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microRNAs control the function of telomeres in cancer
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Telomeres are located at the end of chromosomes and consist of DNA tandem repeats that recruit the specialized
protein complex “shelterin”. Shelterin has a crucial role in controlling chromosome end protection, telomere
recombination and telomere length. Telomeres shorten with every cell division, finally leading to
telomere-dysfunction and the induction of senescence or apoptosis. Cancer formation is paralleled by a change in
telomere regulation. Re-activation of telomerase ensures the maintenance of telomere function to facilitate
unlimited proliferative potential. Importantly, aberrant function of the shelterin complex contributes to tumor
formation and genomic instability in human cancer. miRNAs are important regulators of central cancer
pathways and are of high clinical relevance. We recently showed that the onco-microRNA miR-155 controls the
expression of TRF1 in human breast cancer to promote increased telomere fragility and genomic instability.
Importantly, low TRF1 expression correlates with poor prognosis in estrogen receptor positive cancer patients,
underlining the clinical relevance of miR-155 dependent regulation of TRF1 in human breast cancer. Our work
suggests the existence of a network of miRNAs that controls telomere function in telomere related pathologies.
Identification and functional validation of “telo-miRNAs” is expected to open new avenues in the understanding
of telomere related maladies such as cancer and aging.
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Vertebrate telomeres consist of TTAGGG tandem repeats
that recruit the specialized protein complex “shelterin” =
Shelterin controls various aspects of telomere function and
consists of six core components. TRF1 and TRF2 bind
double stranded telomeric DNA and POT1 binds to the
single stranded telomeric 3’overhang “. The DNA binding
shelterin proteins interact with RAP1, TPP1 and TIN2 to
form a functional complex. TRF1, TRF2 and POT1 have a
key role in telomere protection by suppressing the activation
of the DNA damage signaling and repair pathways at
chromosome ends 7. In addition, shelterin controls
telomere length and the frequency of homologous
recombination between telomeric sister chromatids &

Telomeres shorten with each cell division, unless the reverse
transcriptase telomerase replenishes chromosome ends ™.
Critical telomere shortening provokes telomere dysfunction
and the activation of a DNA damage response at
chromosome ends that finally leads to apoptosis or
senescence 1,

The escape from replicative senescence is a key step in
tumorigenesis and is achieved by the reactivation of
telomerase activity, as observed in 90% of human cancers
2 A growing body of evidence suggests that shelterin
complex components can play a central role during cancer
formation or progression. Recurrent POT1 mutations linked
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to telomeric and chromosomal abnormalities have been
identified in chronic lymphocytic leukemia (CLL) ™.
Whnt/B-catenin signaling drives TRF2 expression to improve
telomere function in cancer cells ™. Finally, loss of TRF1
results in chromosome fragility at telomeres and increased
cancer formation in the absence of p53 "], Together, these
findings indicate that understanding mechanisms that control
the expression of telomerase or shelterin components during
cancer formation is of high relevance.

miRNAs are crucial modulators of gene expression that
act across multiple oncogenic pathways and serve as efficient
prognostic and predictive biomarkers **!. Although telomere
function is a central aspect in cancer and aging, miRNAs that
impact on the regulation of telomere function in human
cancer have been identified only very recently. Spurred by a
possible direct therapeutic application, a panel of miRNAs
was identified that target the catalytic subunit of telomerase,
hTERT %! |n particular, miR-138, miR-498, miR-1207-5p
and miR-1266 were able to reduce cancer cell proliferation,
phenocopying the effect of classic RNAi mediated
knock-down of TERT ™2 However, among all reported
miRNAs targeting hTERT only miR-1266 was found to have
clinical relevance, as demonstrated by the negative impact of
low miR-1266 levels on the overall survival of gastric cancer
patients M1,

In our recent study we aimed to identify clinically relevant
miRNAs that control the expression of shelterin components
21 \We found that miR-155 efficiently represses the
translation of TRF1 in cell lines derived from different
cancer types. miR-155 is a potent onco-miRNA that is
involved in leukemia, breast, colon and lung cancer %%,
miR-155 is efficiently up-regulated in luminal, HER2" and
triple negative breast cancer subtypes. Importantly, miR-155
upregulation correlates with low TRF1 protein expression
levels in luminal breast cancer specimen, supporting a role
for miR-155 in regulating TRF1 expression. Low TRF1
expression levels lead to a significantly reduced distant
metastasis-free survival and relapse-free survival of estrogen
receptor positive luminal breast cancer patients. Importantly,
this effect is recapitulated by a panel of validated miR-155
target genes, indicating that miR-155 dependent regulation of
TRF1 represents a clinically relevant aspect of the oncogenic
potential of miR-155. Studies using genetic mouse model
systems demonstrated that loss of TRF1 affects telomere
protection, telomere replication, and promotes
tumor-formation in the absence of p53 © . This highlights
the role of TRF1 as tumor suppressor and regulator of
genomic stability. Using breast cancer model cell lines we
found that miR-155 controls telomere function and
homeostasis by limiting the expression of TRF1. In
particular, miR-155 increases the frequency of chromosome

