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Abstract
Mitochondria are traditionally been viewed as the cell’s powerhouse, generating most of
its ATP. However, besides this fundamental metabolic role, mitochondria are implicated in
diverse other processes, including apoptosis, inflammation and metastasis. These functions
are exerted in part by the growing class of long noncoding mitochondrial RNAs (lncmtRNAs).
We found that normal human proliferating cells express a family of noncoding mitochondrial RNAs (ncmtRNAs), comprised of sense (SncmtRNA) and antisense (ASncmtRNA).
However, tumor cells express only sense transcripts, suggesting that ASncmtRNA downregulation as a cancer new hallmark. The few ASncmtRNAs copies in tumor cells seem essential to tumor cell viability: knockdown of these transcripts with antisense oligonucleotides
(ASO) causes massive apoptotic death of tumor cells, preceded by cell cycle arrest. Preclinical
assays show that systemic administration of ASO delayed tumor growth in melanoma and
renal cancer models and, caused total remission in subcutaneous renal cancer tumors. The
same treatment, however, does not affect normal tissue, suggesting this approach for the
development of an efficient and safe therapeutic strategy for several cancer types.
Keywords: cancer, mitochondria, long noncoding RNAs, antisense oligonucleotides,
therapy

1. Introduction
Mitochondria are eukaryotic cell organelles that represent a universal system in higher organisms which generate most of the cellular energy, in the form of ATP, necessary for different
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cell processes. However, many other functions have been assigned to this tiny organelle,
such as apoptosis, reactive oxidative species (ROS) signaling, inflammation and metastasis.
Mitochondria play a central role in apoptosis, principally due to the release of proteins from the
mitochondrial inter-membrane space [1], linking mitochondria to cell suicide. Mitochondria
also represent a major source of DNA-damaging reactive oxygen species (ROS), mainly as byproducts of oxidative phosphorylation. In comparison to nuclear DNA, mitochondrial DNA
(mtDNA) is more susceptible to DNA damage due to the reduced capacity of the cell to repair
mtDNA, potentially promoting cancer [2].
In inflammation, mitochondria mainly serve as a source of various signaling molecules, termed
damage-associated molecular patterns or DAMPS, which propagate inflammatory signals and
therefore activate inflammation [3].
Cancer death is most often due to secondary tumors or metastasis. This process requires a
complex series of events, which include epithelial-to-mesenchymal transition, stromal remodeling, invasion and ultimately migration of cancer cells. In this context, mitochondrial ROS
play a key role, leading to angiogenesis and metastasis [4] and promoting the migratory plasticity of cells through activation of two essential factors, Src and protein tyrosine kinase 2 [5].
The basic understanding of the dependence of cancer cells on various mitochondrial roles is
already endorsing novel therapeutic approaches in cancer.
Along that line, an expanding group of evidences indicate that the mitochondrial genome is
not only responsible for the synthesis of the canonical 13 proteins, 22 tRNAs and two ribosomal RNAs (12S and 16S). Novel and expanding evidence suggest that mtDNA compensates
for reduced length by using little known phenomena that potentially increase DNA’s protein coding repertoire, such as so called swinger polymerization, that consists of systematic
exchanges between nucleotides during DNA or RNA polymerization, producing so-called
swinger sequences [6, 7]. These transformations alter gene and mRNA coding properties.
Moreover, in human mitochondria systematic deletions of mono- and dinucleotides after
each trinucleotide have been reported, producing delRNAs. Recently, an exhaustive analysis
of human nanoLc mass spectrometry peptidome data detect numerous tetra- and pentapeptides translated from the human mitogenome, and this peptide subgroup would be the result
of the translation of delRNAs. Therefore, non-canonical transcriptions and translations could
considerably expand the coding potential of mitochondrial DNA and RNA sequences [8, 9].
Finally, in the field of antisense RNAs and because mitochondrial tRNA mutations are 6.5 times
more frequently pathogenic than in other mitochondrial sequences, a potential additional tRNA
gene function is that of templating for antisense tRNAs. Most antisense tRNAs probably function
routinely in translation and extend the tRNA pool and mutation pathogenicity, probably frequently resulting from a mixture of effects due to sense and antisense tRNA translational activity
for many mitochondrial tRNAs [10, 11]. These could link to mitochondrial disorders and cancer.
This small but powerful organelle is also a novel source of noncoding RNAs (ncRNAs), and
growing evidence shows that mammalian mitochondria can also import/export ncRNAs,
turning this organelle into a pivotal player not only in cellular physiology but also in cancer,
representing potential targets for innovative ncRNA-based treatment strategies [12].
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In this chapter we discuss the importance of long noncoding mitochondrial RNAs (lncmtRNAs)
in diagnostic and pharmaceutical targeting in cancer.

