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LONG NONCODING RNAs ARE A PROMISING THERAPEUTIC TARGET
IN VARIOUS DISEASES
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As of today, there have been about 2,500 gene therapy clinical trials initiated or completed worldwide. Some of the tested
drugs have been already approved for clinical use. Most of these drugs target well-characterized protein-coding genes. At
the same time, the past few years have witnessed an increasing interest in long noncoding RNAs (IncRNAs) and their role in
cellular processes. Of 16,000 identified human INcRNA genes, biological functions have been elucidated for only two hundred.
Nevertheless, we already know about their association with the development of 200 different disorders. In some cases these
genes are the key element in disease pathogenesis, which makes long noncoding RNAs a promising target for gene therapy.
To date, researchers successfully employ molecular biology techniques for the development of InNcRNA-based therapeutic
strategies. The following review focuses on the main approaches to gene therapy based on the use of INcRNA.
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OJIMHHbIE HEKOOUPYHKOLWNME PHK — NMEPCMNEKTUBHAA MULLUEHDb
ONA TEPANMUN PA3JTNYHDbIX 3ABOJIEBAHUI
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Inspired by the emergence of next generation sequencing, a lot
of research studies have been carried out in the past decade,
leading to an amazing discovery: although about 70 % of the
human genome is transcribed, only 1.5 % of it encode proteins.
The rest of the transcriptome is represented by noncoding
RNAs (ncRNAs), including such well-studied classes of
ribonucleic acids as ribosomal (rfBNA), transfer (tRNA), micro
(MiRNA), small nuclear (snRNA), small nucleolar (snoRNA) and
other types of RNA. In recent years, another class of ncRNAs,
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long noncoding RNAs (IncRNAs), has been the focus of active
research. INcCRNAs arelarge transcripts (> 200 nt) lacking a long
open reading frame.

According to the most recent data provided by GENCODE
(Encyclopedia of genes and gene variants), the human genome
contains 15,787 IncRNA genes [1]. Although less than 200 of
them have been assigned a function so far [2], it is already clear
that IncBRNAs constitute a heterogeneous group of functionally
diverse transcripts. They can regulate gene expression at the
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transcriptional level by forming complexes with transcription
factors [3, 4] or by recruiting chromatin-modifying complexes,
such as repressive PRC1 [5], PRC2 [4, 6, 7] and LSD1 [8] or
activating TrxG [9]. Besides, IncRNAs can modulate
posttranscriptional events. Long noncoding RNAs may play
role of competing endogenous RNAs (ceRNAs). These RNAs
attract microRNAs and regulate expression level of transcripts
containing common miRNA binding sites [10, 11]. LncRNAs
can also form duplexes with target mRNAs and inhibit their
translation [12] or disrupting their stability [13, 14]. In addition,
some long noncoding RNAs can modulate pre-mRNA splicing
[15-17].

Although few INcRNAs have been functionally characterized
so far, it is now clear that they have a role in many diseases.
For example, the IncRNADisease database contains entries
about 321 IncRNAs associated with 221 diseases from
~500 publications [18], including various cancer types,
neurodegenerative  disorders, cardiovascular  diseases,
conditions associated with genome imprinting, and other
pathologies. In a number of cases, INCRNAs have been
recognized as key components of molecular pathways to
disease, therefore they definitely have the potential to be used
as biomarkers and therapeutic targets. Below, we describe
several interesting INcRNAs that can be used as a therapeutic
target in various diseases and highlight some of the currently
existing approaches to gene therapy that can be employed to
modulate INCRNA activity.

Gene therapy approaches targeting long noncoding RNA

Disease development and progression can be triggered
by both activation of IncRNA expression [3, 19-23] and its
downregulation [24-28], prompting researchers to seek
therapeutic ways to activate or suppress INcCRNA expression
or inhibit its activity. Expression vectors (plasmids or viral
particles) and gene-specific transcriptional activators are used
to activate gene expression. Among gene-silencing tools are
RNA-interference, antisense oligonucleotides (ASOs), gene-
specific transcription repression and genome editing. LncRNA
activity can be inhibited by ASOs or small molecules.