fragility at telomeric repeats, promotes telomeric sister
chromatid fusions and drives telomere dysfunction as
indicated by a recruitment of DNA damage factors at
chromosome ends. Consistent with the role of TRF1 as
negative regulator of telomere length, reducing TRF1
expression by ectopic introduction of miR-155 mediates
telomere elongation “"*%. Together, this demonstrates that
miR-155 can promote genomic instability by impairing
telomere function in human breast cancer. These data show
for the first time that miRNAs can modulate shelterin
function in human cancer and suggest the existence of
additional “telo-miRNAs” that can link key-events in
oncogenesis with telomere function and homeostasis.
Telomere dysfunction has been identified as metastasis
promoting event in prostate cancer but was also
demonstrated to impair the functionality of stem cells by
driving senescence, a hallmark of organismal aging ®**2. In
addition, accumulation of short telomeres has a negative
impact on longevity 3. The central role of shelterin in
chromosome end protection and telomere length regulation
suggest that alterations in telo-miRNA expression might not
only have long-term effects on telomere homeostasis in
cancer cells but also in differentiated cells or adult stem cells.
Consequently, it is tempting to speculate that “telo-miRNAs”
can modulate telomere homeostasis during ontogenesis and
impact on organismal aging and telomere related pathologies.

The discovery that “telo-miRNAs” can control telomere
function and homeostasis has introduced a new level of
telomere regulation. Future work will aim to identify
additional functionally relevant telo-miRNAs, discover
pathways that regulate telo-miRNA expression and link
telo-miRNAs to key biological processes related to cancer
formation or aging.

Acknowledgments

This work was supported by a grant from the Italian
Association for Cancer Research (AIRC) (#10299) and a
Fondazione Veronesi grant to S.S; an Italian Association for
Cancer Research (AIRC) grant (Ref. 42/08, 6352), and a
Young Investigator Grant, Ministry of  Health
(GR-2007-683407) to R.B.

References

1. Chan SRWL, Blackburn EH. Telomeres and telomerase. Philos
Trans R Soc Lond B Biol Sci 2004; 359:109-121.

2. Palm W, de Lange T. How shelterin protects mammalian
telomeres. Annu Rev Genet 2008;42:301-334.

3. Houghtaling BR, Cuttonaro L, Chang W, Smith S. A dynamic
molecular link between the telomere length regulator TRF1 and
the chromosome end protector TRF2. Curr Biol 2004;
14:1621-1631.

Page 2 of 3



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

RNA & DISEASE 2014; 1: e282. doi: 10.14800/rd.282; © 2014 by Roberto Dinami, et al.
http://www.smartscitech.com/index.php/rd

Liu D, Safari A, O’Connor MS, Chan DW, Laegeler A, Qin J, et
al. PTOP interacts with POT1 and regulates its localization to
telomeres. Nat Cell Biol 2004; 6:673-680.

Denchi EL, de Lange T. Protection of telomeres through
independent control of ATM and ATR by TRF2 and POTL.
Nature 2007; 448:1068-1071.

Mart mez P, Thanasoula M, Mufbz P, Liao C, Tejera A, McNees
C, et al. Increased telomere fragility and fusions resulting from
TRF1 deficiency lead to degenerative pathologies and increased
cancer in mice. Genes Dev 2009; 23:2060-2075.

Sfeir A, Kosiyatrakul ST, Hockemeyer D, MacRae SL, Karlseder
J, Schildkraut CL, et al. Mammalian telomeres resemble fragile
sites and require TRF1 for efficient replication. Cell 2009;
138:90-103.

Cesare AJ, Reddel RR. Alternative lengthening of telomeres:
models, mechanisms and implications. Nat Rev Genet 2010;
11:319-330.

Deng Y, Chan SS, Chang S. Telomere dysfunction and tumour
suppression: the senescence connection. Nat Rev Cancer 2008;
8:450-458.

Collado M, Blasco MA, Serrano M. Cellular senescence in cancer
and aging. Cell 2007; 130:223-233.

d’Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr
P, Von Zglinicki T, et al. A DNA damage checkpoint response in
telomere-initiated senescence. Nature 2003; 426:194-198.

Shay JW, Bacchetti S. A survey of telomerase activity in human
cancer. Eur J Cancer 1997; 33:787-791.

Ramsay AJ, Quesada V, Foronda M, Conde L, Mart mez-Trillos A,
Villamor N, et al. POT1 mutations cause telomere dysfunction in
chronic lymphocytic leukemia. Nat Genet 2013; 45:526-530.