2. Mitochondrial transcripts and noncoding RNAs
Human mitochondrial DNA (mtDNA) is a circular molecule of 16,569 bp in length [13] which
encodes a small subset of 13 proteins required for OxPhos, 22 tRNAs and two ribosomal
RNAs, 12S rRNA and 16S rRNA, which form part of the small (28S) and large (39S) subunits
of the 55S mitoribosome [14]. All other protein components are encoded by nuclear genes and
imported into mitochondria from the cytosol.
Replication and transcription of mtDNA is initiated from the D loop, a small noncoding region,
and is regulated by nuclear-encoded proteins imported into mitochondria [15]. Mitochondrial
RNAs are transcribed as long polycistronic precursors from both strands, termed heavy (H)
and light (L) strands [16]. Except for NADH dehydrogenase 6 (ND6), all the 13-mitochondrial
proteins are encoded in the H-strand. Additionally, the H-strand encodes 14 of the 22 tRNAs
and the 2 rRNAs. The remaining 8 tRNAs are encoded on the L-strand [17]. The precursor
transcripts are processed according to the tRNA punctuation model, whereby 22 interspersed
tRNAs are excised at their 5’ and 3’ends by RNase P [18] and by RNase Z, elaC homology
2 (ELAC2), respectively, releasing simultaneously individual rRNAs and mRNAs [19]. The
RNAs then undergo maturation, involving polyadenilation at the 3’eextremitoess of mRNAs
and rRNAs, and specific nucleotide modifications and addition of CCA trinucleotides to the
3’eextremities of tRNAs [20]. The data of several groups indicate that 250–300 nuclear-encoded
proteins are dedicated exclusively to serve mitochondrial gene expression. This includes RNA
polymerase, endonucleases for RNA processing, translation factors, biogenesis factors for the
mitochondrial ribosome, aminoacyl-tRNA synthetases, and other auxiliary factors [21, 22].
However, evidence has accumulated supporting the notion that, besides proteins, many types
of RNAs transcribed from the nuclear genome are actively delivered to mitochondria. Among
these transcripts are different types of noncoding RNAs, such as tRNAs, 5S rRNA, MRP RNA
(RMRP) and RNase P RNA (RPPH1) [23], as well as microRNAs (mitomiRs) [24]. The logical
explanation is that, despite their critical function, the handfuls of mitochondrial- and nuclearencoded proteins are insufficient to maintain mitochondrial structure or activity.
Noncoding RNAs (ncRNAs) are divided in two major groups according to size, as small noncoding RNAs and long noncoding RNAs. Among the small ncRNAs, microRNAs (miRNAs)
are the most-studied class in mammals. These RNAs (20–24 nucleotides in length) negatively
regulate gene expression through binding with their target mRNA and have been implicated
actively in pathogenic processes of many human diseases [24] and, as such, are important regulators of cancer cell metabolism [25]. The observation of association of miRNAs with/inside
mitochondria may have important implications in several cellular processes and suggest that
the role of mitochondria clearly extends beyond its role in energy metabolism and other cellular processes. The newfound destination of miRNAs indicates novel roles of mitochondria
in normal and pathological events [25].
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The class of long noncoding RNAs (lncRNAs) has been recently recognized, and is defined
as transcripts longer than 200 nucleotides. The size cutoff is arbitrary and many functional
lncRNAs are considerably longer than 200 nucleotides, including X-inactive specific transcript (XIST) [26], its antisense form Tsix [27], and Hox transcript antisense intergenic RNA
(HOTAIR) [28], which are several kilobases (kb) in length.
LncRNAs are able to interact with DNA, RNA, and proteins. In doing so, they regulate several processes including chromatin dynamics, gene transcription, splicing, and translation [29].
Their involvement in these processes implicates lncRNAs in various aspects of human physiology and disease, which include cancer. Aberrant lncRNA expression has been associated to various cancer types [30]. Moreover, deregulated lncRNA expression patterns can modulate several
hallmarks of cancer [31], including sustained growth signaling, repressed growth inhibition,
apoptosis evasion, stimulated proliferation, and the promotion of angiogenesis [32].
2.1. Long noncoding RNAs are generated in the mitochondria
Both strands of the mtDNA are entirely transcribed but the light strand carries only genes for
seven tRNAs and the ND6 protein. Therefore, large noncoding sequences are thus generated
and released upon transcript processing. Three lncRNAs generated from mtDNA transcription have been proposed. Their presence was authenticated by Northern blot and qRT-PCR
analysis. These transcripts are complementary to MTND5, MTND6 and MTCYTB genes.
These molecules form intermolecular duplexes that resist RNase 1 digestion, suggesting regulation of their complementary coding mRNA. Therefore, pairing of these lncRNAs with their
mRNA targets might, for instance, control translation [33].
Recently, a novel mitochondrial long noncoding RNA (mtlncRNA) was identified in the
plasma of patients with left ventricular (LV) remodeling post-myocardial infarction. Levels
of LIPCAR (long intergenic noncoding RNA predicting cardiac remodeling) decline in early
stages after myocardial infarction, but increase in late stages, coinciding with LV remodeling.
Therefore, high levels of LIPCAR associate with identified patients with high risk of heart
failure, even death, suggesting that this lncmtRNA as a potential biomarker for patients with
recent episodes of acute myocardial infarction [34].
