.org/10.1182/blood-2007-07-098749
http://www.ncbi.nlm.nih.gov/pubmed/17404574?dopt=Abstract
http://dx.doi.org/10.1038/sj.onc.1210436
http://www.ncbi.nlm.nih.gov/pubmed/17890317?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0707628104
http://www.ncbi.nlm.nih.gov/pubmed/17178851?dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-06-3613
http://www.ncbi.nlm.nih.gov/pubmed/17554337?dopt=Abstract
http://dx.doi.org/10.1038/nature05939
http://www.ncbi.nlm.nih.gov/pubmed/17540598?dopt=Abstract
http://dx.doi.org/10.1016/j.molcel.2007.05.017
http://www.ncbi.nlm.nih.gov/pubmed/17540599?dopt=Abstract
http://dx.doi.org/10.1016/j.molcel.2007.05.010
http://dx.doi.org/10.1016/j.molcel.2007.05.010
http://www.ncbi.nlm.nih.gov/pubmed/18066065?dopt=Abstract
http://dx.doi.org/10.1038/ng.2007.30
http://www.ncbi.nlm.nih.gov/pubmed/20346098?dopt=Abstract
http://dx.doi.org/10.1186/bcr2484
http://www.ncbi.nlm.nih.gov/pubmed/18927505?dopt=Abstract
http://dx.doi.org/10.4161/cc.7.20.6851
http://www.ncbi.nlm.nih.gov/pubmed/18925646?dopt=Abstract
http://dx.doi.org/10.1002/path.2437
http://www.ncbi.nlm.nih.gov/pubmed/19363643?dopt=Abstract
http://dx.doi.org/10.1007/s00535-009-0037-7
http://www.ncbi.nlm.nih.gov/pubmed/19671845?dopt=Abstract
http://dx.doi.org/10.1158/1078-0432.CCR-08-2245
http://www.ncbi.nlm.nih.gov/pubmed/14695998?dopt=Abstract
http://dx.doi.org/10.1002/gcc.10316
http://www.ncbi.nlm.nih.gov/pubmed/16041695?dopt=Abstract
http://dx.doi.org/10.1002/path.1825
http://www.ncbi.nlm.nih.gov/pubmed/11932393?dopt=Abstract
http://dx.doi.org/10.1128/JVI.76.9.4275-4286.2002
http://www.ncbi.nlm.nih.gov/pubmed/18308931?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18308931?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0800135105
http://www.ncbi.nlm.nih.gov/pubmed/17463289?dopt=Abstract
http://dx.doi.org/10.1126/science.1141229
http://www.ncbi.nlm.nih.gov/pubmed/17463290?dopt=Abstract
http://dx.doi.org/10.1126/science.1139253
http://www.ncbi.nlm.nih.gov/pubmed/16641092?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0602266103


Setoyama T, et al: Non-coding RNAs for Diagnosis and Therapy of Cancer112

Visone R, Iorio M, Roldo C, Ferracin M, Prueitt RL, Yanaihara N, 
Lanza G, Scarpa A, Vecchione A, Negrini M, Harris CC, Croce 
CM: A microRNA expression signature of human solid tumors 
defines cancer gene targets. Proc Natl Acad Sci USA 2006; 103: 
2257–2261. [Medline]  [CrossRef]

 52. Mendell JT: miRiad roles for the miR-17-92 cluster in develop-
ment and disease. Cell 2008; 133: 217–222. [Medline]  [CrossRef]

 53. Ventura A, Young AG, Winslow MM, Lintault L, Meissner A, 
Erkeland SJ, Newman J, Bronson RT, Crowley D, Stone JR, Jae-
nisch R, Sharp PA, Jacks T: Targeted deletion reveals essential 
and overlapping functions of the miR-17 through 92 family of 
miRNA clusters. Cell 2008; 132: 875–886. [Medline]  [CrossRef]