Diala I, Wagner N, Magdinier F, Shkreli M, Sirakov M, Bauwens
S, et al. Telomere protection and TRF2 expression are enhanced
by the canonical Wnt signalling pathway. EMBO Rep 2013;
14:356-363.

lorio M V, Croce CM. MicroRNA dysregulation in cancer:
diagnostics, monitoring and therapeutics. A comprehensive
review. EMBO Mol Med 2012; 4:143-159.

Hrdlickova R, Nehyba J, Bargmann W, Bose HR. Multiple tumor
suppressor microRNAs regulate telomerase and TCF7, an
important transcriptional regulator of the Wnt pathway. PLoS One
2014; 9:e86990.

Chen L, LUM-H, Zhang D, Hao N-B, Fan Y-H, Wu Y-Y, et al.
miR-1207-5p and miR-1266 suppress gastric cancer growth and
invasion by targeting telomerase reverse transcriptase. Cell Death
Dis 2014; 5:e1034.

Chakrabarti M, Banik NL, Ray SK. miR-138 overexpression is
more powerful than hTERT knockdown to potentiate apigenin for
apoptosis in neuroblastoma in vitro and in vivo. Exp Cell Res
2013; 319:1575-1585.

Kasiappan R, Shen Z, Tse AK-W, Jinwal U, Tang J, Lungchukiet
P, et al. 1,25-Dihydroxyvitamin D3 suppresses telomerase

Page 3 of 3

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

expression and human cancer growth through microRNA-498. J
Biol Chem 2012; 287:41297-41309.

Mitomo S, Maesawa C, Ogasawara S, lwaya T, Shibazaki M,
Yashima-Abo A, et al. Downregulation of miR-138 is associated
with overexpression of human telomerase reverse transcriptase
protein in human anaplastic thyroid carcinoma cell lines. Cancer
Sci 2008; 99:280-286.

Dinami R, Ercolani C, Petti E, Piazza S, Ciani Y, Sestito R, et al.
miR-155 drives telomere fragility in human breast cancer by
targeting TRF1. Cancer Res 2014;74:4145-4156.

Clurman BE, Hayward WS. Multiple proto-oncogene activations
in avian leukosis virus-induced lymphomas: evidence for
stage-specific events. Mol Cell Biol 1989; 9:2657-2664.

Costinean S, Zanesi N, Pekarsky Y, Tili E, Volinia S, Heerema N,
et al. Pre-B cell proliferation and lymphoblastic
leukemia/high-grade lymphoma in E(mu)-miR155 transgenic
mice. Proc Natl Acad Sci U S A 2006; 103:7024-7029.

Volinia S, Calin GA, Liu C-G, Ambs S, Cimmino A, Petrocca F,
et al. A microRNA expression signature of human solid tumors
defines cancer gene targets. Proc Natl Acad Sci U S A 2006;
103:2257-2261.

Chang S, Wang R-H, Akagi K, Kim K-A, Martin BK, Cavallone
L, et al. Tumor suppressor BRCAL epigenetically controls
oncogenic microRNA-155. Nat Med 2011; 17:1275-1282.

Jiang S, Zhang H-W, Lu M-H, He X-H, Li Y, Gu H, et al.
MicroRNA-155 functions as an OncomiR in breast cancer by
targeting the suppressor of cytokine signaling 1 gene. Cancer Res
2010; 70:3119-3127.

Mufbz P, Blanco R, de Carcer G, Schoeftner S, Benetti R, Flores
JM, et al. TRF1 controls telomere length and mitotic fidelity in
epithelial homeostasis. Mol Cell Biol 2009; 29:1608-1625.

Ancelin K, Brunori M, Bauwens S, Koering C-E, Brun C, Ricoul
M, et al. Targeting assay to study the cis functions of human
telomeric proteins: evidence for inhibition of telomerase by TRF1
and for activation of telomere degradation by TRF2. Mol Cell Biol
2002; 22:3474-3487.

Van Steensel B, de Lange T. Control of telomere length by the
human telomeric protein TRF1. Nature 1997; 385:740-743.

Smogorzewska A, van Steensel B, Bianchi A, Oelmann S,
Schaefer MR, Schnapp G, et al. Control of human telomere length
by TRF1 and TRF2. Mol Cell Biol 2000; 20:1659-1668.

Ding Z, Wu C-J, Jaskelioff M, lIvanova E, Kost-Alimova M,
Protopopov A, et al. Telomerase reactivation following telomere
dysfunction yields murine prostate tumors with bone metastases.
Cell 2012; 148:896-907.

Flores I, Cayuela ML, Blasco MA. Effects of telomerase and
telomere length on epidermal stem cell behavior. Science 2005;
309:1253-1256.

Vera E, Bernardes de Jesus B, Foronda M, Flores JM, Blasco MA.
The rate of increase of short telomeres predicts longevity in
mammals. Cell Rep 2012; 2:732-737.