In the year 2000, our laboratory described a novel chimeric mitochondrial RNA present in mouse
testis and sperm cells. This transcript contained an inverted repeat of 120nt joined to the 5′ end of
the 16S mitochondrial rRNA. The presence of this novel mitochondrial RNA in sperm, testis, and
somatic tissues was demonstrated by RT-PCR. As to the origin of this novel RNA, one possibility
was that it arose from transcription altered mtDNA which contained an insert of 121bp between
the tRNAVal and the 16S rRNA genes. However, PCR of sperm, testis, liver, and blood cell
mtDNA between these two genes yielded a fragment of 342bp consistent with a normal mtDNA
lacking the putative insertion of 121bp. The most surprising result was the localization of this
novel RNA in the sperm nucleus. In situ hybridization (ISH) demonstrated that the sequence of
the 16S rRNA and that of the inverted repeat were localized in the sperm nucleus [35].
Nuclear localization of this mitochondrial transcript is not specific to mouse since, by ISH, we
found that at least the sequence of the 16S rRNA was also localized in the nucleus of human
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sperm. To determine when during spermatogenesis the mitochondrial RNA is localized in
the nucleus, ISH of mouse and human testis was carried out. The nuclei of spermatogonia,
spermatocytes and round and elongated spermatids were all positively stained. In human
spermatocytes, the nuclear staining pattern was fibrillar, suggesting an association of the
mitochondrial transcript with the meiotic chromosomes [36].
These results suggested that the nuclear localization of the 16S mitochondrial rRNA in spermatogenic cells is the result of an intriguing process of translocation of the transcript from the
organelle to the nucleus. This hypothesis leads to several important questions; for example,
how does the organelle regulate the exit of the 16S mitochondrial rRNA without affecting the
number of copies needed to assemble mitoribosomes for normal mitochondrial translation?
Or what is the mechanism by which this RNA is exported from mitochondria? At present
these questions remain unanswered.
However, the extramitochondrial localization of the 16S mitochondrial rRNA described by us is
not unique, since the same transcript has been found consistently in the cytoplasm of Drosophila
and Xenopus embryos [37, 38]. Moreover, injection of an anti-16S rRNA ribozyme into cleavage
embryos of Drosophila demonstrated that the rRNA is actively involved in the generation of
pole cells, progenitors of the germ line [39].
As mentioned above, ISH revealed that this lncRNA is over-expressed in human sperm and precursor cells [36]. These results suggest that human cells might contain a transcript with structural
features similar to the mouse RNA. We found that the human RNA is over-expressed in several human proliferating cells but not in resting cells. The structure of this transcript of 2374 nt,
which we designated sense noncoding mitochondrial RNA or SncmtRNA, revealed the presence of an inverted repeat (IR) of 815 nt linked to the 5′ end of the 16S mtrRNA. The expression
of this transcript can be induced in resting lymphocytes stimulated with phytohaemagglutinin
(PHA), together with DNA synthesis and the expression of the proliferation markers proliferating cell nuclear antigen (PCNA), Ki-67 and phosphohistone H3. On the other hand, treatment of
DU145 cells with aphidicolin reversibly blocks cell proliferation as well as the expression of the
ncmtRNA. These results suggested that the ncmtRNA is a new marker of cell proliferation [40].
Afterwards, we described 2 mitochondrial transcripts (ASncmtRNAs) in human cells containing
stem-loop structures similar to that of the previously described SncmtRNA. Regarding expression
of the SncmtRNA and the ASncmtRNAs, 3 different phenotypes of human cells can be defined.
Normal proliferating cells express both families of transcripts; in striking contrast, tumor cells
express the SncmtRNA and down-regulate the ASncmtRNAs. Finally, neither of these transcripts
is expressed in nondividing cells. Down-regulation of the ASncmtRNAs was observed in 15 different tumor cell lines and in tumor cells present in 273 cancer biopsies corresponding to 17 different
cancer types [41]. SncmtRNA is expressed in all proliferating cells, independently whether we are
dealing with a regulated or a dysfunctional cell cycle. The fact that the ASncmtRNAs are always
down-regulated in tumor cells suggests that, hypothetically, the ASncmtRNAs might function
as a unique mitochondria-encoded tumor suppressor. Figure 1 shows a panel of ISH for S and
ASncmtRNA in non-proliferating tissue (liver), tumor tissue (cervix carcinoma) and normal proliferating tissue (normal cervix epithelium), representing the concept of differential expression
mentioned. For in situ hybridization, tissue sections were incubated with hybridization mixture
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Figure 1. Representative in situ hybridization assay showing the differential expression pattern of lncmtRNAs in tissues
according to proliferative status. Upper panel shows absence of signal for both RNAs in non-proliferating tissues such
as liver. Middle panel shows presence of strong punctuate signal, corresponding to nuclei in normal proliferating
cervix epithelium. Lower panel shows a strong signal corresponding only to SncmtRNA and complete absence of signal
corresponding to ASncmtRNA in a tumor tissue, exemplified by cervix carcinoma. H&E, hematoxylin-eosin staining.
Magnification in upper panel, ×200. Magnification in cervix tissues, ×100.