 54. Xiao C, Srinivasan L, Calado DP, Patterson HC, Zhang B, Wang 
J, Henderson JM, Kutok JL, Rajewsky K: Lymphoproliferative 
disease and autoimmunity in mice with increased miR-17-92 ex-
pression in lymphocytes. Nat Immunol 2008; 9: 405–414. [Med-
line]  [CrossRef]

 55. Venturini L, Battmer K, Castoldi M, Schultheis B, Hochhaus A, 
Muckenthaler MU, Ganser A, Eder M, Scherr M: Expression of 
the miR-17-92 polycistron in chronic myeloid leukemia (CML) 
CD34+ cells. Blood 2007; 109: 4399–4405. [Medline]  [CrossRef]

 56. Dews M, Homayouni A, Yu D, Murphy D, Sevignani C, Wentzel 
E, Furth EE, Lee WM, Enders GH, Mendell JT, Thomas-Tikho-
nenko A: Augmentation of tumor angiogenesis by a Myc-activat-
ed microRNA cluster. Nat Genet 2006; 38: 1060–1065. [Medline]  
[CrossRef]

 57. He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, 
Goodson S, Powers S, Cordon-Cardo C, Lowe SW, Hannon GJ, 
Hammond SM: A microRNA polycistron as a potential human 
oncogene. Nature 2005; 435: 828–833. [Medline] [CrossRef]

 58. O’Donnell KA, Wentzel EA, Zeller KI, Dang CV, Mendell JT: 
c-Myc-regulated microRNAs modulate E2F1 expression. Nature 
2005; 435: 839–843. [Medline] [CrossRef]

 59. Leone G, DeGregori J, Sears R, Jakoi L, Nevins JR: Myc and Ras 
collaborate in inducing accumulation of active cyclin E/Cdk2 and 
E2F. Nature 1997; 387: 422–426. [Medline] [CrossRef]

 60. Petrocca F, Visone R, Onelli MR, Shah MH, Nicoloso MS, de 
Martino I, Iliopoulos D, Pilozzi E, Liu CG, Negrini M, Cavazzini 
L, Volinia S, Alder H, Ruco LP, Baldassarre G, Croce CM, Vec-
chione A: E2F1-regulated microRNAs impair TGFbeta-depen-
dent cell-cycle arrest and apoptosis in gastric cancer. Cancer Cell 
2008; 13: 272–286. [Medline] [CrossRef]

 61. Hossain A, Kuo MT, Saunders GF: Mir-17-5p regulates breast 
cancer cell proliferation by inhibiting translation of AIB1 mRNA. 
Mol Cell Biol 2006; 26: 8191–8201. [Medline] [CrossRef]

 62. Lane DP, Benchimol S: p53: oncogene or anti-oncogene? Genes 
Dev 1990; 4: 1–8. [Medline] [CrossRef]

 63. Ciafrè SA, Galardi S, Mangiola A, Ferracin M, Liu CG, Sabatino 
G, Negrini M, Maira G, Croce CM, Farace MG: Extensive modu-
lation of a set of microRNAs in primary glioblastoma. Biochem 
Biophys Res Commun 2005; 334: 1351–1358. [Medline]  [Cross-
Ref]

 64. Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel 
T: MicroRNA-21 regulates expression of the PTEN tumor sup-
pressor gene in human hepatocellular cancer. Gastroenterology 
2007; 133: 647–658. [Medline] [CrossRef]

 65. Chan JA, Krichevsky AM, Kosik KS: MicroRNA-21 is an anti-
apoptotic factor in human glioblastoma cells. Cancer Res 2005; 
65: 6029–6033. [Medline] [CrossRef]

 66. Frankel LB, Christoffersen NR, Jacobsen A, Lindow M, Krogh 
A, Lund AH: Programmed cell death 4 (PDCD4) is an important 
functional target of the microRNA miR-21 in breast cancer cells. 
J Biol Chem 2007; 283: 1026–1033. [Medline]  [CrossRef]

 67. Zhu S, Si ML, Wu H, Mo YY: MicroRNA-21 targets the tumor 
suppressor gene tropomyosin 1 (TPM1). J Biol Chem 2007; 282: 
14328–14336. [Medline]  [CrossRef]

 68. Voorhoeve PM, le Sage C, Schrier M, Gillis AJ, Stoop H, Nagel R, 

Liu YP, van Duijse J, Drost J, Griekspoor A, Zlotorynski E, Yabu-
ta N, De Vita G, Nojima H, Looijenga LH, Agami R: A genetic 
screen implicates miRNA-372 and miRNA-373 as oncogenes in 
testicular germ cell tumors. Cell 2006; 124: 1169–1181. [Medline] 
[CrossRef]

 69. Liu CG, Calin GA, Meloon B, Gamliel N, Sevignani C, Fer-
racin M, Dumitru CD, Shimizu M, Zupo S, Dono M, Alder H, 
Bullrich F, Negrini M, Croce CM: An oligonucleotide microchip 
for genome-wide microRNA profiling in human and mouse tis-
sues. Proc Natl Acad Sci USA 2004; 101: 9740–9744. [Medline]  
[CrossRef]

 70. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, 
Sweet-Cordero A, Ebert BL, Mak RH, Ferrando AA, Downing 
JR, Jacks T, Horvitz HR, Golub TR: MicroRNA expression pro-
files classify human cancers. Nature 2005; 435: 834–838. [Med-
line] [CrossRef]

 71. Schmittgen TD, Jiang J, Liu Q, Yang L: A high-throughput meth-
od to monitor the expression of microRNA precursors. Nucleic 
Acids Res 2004; 32: e43–52. [Medline]  [CrossRef]

 72. Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, Nguyen JT, 
Barbisin M, Xu NL, Mahuvakar VR, Andersen MR, Lao KQ, Li-
vak KJ, Guegler KJ: Real-time quantification of microRNAs by 
stem-loop RT-PCR. Nucleic Acids Res 2005; 33: e179–187. [Med-
line]  [CrossRef]

 73. Raymond CK, Roberts BS, Garrett-Engele P, Lim LP, Johnson 
JM: Simple, quantitative primer-extension PCR assay for direct 
monitoring of microRNAs and short-interfering RNAs. RNA 
2005; 11: 1737–1744. [Medline] [CrossRef]

 74. Cummins JM, Velculescu VE: Implications of micro-RNA profil-
ing for cancer diagnosis. Oncogene 2006; 25: 6220–6227. [Med-
line]  [CrossRef]

 75. Nelson PT, Baldwin DA, Scearce LM, Oberholtzer JC, Tobias 
JW, Mourelatos Z: Microarray-based, high-throughput gene ex-
pression profiling of microRNAs. Nat Methods 2004; 1: 155–161. 
[Medline] [CrossRef]

 76. He H, Jazdzewski K, Li W, Liyanarachchi S, Nagy R, Volinia S, 
Calin GA, Liu CG, Franssila K, Suster S, Kloos RT, Croce CM, de 
la Chapelle A: The role of microRNA genes in papillary thyroid 
carcinoma. Proc Natl Acad Sci USA 2005; 102: 19075–19080. 
[Medline] [CrossRef]

 77. Murakami Y, Yasuda T, Saigo K, Urashima T, Toyoda H, Okan-
oue T, Shimotohno K: Comprehensive analysis of microRNA ex-
pression patterns in hepatocellular carcinoma and non-tumorous 
tissues. Oncogene 2006; 25: 2537–2545. [Medline]  [CrossRef]

 78. Roldo C, Missiaglia E, Hagan JP, Falconi M, Capelli P, Bersani 
S, Calin GA, Volinia S, Liu CG, Scarpa A, Croce CM: MicroR-
NA expression abnormalities in pancreatic endocrine and acinar 
tumors are associated with distinctive pathologic features and 
clinical behavior. J Clin Oncol 2006; 24: 4677–4684. [Medline]  
[CrossRef]