containing probes complementary to sense or antisense ncmtRNAs, previously labeled at the 3′
end with digoxigenin-11-dUTP (Boehringer Mannheim, Germany) as described previously [36].
For detection, sections were incubated with a monoclonal anti-digoxigenin antibody conjugated
to alkaline phosphatase, and after color development, positive signal correspond to a blue color,
representing the expression of the corresponding RNA (see Figure 1).
Regarding subcellular localization, we found that in biopsies of normal and cancer tissues,
nuclear localization of these transcripts was frequently observed. The extra-mitochondrial
localization of these transcripts was confirmed by electron microscopy ISH. In normal cells,
SncmtRNA and the ASncmtRNAs were found in the nucleus associated to chromatin. In
tumor cells, SncmtRNA shows similar localization plus association with nucleoli, while the
ASncmtRNAs are down-regulated. Although the meaning of the nuclear localization in normal
proliferating cells of SncmtRNA and the ASncmtRNAs is unclear, the results suggest that these
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transcripts might play a role in retrograde signaling. Down regulation of the ASncmtRNAs
seems to be an important step in neoplastic transformation and cancer progression [42].
The study of RNA and DNA oncogenic viruses has proven valuable in the discovery of key
cellular pathways that are rendered dysfunctional during cancer progression. Because of this,
we studied human foreskin keratinocytes (HFK) immortalized with HPV in order to gain
insight on the role of the lncmtRNAs in cell proliferation. We showed that immortalization of
HFK with HPV-16 or 18 causes downregulation of the ASncmtRNAs and induces the expression of a new sense transcript termed SncmtRNA-2.
Transduction of HFK with both E6 and E7 oncoproteins is sufficient to induce expression
of SncmtRNA-2. On the other hand, the E2 oncogene is involved in downregulation of the
ASncmtRNAs. Knockdown of E2 in immortalized cells reestablishes in a reversible manner
the expression of the ASncmtRNAs, suggesting that endogenous cellular factors(s) could play
functions analogous to E2 during non-viral-induced oncogenesis [43]. Our results suggest that
a fraction of SncmtRNA-1 is processed outside of the organelle, to give rise to SncmtRNA-2 and
a 63-nt fragment released from the IR. In silico analysis of this sequence revealed that the 63-nt
fragment is highly complementary to hsa-miR-620. Using the TargetScan algorithm (www.targetscan.com), we found >100 predictive targets for hsa-miR-620 [44]. An interesting example
is the mRNA of promyelocytic leukemia (PML) protein, which is a core component of PML
nuclear bodies found in tumor cells, important structures involved in HPV replication. Several
reports indicate that the E6 and E7 oncoproteins are localized in these nuclear structures [45].
2.2. Differential expression of lncmtRNAs as a tool for cancer diagnostics
As mentioned above, the ASncmtRNAs are downregulated in tumor cell lines and cells in
tumor biopsies, independently of the tissular origin of the tumor analyzed. Therefore, this
differential expression might be used for screening of cancer cells.
Cervical cancer is the fourth most common cancer in women worldwide. In 2012, this disease
accounted for 528,000 new cases and 266,000 deaths among females [46]. Cervical cancer is of
slow progression and, according to histopathological studies, there are at least three well-defined
stages preceding cervical squamous carcinoma, known as cervical intraepithelial neoplasia
(CIN). These stages (CIN1, CIN2 and CIN3) correspond to the progressive invasion of the cervical epithelium from the basal cell layer to the surface of the squamous epithelium [47]. Therefore,
detection of premalignant lesions is key to preventing disease progression to advanced stages.
Therefore, we performed a study in order to evaluate and quantify the differential expression of non-coding mitochondrial RNAs during the progression of the disease. We found
down-regulation of the antisense mitochondrial transcripts at early stages of cervical neoplasia (CIN1). Moreover, differential expression of ASncmtRNA v/s S-ncmtRNA showed
significant difference, while, as expected, normal proliferating tissues did not display downregulation of ASncmtRNAs. Moreover, downregulation of ASncmtRNAs correlated with the
over-expression of the tumor suppressor protein p16INK-4a [48, 49].
Bladder cancer (BC) is a significant cause of morbidity and mortality with a high recurrence
rate. Early detection of bladder cancer is essential in order to remove the tumor, to preserve
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the organ and to avoid metastasis. The “gold standard” in the detection of BC is cystoscopy.
This examination, however, is unpleasant, time consuming, expensive and may result in infections and urethral damage [50]. In a pilot study, we analyzed the differential expression of
SncmtRNA and ASncmtRNAs in cells isolated from voided urine from patients with bladder
cancer as a noninvasive diagnostic assay. For this purpose, we developed a test based on a
multiprobe mixture labeled with different fluorophores, which takes about 1 hour to complete.
We examined the expression of these transcripts in cells isolated from urine of 24 patients with
BC and 15 healthy donors. The samples from BC patients revealed expression of SncmtRNA
and downregulation of the ASncmtRNAs. Exfoliated cells recovered from the urine of healthy
donors did not express these mitochondrial transcripts. The differential expression of the
SncmtRNA and the ASncmtRNAs in cells isolated from voided urine can be explored as a new
non-invasive diagnostic test for bladder cancer [51].
2.3. Targeting antisense noncoding mitochondrial RNA: From bench to clinic
As mentioned before, we postulated that the ASncmtRNAs might function as a unique
mitochondria-encoded tumor suppressor. Therefore, we tested whether ASncmtRNA knockdown (ASK for short) induces alteration of cancer cell function. We found, in several tumor
cell lines, that knockdown of the low copy number of the ASncmtRNAs with antisense oligonucleotides (ASO) induces massive cancer cell death by apoptosis without affecting the
viability of normal cells. Apoptosis is triggered or potentiated by a drastic reduction in levels of survivin, a member of the inhibitor of apoptosis (IAP) family that is overexpressed
in virtually all human cancers. Down-regulation of survivin is at the post-transcriptional
level and probably mediated by microRNAs generated by Dicer from the ASncmtRNAs after
ASO-induced RNase H processing [52]. It is important to highlight that the ASO treatment is
efficient in inducing knockdown of the ASncmtRNAs, despite the fact that it is well known
that oligonucleotides are not able to enter mitochondria in vivo [53]. In consequence, the
obvious question is how are these transcripts targeted by ASOs? We have demonstrated that
in normal human kidneys, renal cell carcinoma, mouse testis and the murine melanoma cell
line B16F10, SncmtRNA and the ASncmtRNAs exit the mitochondria and are found localized in the cytoplasm and in the nucleus [42]. Consequently, our results suggest that the
functional role of these molecules lies outside the organelle. Besides cell viability, ASK also
drastically reduces proliferative index, anchorage-independent growth capacity, migration
and invasion [52]. Taken together, our results allow us to propose that downregulation of the
ASncmtRNAs constitutes an Achilles’ heel of cancer cells, suggesting that the ASncmtRNAs
are promising targets for cancer therapy.
In consequence, the ultimate challenge is to translate these results to an in vivo preclinical
scenario with immunocompetent mice. For this purpose, we first characterized the murine
noncoding mitochondrial RNAs (mncmtRNAs), which display structures similar to the human
counterparts, including long double-stranded regions arising from the presence of inverted
repeats. Most remarkable however is the identical expression pattern of these transcripts in
both species. The mASncmtRNAs, expressed in normal proliferating cells, are downregulated
in mouse tumor cells. ASK with ASO targeted to the mASncmtRNAs induces apoptotic cell
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death of the highly aggressive and metastatic murine melanoma cell line B16F10 in vitro, concomitantly with survivin downregulation [54].
We assessed the efficacy of the ASO treatment in vivo, using a B16F10 syngeneic model in
C57BL6/J, where we applied a therapeutic approach similar to the clinical practice guidelines of
melanoma: surgical resection of the lesion followed by systemic administration of ASO targeted
to mASncmtRNAs (1560S). Remarkably, there was no visible sign of lung or liver metastasis
at 120 days since the beginning of treatment with ASO, although one cannot discard the possibility of micro-metastasis [54]. In tail vein injection lung colonization assay, ASO treatment
significantly reduced the number of metastatic nodules in the lungs, as well as their size [54].
Similar results were obtained in this model with a lentiviral delivery approach of therapeutic
sequences. Transduction with lentiviral constructs targeted to the ASncmtRNAs induced apoptosis in murine B16F10 and human A375 melanoma cells in vitro and significantly retarded
B16F10 primary tumor growth in vivo. ASK treatment drastically reduced the number of lung
metastatic foci in a tail vein injection assay, compared to controls [55]. These results provide
additional proof-of-concept for knockdown of ncmtRNAs for cancer therapy and altogether,
our results suggest that ASncmtRNAs could be potent targets for melanoma therapy.
In the RenCa cell line, corresponding to murine renal adenocarcinoma, we showed that ASK
in vitro induces apoptosis mediated by downregulation of survivin, Bcl-2 and BclxL, the latter 2 members of another family of anti-apoptotic factors [56]. ASK also induces detrimental effects on metastatic potential, such as downregulation of N-cadherin, P-cadherin and
MMP9, further strengthening the potential of this strategy for renal cell carcinoma (RCC)
therapy. Remarkably, our in vivo studies in a subcutaneous syngeneic model of RenCa cells
in Balb/C mice show complete reversal of tumor growth [57]. Moreover, in an orthotopic
assay of murine RCC induced by injection of RenCa cells into the subcapsular region of the
kidney showed that all the control mice contained tumors of different size. In contrast, only
one mouse treated with the therapeutic ASO exhibited a small tumor. Histological analysis of
each lung showed that control mice contained several and large metastatic nodules. In contrast, only two lungs of mice treated with therapeutical ASO contained metastatic nodules,
which were significantly fewer and smaller. Finally, direct metastasis assessment by tail vein
injection of RenCa cells also showed a drastic reduction in lung metastatic nodules [57].
These pre-clinical results with the RenCa and B16F10 murine models establish proof-of-concept
that the ASncmtRNAs constitute a potent and selective target to develop a treatment for different types of cancer and positions this approach as an attractive strategy ready for clinical testing.
In this respect, the USA Food and Drug Administration (FDA) approved an oligonucleotide
directed to the human ASncmtRNAs Andes-1537) as IND for a Phase I Clinical Trial. This study,
currently under way and close to completion at UCSF, California, USA, is a first-in-human,
open-label, dose escalation and expansion, 2-part study to determine the safety, tolerability, and
maximum tolerated dose of Andes-1537 for Injection in patients with advanced unresectable
solid tumors that are refractory to standard therapy or for which no standard therapy is available (NCT02508441). The result of this trial will be very important in order to continue with the
next phase to assess the antitumoral efficacy of this therapy in human cancer patients.
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3. Conclusions
Downregulation of the ASncmtRNAs has been assessed in several tumor tissues, such as bladder, prostate, kidney, ovary, cervix and breast, among others [58]. The role of these transcripts
in cell proliferation and tumorigenesis is not fully understood at present. However, downregulation of the ASncmtRNAs while maintaining the expression of SncmtRNA represents
a universal characteristic of tumor cells. The strong inhibition of tumor growth, induction of
apoptosis and even tumor remission after knockdown of these RNAs in vivo is an impressive
phenomenon that constitutes a unique opportunity for the development of a targeted therapy
against several types of cancer. Moreover, the fact that antisense therapy does not cause side
effects constitutes an attribute not observed in other kinds of therapies and opens the door to
the evaluation of this approach in different kinds of solid tumors.
The mechanism by which interference of these RNAs generates cell death, apoptosis and
delay in metastasis is beyond the scope of this review. However, our preliminary evidence
indicates that the double strand region of the antisense RNAs is a seed for generation of
miRNAs, which could target mRNAs of several proteins involved in cell cycle control, cell
survival, invasion and metastasis. Therefore, knockdown of these RNAs generates a pleiotropic effect that affects simultaneously several important pathways necessary throughout the
whole tumorigenic process.
Mitochondrial long noncoding RNAs are novel actors in cancer metabolism and understanding the roles they fulfill in tumor cell biology will make it possible to select in the future novel
targets for the development of new therapies that could be effective and of low toxicity for
patients. Our target described here meets these two requirements and at present is being
evaluated in a Phase I protocol soon to finish. Those results will give the necessary data to
continue with the next phase and to evaluate more in depth the efficacy of our therapy.
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Nomenclature
ASO