 79. Bottoni A, Zatelli MC, Ferracin M, Tagliati F, Piccin D, Vignali 
C, Calin GA, Negrini M, Croce CM, Degli Uberti EC: Identifi-
cation of differentially expressed microRNAs by microarray: a 
possible role for microRNA genes in pituitary adenomas. J Cell 
Physiol 2007; 210: 370–377. [Medline] [CrossRef]

 80. Tagawa H, Seto M: A microRNA cluster as a target of genomic 
amplification in malignant lymphoma. Leukemia 2005; 19: 2013–
2016. [Medline] [CrossRef]

 81. Calin GA, Liu CG, Sevignani C, Ferracin M, Felli N, Dumitru 
CD, Shimizu M, Cimmino A, Zupo S, Dono M, Dell’Aquila ML, 
Alder H, Rassenti L, Kipps TJ, Bullrich F, Negrini M, Croce CM: 
MicroRNA profiling reveals distinct signatures in B cell chron-
ic lymphocytic leukemias. Proc Natl Acad Sci USA 2004; 101: 
11755–11760. [Medline] [CrossRef]

 82. Takamizawa J, Konishi H, Yanagisawa K, Tomida S, Osada H, 
Endoh H, Harano T, Yatabe Y, Nagino M, Nimura Y, Mitsudomi 
T, Takahashi T: Reduced expression of the let-7 microRNAs in 

http://www.ncbi.nlm.nih.gov/pubmed/16461460?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0510565103
http://www.ncbi.nlm.nih.gov/pubmed/18423194?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18329372?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2008.02.019
http://www.ncbi.nlm.nih.gov/pubmed/18327259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18327259?dopt=Abstract
http://dx.doi.org/10.1038/ni1575
http://www.ncbi.nlm.nih.gov/pubmed/17284533?dopt=Abstract
http://dx.doi.org/10.1182/blood-2006-09-045104
http://www.ncbi.nlm.nih.gov/pubmed/16878133?dopt=Abstract
http://dx.doi.org/10.1038/ng1855
http://www.ncbi.nlm.nih.gov/pubmed/15944707?dopt=Abstract
http://dx.doi.org/10.1038/nature03552
http://www.ncbi.nlm.nih.gov/pubmed/15944709?dopt=Abstract
http://dx.doi.org/10.1038/nature03677
http://www.ncbi.nlm.nih.gov/pubmed/9163430?dopt=Abstract
http://dx.doi.org/10.1038/387422a0
http://www.ncbi.nlm.nih.gov/pubmed/18328430?dopt=Abstract
http://dx.doi.org/10.1016/j.ccr.2008.02.013
http://www.ncbi.nlm.nih.gov/pubmed/16940181?dopt=Abstract
http://dx.doi.org/10.1128/MCB.00242-06
http://www.ncbi.nlm.nih.gov/pubmed/2137806?dopt=Abstract
http://dx.doi.org/10.1101/gad.4.1.1
http://www.ncbi.nlm.nih.gov/pubmed/16039986?dopt=Abstract
http://dx.doi.org/10.1016/j.bbrc.2005.07.030
http://dx.doi.org/10.1016/j.bbrc.2005.07.030
http://www.ncbi.nlm.nih.gov/pubmed/17681183?dopt=Abstract
http://dx.doi.org/10.1053/j.gastro.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/16024602?dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-05-0137
http://www.ncbi.nlm.nih.gov/pubmed/17991735?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M707224200
http://www.ncbi.nlm.nih.gov/pubmed/17363372?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M611393200
http://www.ncbi.nlm.nih.gov/pubmed/16564011?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2006.02.037
http://www.ncbi.nlm.nih.gov/pubmed/15210942?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0403293101
http://www.ncbi.nlm.nih.gov/pubmed/15944708?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15944708?dopt=Abstract
http://dx.doi.org/10.1038/nature03702
http://www.ncbi.nlm.nih.gov/pubmed/14985473?dopt=Abstract
http://dx.doi.org/10.1093/nar/gnh040
http://www.ncbi.nlm.nih.gov/pubmed/16314309?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16314309?dopt=Abstract
http://dx.doi.org/10.1093/nar/gni178
http://www.ncbi.nlm.nih.gov/pubmed/16244135?dopt=Abstract
http://dx.doi.org/10.1261/rna.2148705
http://www.ncbi.nlm.nih.gov/pubmed/17028602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17028602?dopt=Abstract
http://dx.doi.org/10.1038/sj.onc.1209914
http://www.ncbi.nlm.nih.gov/pubmed/15782179?dopt=Abstract
http://dx.doi.org/10.1038/nmeth717
http://www.ncbi.nlm.nih.gov/pubmed/16365291?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0509603102
http://www.ncbi.nlm.nih.gov/pubmed/16331254?dopt=Abstract
http://dx.doi.org/10.1038/sj.onc.1209283
http://www.ncbi.nlm.nih.gov/pubmed/16966691?dopt=Abstract
http://dx.doi.org/10.1200/JCO.2005.05.5194
http://www.ncbi.nlm.nih.gov/pubmed/17111382?dopt=Abstract
http://dx.doi.org/10.1002/jcp.20832
http://www.ncbi.nlm.nih.gov/pubmed/16167061?dopt=Abstract
http://dx.doi.org/10.1038/sj.leu.2403942
http://www.ncbi.nlm.nih.gov/pubmed/15284443?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0404432101