antisense oligonucleotide

HFK

human foreskin keratinocytes

mtDNA

mitochondrial DNA
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lncmtRNA

long noncoding mitochondrial ribonucleic acid

ncRNA

noncoding ribonucleic acid

SncmtRNA

sense noncoding mitochondrial ribonucleic acid

ASncmtRNA

antisense noncoding mitochondrial ribonucleic acid

Author details
Jaime Villegas Olavarria1,2*, Verónica A. Burzio1,2, Vincenzo Borgna1,3,
Lorena Lobos-Gonzalez4, Mariela Araya2, Francisca Guevara1, Claudio Villota1,5 and
Luis O. Burzio1,2
*Address all correspondence to: jvillegas@bioschile.cl
1 Facultad de Ciencias Biológicas, Universidad Andrés Bello, Chile
2 Andes Biotechnologies SpA – Fundación Ciencia para la Vida, Chile
3 Facultad de Medicina, Universidad de Santiago, Chile
4 Centro de Medicina Regenerativa, Facultad de Medicina, Clínica Alemana Universidad del
Desarrollo, Chile
5 Departamento de Ciencias Químicas y Biológicas, Facultad de Salud, Universidad
Bernardo O’Higgins, Santiago, Chile

References
[1] Lopez J, Tait S. Mitochondrial apoptosis: Killing cancer using the enemy within. British
Journal of Cancer. 2015;112:957-962. DOI: 10.1038/bjc.2015.85
[2] Giampazolias E, Tait S. Mitochondria and the hallmarks of cancer. The FEBS Journal.
2016;283:803-814. DOI: 10.1111/febs.13603
[3] Manfredi A, Rovere-Querini P. The mitochondrion–a Trojan horse that kicks off inflammation? The New England Journal of Medicine. 2010;362:2132-2134. DOI: 10.1056/
NEJMcibr1003521
[4] Ishikawa K, Takenaga K, Akimoto M, Koshikawa N, Yamaguchi A, Imanishi H, Nakada K,
Honma Y, Hayashi J. ROS-generating mitochondrial DNA mutations can regulate tumor
cell metastasis. Science. 2008;320:661-664. DOI: 10.1126/science.1156906
[5] Porporato P, Payen V, Perez-Escuredo J, De Saedeleer C, Danhier P, Copetti T, Dhup S, Tardy
M, Vazeille T, Bouzin C, Feron O, Michiels C, Gallez B, Sonveaux P. A mitochondrial switch
promotes tumor metastasis. Cell Reports. 2014;8:754-766. DOI: 10.1016/j.celrep.2014.06.043
[6] Seligmann H. Chimeric mitochondrial peptides from contiguous regular and swinger
RNA. Computational and Structural Biotechnology Journal. 2016;14:283-297. DOI:
10.1016/j.csbj.2016.06.005

189

190

Mitochondrial DNA - New Insights

[7] Seligmann H. Swinger RNAs with sharp switches between regular transcription and
transcription systematically exchanging ribonucleotides: Case studies. Bio Systems. 2015;
135:1-8. DOI: 10.1016/j.biosystems.2015.07.003
[8] Seligmann H. Codon expansion and systematic transcriptional deletions produce tetra-,
pentacoded mitochondrial peptides. Journal of Theoretical Biology. 2015;38:154-165.
DOI: 10.1016/j.jtbi.2015.09.030
[9] Seligmann H. Systematically frameshifting by deletion of every 4th or 4th and 5th nucleotides during mitochondrial transcription: RNA self-hybridization regulates delRNA
expression. Bio Systems. 2016;142:43-51. DOI: 10.1016/j.biosystems.2016.03.00
[10] Seligmann H. Undetected antisense tRNAs in mitochondrial genomes? Biology Direct.
2010;5:39. DOI: 10.1186/1745-6150-5-39
[11] Seligmann H. Pathogenic mutations in antisense mitochondrial tRNAs. Journal of
Theoretical Biology. 2011;269:287-296. DOI: 10.1016/j.jtbi.2010.11.007
[12] Vendramin R, Marine JC, Leucci E. Non-coding RNAs: The dark side of nuclear-mitochondrial communication. The EMBO Journal. 2017;36:1123-1133. DOI: 10.15252/embj.201695546
[13] Anderson S, Bankier A, Barrell B, de Bruijn M, Coulson A, Drouin J, Eperon I, Nierlich D,
Roe B, Sanger F, Schreier P, Smith A, Staden R, Young G. Sequence and organization of the
human mitochondrial genome. Nature. 1981;290:457-465. DOI: 10.1038/290457a0
[14] O’Brien T. Evolution of a protein-rich mitochondrial ribosome: Implications for human
genetic disease. Gene. 2002;286:73-79. DOI: 10.1016/S0378-1119(01)00808-3
[15] Pearce S, Rebelo-Guiomar P, D’Souza A, Powell C, Van Haute L, Minczuk M. Regulation
of mammalian mitochondrial gene expression: Recent advances. Trends in Biochemical
Sciences. 2017;42:625-639. DOI: 10.1016/j.tibs.2017.02.003
[16] Ojala D, Montoya J, Attardi G. tRNA punctuation model of RNA processing in human
mitochondria. Nature. 1981;290:470-474. DOI: 10.1038/290470a0
[17] Dakubo G. Enigmatic biomolecules from the mitochondrial genome. Biological Systems:
Open Access. 2015;4:137. DOI: 10.4172/2329-6577.1000137
[18] Holzmann J, Frank P, Loffler E, Bennett KL, Gerner C, Rossmanith W. RNase P without
RNA: Identification and functional reconstitution of the human mitochondrial tRNA
processing enzyme. Cell. 2008;135:462-474. DOI: 10.1016/j.cell.2008.09.013
[19] Lopez Sanchez M, Mercer T, Davies S, Shearwood A-M, Nygård K, Richman T, Mattick J,
Rackham O, Filipovska A. RNA processing in human mitochondria. Cell Cycle. 2011;10:
1-13. DOI: 10.4161/cc.10.17.17060
[20] Nagaike T, Suzuki T, Katoh T, Ueda T. Human mitochondrial mRNAs are stabilized
with polyadenylation regulated by mitochondria-specific poly(a) polymerase and polynucleotide phosphorylase. The Journal of Biological Chemistry. 2005;280:19721-19727.
DOI: 10.1074/jbc.M500804200

Long Noncoding Mitochondrial RNAs (LncmtRNAs) as Targets for Cancer Therapy
http://dx.doi.org/10.5772/intechopen.75453