Keio J Med 2011; 60 (4): 106–113 113

human lung cancers in association with shortened postoperative 
survival. Cancer Res 2004; 64: 3753–3756. [Medline] [CrossRef]

 83. Elmén J, Lindow M, Schutz S, Lawrence M, Petri A, Obad S, 
Lindholm M, Hedtjärn M, Hansen HF, Berger U, Gullans S, Ke-
arney P, Sarnow P, Straarup EM, Kauppinen S: LNA-mediated 
microRNA silencing in non-human primates. Nature 2008; 452: 
896–899. [Medline] [CrossRef]

 84. Elmén J, Lindow M, Silahtaroglu A, Bak M, Christensen M, 
Lind-Thomsen A, Hedtjärn M, Hansen JB, Hansen HF, Straarup 
EM, McCullagh K, Kearney P, Kauppinen S: Antagonism of mi-
croRNA-122 in mice by systemically administered LNA-antimiR 
leads to up-regulation of a large set of predicted target mRNAs 

in the liver. Nucleic Acids Res 2007; 36: 1153–1162. [Medline]  
[CrossRef]

 85. Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow 
M, Munk ME, Kauppinen S, Ørum H: Therapeutic silencing of 
microRNA-122 in primates with chronic hepatitis C virus infec-
tion. Science 2009; 327: 198–201. [Medline] [CrossRef]

 86. Kota J, Chivukula RR, O’Donnell KA, Wentzel EA, Montgom-
ery CL, Hwang HW, Chang TC, Vivekanandan P, Torbenson M, 
Clark KR, Mendell JR, Mendell JT: Therapeutic microRNA de-
livery suppresses tumorigenesis in a murine liver cancer model. 
Cell 2009; 137: 1005–1017. [Medline] [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/15172979?dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-04-0637
http://www.ncbi.nlm.nih.gov/pubmed/18368051?dopt=Abstract
http://dx.doi.org/10.1038/nature06783
http://www.ncbi.nlm.nih.gov/pubmed/18158304?dopt=Abstract
http://dx.doi.org/10.1093/nar/gkm1113
http://www.ncbi.nlm.nih.gov/pubmed/19965718?dopt=Abstract
http://dx.doi.org/10.1126/science.1178178
http://www.ncbi.nlm.nih.gov/pubmed/19524505?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2009.04.021