[21] Calvo S, Clauser K, Mootha V. MitoCarta2.0: An updated inventory of mammalian mitochondrial proteins. Nucleic Acids Research. 2016;44:D1251-D1257. DOI: 10.1093/nar/
gkv1003
[22] Smith A, Robinson A. MitoMiner v3.1, an update on the mitochondrial proteomics database. Nucleic Acids Research. 2016;44:D1258-D12561. DOI: 10.1093/nar/gkv1001
[23] Kim K, Noh J, Abdelmohsen K, Gorospe M. Mitochondrial noncoding RNA transport.
BMB Reports. 2017;50:164-174. DOI: 10.5483/BMBRep.2017.50.4.013
[24] Sripada L, Tomar D, Prajapati P, Singh R, Singh AK, Singh R. Systematic analysis of small
RNAs associated with human mitochondria by deep sequencing: Detailed analysis of mitochondrial associated miRNA. PLoS One. 2012;7:e44873. DOI: 10.1371/journal.pone.0044873
[25] Zhang L, Jiang S, Liu M. MicroRNA regulation and analytical methods in cancer cell
metabolism. Cellular and Molecular Life Sciences. 2017;74:2929-2941. DOI: 10.1007/
s00294-017-0744-1
[26] Richler C, Soreq H, Wahrman J. X-inactivation in mammalian testis is correlated with inactive X-specific transcription. Nature Genetics. 1992;2:192-195. DOI: 10.1038/ng1192-192
[27] Barakat T, Gribnau J. X chromosome inactivation in the cycle of life. Development. 2012;
139:2085-2089. DOI: 10.1242/dev.069328
[28] Rinn J, Kertesz M, Wang J, Squazzo S, Xu X, Brugmann S, Goodnough L, Helms J,
Farnham P, Segal E, Chang H. Functional demarcation of active and silent chromatin
domains in human HOX loci by noncoding RNAs. Cell. 2007;129:1311-1323. DOI: 10.1016/j.
cell.2007.05.022
[29] Hu W, Alvarez-Dominguez J, Lodish H. Regulation of mammalian cell differentiation by
long non-coding RNAs. EMBO Reports. 2012;13:971-983. DOI: 10.1038/embor.2012.145
[30] Yang Y, Chen L, Gu J, Zhang H, Yuan J, Lian Q, Lv G, Wang S, Wu Y, Yang YT, Wang D,
Liu Y, Tang J, Luo G, Li Y, Hu L, Sun X, Wang D, Guo M, Xi Q, Xi J, Wang H, Zhang M, Lu
Z. Recurrently deregulated lncRNAs in hepatocellular carcinoma. Nature Communications.
2017;8:e14421. DOI: 10.1038/ncomms14421
[31] Hanahan D, Weinberg R. Hallmarks of cancer: The next generation. Cell. 2011;144:646674. DOI: 10.1016/j.cell.2011.02.013
[32] Huarte M. The emerging role of lncRNAs in cancer. Nature Medicine. 2015;21:1253-1261.
DOI: 10.1038/nm.3981
[33] Rackham O, Shearwood A-M, Mercer T, Davies S, Mattick J, Filipovska A. Long noncoding RNA are generated from the mitochondrial genome and regulated by nuclearencoded proteins. RNA. 2011;17:2058-2093. DOI: 10.1261/rna.029405.111
[34] Kumarswamy R, Bauters C, Volkmann I, Maury F, Fetisch J, Holzmann A, Lemesle G, de
Groote P, Pinet F, Thum T. Circulating long noncoding RNA, LIPCAR, predicts survival

191

192

Mitochondrial DNA - New Insights

in patients with heart failure. Circulation Research. 2014;114:1569-1575. DOI: 10.1161/
CIRCRESAHA.114.303915
[35] Villegas J, Zarraga AM, Muller I, Montecinos L, Werner E, Brito M, Meneses AM, Burzio
LO. A novel chimeric mitochondrial RNA localized in the nucleus of mouse sperm. DNA
and Cell Biology. 2000;19:579-588. DOI: 10.1089/104454900439809
[36] Villegas J, Araya P, Bustos-Obregon E, Burzio LO. Localization of the 16S mitochondrial
rRNA in the nucleus of mammalian spermatogenic cells. Molecular Human Reproduction.
2002;8:977-983. DOI: 10.1093/molehr/8.11.977
[37] Kobayashi S, Amikura R, Okada M. Presence of mitochondrial large ribosomal RNA outside mitochondria in germ plasm of Drosophila melanogaster. Science. 1993;260:1521-1524.
DOI: 10.1126/science.7684857
[38] Kobayashi S, Amikura R, Mukai M. Localization of mitochondrial large ribosomal RNA in
germ plasm of Xenopus embryos. Current Biology. 1998;8:1117-1120. DOI: 10.1016/S09609822(98)70466-X
[39] Iida T, Kobayashi S. Essential role of mitochondrially encoded large rRNA for germ-line
formation in drosophila embryos. Proceedings of the National Academy of Sciences of
the United States of America. 1998;95:11274-11278. DOI: 10.1073/pnas.95.19.11274
[40] Villegas J, Burzio V, Villota C, Landerer E, Martinez R, Santander M, Martinez R, Pinto R,
Vera MI, Boccardo E, Villa LL, Burzio LO. Expression of a novel non-coding mitochondrial RNA in human proliferating cells. Nucleic Acids Research. 2007;35:7336-7347. DOI:
10.1093/nar/gkm863
[41] Burzio VA, Villota C, Villegas J, Landerer E, Boccardo E, Villa LL, Martinez R, Lopez C,
Gaete F, Toro V, Rodriguez X, Burzio LO. Expression of a family of noncoding mitochondrial RNAs distinguishes normal from cancer cells. Proceedings of the National Academy
of Sciences. 2009;106:9430-9434. DOI: 10.1073/pnas.0903086106
[42] Landerer E, Villegas E, Burzio VA, Oliveira L, Villota C, Lopez C, Restovic F, Martinez R,
Castillo O, Burzio LO. Nuclear localization of the mitochondrial ncRNAs in normal and
cancer cells. Cellular Oncology. 2011;34:297-305. DOI: 10.1007/s13402-011- 0018-8
[43] Villota C, Campos A, Vidaurre S, Oliveira-Cruz L, Boccardo E, Burzio VA, Varas M, Villegas J,
Villa LL, Valenzuela PD, Socías M, Roberts S, Burzio LO. Expression of mitochondrial
non-coding RNAs (ncRNAs) is modulated by high risk human papillomavirus (HPV)
oncogenes. The Journal of Biological Chemistry. 2012;287:21303-21315. DOI: 10.1074/jbc.
M111.326694
[44] Lewis B, Burge C, Barte, D. Conserved seed pairing, often flanked by adenosines, indicates that thousands of human genes are microRNA target. Cell. 2005;120:15-20. DOI:
http://dx.doi.org/10.1016/j.cell.2004.12.035
[45] Bischof O, Nacerddine K, Dejean A. Human papillomavirus oncoprotein E7 targets the
promyelocytic leukemia protein and circumvents cellular senescence via the Rb and p53
tumor suppressor pathways. Molecular and Cellular Biology. 2005;25:1013-1024. DOI:
10.1128/MCB.25.3.1013-1024.2005

Long Noncoding Mitochondrial RNAs (LncmtRNAs) as Targets for Cancer Therapy
http://dx.doi.org/10.5772/intechopen.75453

[46] Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA: a Cancer Journal for Clinicians.
2014;64:9-29. DOI: 10.3322/caac.21208
[47] Tierney B, Westin SN, Schlumbrecht MP, Ramirez P. Early cervical neoplasia: Advances
in screening and treatment modalities. Clinical Advances in Hematology & Oncology.
2010;8:547-555
[48] Villegas J, Dadlani K, Avila R, Villota C, Burzio V, Lopez C, Socias M, Zapata L, Burzio
LO. The mitochondrial antisense ncRNAs are down-regulated in early cervical carcinoma.
Journal of Cancer Science and Therapy. 2013;S7:004. DOI: 10.4172/1948-5956.S7-004
[49] Dadlani K, Lopez C, Gabler F, Roa JC, Villota C, Lina-Villa L, Boccardo E, Bustamante E,
Burzio V, Burzio LO, Villegas J. Assessment of the expression of long noncoding mitochondrial RNAs (lncmtRNAs) during cervical cancer progression and cervical carcinoma.
Journal of Cancer Science and Therapy. 2016;8:038-045. DOI: 10.4172/1948-5956.1000386
[50] Van Tilborg A, Bangma C, Zwarthoff E. Bladder cancer biomarkers and their role in surveillance and screening. International Journal of Urology. 2009;16:23-30. DOI: 10.1111/
j.1442-2042.2008.02174.x
[51] Rivas A, Burzio V, Landerer E, Borgna V, Gatica S, Ávila R, López C, Villota C, de la
Fuente R, Echenique J, Burzio LO, Villegas J. Determination of the differential expression of mitochondrial long non-coding RNAs as a noninvasive diagnosis of bladder cancer. BMC Urology 2012;12:37. DOI: 10.1186/1471-2490-12-37
[52] Vidaurre S, Fitzpatrick C, Burzio V, Briones M, Villota C, Villegas J, Echenique J, OliveiraCruz L, Araya M, Borgna V, Socías T, Lopez C, Avila R, Burzio LO. Down-regulation of
the antisense mitochondrial non-coding RNAs (ncRNAs) is a unique vulnerability of cancer cells and a potential target for cancer therapy. The Journal of Biological Chemistry.
2014;289:27182-27198. DOI: 10.1074/jbc.M114.558841
[53] Ross M, Filipovska A, Smith R, Gait M, Murphy M. Cell-penetrating peptides do not cross
mitochondrial membranes even when conjugated to a lipophilic cation: Evidence against
direct passage through phospholipid bilayers. The Biochemical Journal. 2004;383:457468. DOI: 10.1042/BJ20041095
[54] Lobos-González L, Silva V, Araya M, Restovic F, Echenique J, Oliveira-Cruz L, Fitzpatrick C,
Briones M, Villegas J, Villota C, Vidaurre S, Borgna V, Socias M, Valenzuela S, Lopez C,
Socias T, Varas M, Díaz J, Burzio LO, Burzio V. Targeting antisense mitochondrial ncRNAs
inhibits murine melanoma tumor growth and metastasis through reduction in survival
and invasion factors. Oncotarget. 2016;7:58331-58350. DOI: 10.18632/oncotarget.11110
[55] Varas-Godoy M, Lladser A, Farfan N, Villota C, Villegas J, Tapia JC, Burzio LO, Burzio VA,
Valenzuela PDT. In vivo knockdown of antisense non-coding mitochondrial RNAs by
a lentiviral-encoded shRNA inhibits melanoma tumor growth and lung colonization.
Pigment Cell & Melanoma Research. 2018;(1):64-72. DOI: 10.1111/pcmr.12615
[56] Besbes S, Mirshahi M, Pocard M, Billard C. New dimension in therapeutic targeting of
BCL-2 family proteins. Oncotarget. 2015;6:12862-12871. DOI: 10.18632/oncotarget.3868

193

194

Mitochondrial DNA - New Insights

[57] Borgna V, Villegas J, Burzio V, Belmar S, Araya M, Jeldes E, Lobos-González L, Silva V,
Villota C, Oliveira-Cruz L, Lopez C, Socias T, Castillo O, Burzio LO. Mitochondrial
ASncmtRNA-1 and ASncmtRNA-2 as potent targets to inhibit tumor growth and metastasis in the RenCa murine renal adenocarcinoma model. Oncotarget. 2017;8:43692-43708.
DOI: 10.18632/oncotarget.18460
[58] Borgna V, Lobos-González L, Burzio V, Araya M, Avila R, Jeldes E, Silva V, Briones M,
Socias T, Guevara F, López C, Villota C, Bustamante E, Bendek M, Fitzpatrick C, Burzio LO,
Villegas J. Non-coding mitochondrial RNAs (ncmtRNAs) in gynecological and urinary
malignancies: Universal targets for development of and efficient therapy? In: Watanabe
HS, editor. Horizons in Cancer Research. Vol. 65. New York: Nova Science Publisher,
Inc; 2017. pp. 91-117