The techniques mentioned above were designed to treat
diseases caused by alterations in protein-coding genes, but
they can also be successfully used to manipulate IncRNA.
The repertoire of tools currently used for manipulating protein-
coding genes is much more diverse only because we know
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quite a lot about the life and functions of proteins, while our
knowledge of IncRNA is limited. We believe that new facts
about IncRNA functions in norm and pathology will stimulate
the development of novel, effective and highly specific methods
of gene therapy. For example, research studies of secondary
INcRNA structures may yield very interesting results adding to
the existing pool of knowledge.

Below we briefly describe some basic strategies of
regulating INcCRNA expression and activity (see the Figure).

Expression vectors

Expression vectors are the most popular tools used in research
studies and clinical practice for gene upregulation. This
approach is actively used to compensate for loss-of-function
mutations. There are a large number of different vectors
systems and ways of their delivery to cells (viral and non-viral).
Each system has some advantages and disadvantages [29].

Of particular interest are tissue- and tumor-specific
promoters that ensure high specificity of target gene
expression. For example, promoter of INcCRNA H19 is active in
different cancer cells. Therefore, incorporated into a construct
expressing tumor suppressor genes (both protein-coding and
noncoding), this promoter will regulate their expression only in
tumorigenic cells [30].

RNA interference

RNA interference is a mechanism of gene silencing by
small RNA molecules, small interfering RNAs (siRNAs) and
mircoRNAs, that are short RNA duplexes of 21 to 25 bp in
length. Unwound, one of siRNA/mMiRNA strands called a guide
strand gets incorporated into the RNA-induced silencing
complex (RISC) and guides it to the RNA target, eventually
causing its degradation or inhibiting its translation.

RNA interference can be used to silence both protein-
coding and long noncoding RNA genes. Currently new methods
of gene therapy are being elaborated based on the use of
siRNA, microRNA and small hairpin RNA (shRNA). The latter
is siRNA precursor; shRNA is delivered into the cell encoded
in the expression vector. Although RNA interference is a very
effective gene silencing tool, there are a few issues related to
its specificity, immmunogenicity and delivery that hamper its use
as a therapeutic technique. Researchers are attempting to
circumvent these issues, one of the solutions being chemical
modifications to small RNAs.
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The figure shows some of the gene therapy approaches targeting long noncoding RNA (IncRNA). (A) Transcription repression by CRISPRI. (B) RNA interference.
(C) Antisense oligonucleotides (ASOs) activate RNAse H — dependent degradation of the RNA target by forming an RNA-DNA duplex. (D) ASOs block IncRNA binding

to the repressive PRC2 complex
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Antisense oligonucleotides

Antisense oligonucleotides (ASOs) are small synthetic RNA/
DNA-based molecules that complementarily bind to RNA
targets to downregulate their expression or affect their function.
Most commonly, ASOs recruit RNAse H that cleaves the RNA
strand of an RNA/DNA duplex [31]. Some ASOs are designed
to modulate splicing: they interact with pre-mRNA and blocking
its binding with splicing factors (this is called splice-switching)
[32]. Splicing-modulating ASOs are produced with chemical
modifications (peptide nucleic acid (PNA) or phosphoramidate
morpholino oligomers (PMQO)). The resulting oligonucleotides
do not activate RNAse H-dependent cleavage [33]. Some
ASOs have been shown to block the binding of IncRNA to the
chromatin-modifying complex PRC2 [21].

Among other ASO modifications are LNA (Locked nucleic
acid) and 2’-O-Methyl (2’-OMe) modifications. They increase
ASO stability, specificity and affinity to the RNA target. Besides,
the LNA-modification has been shown to have no negative
effect on the ability of an RNA molecule to bind to RISC [33].
To sum up, RNA-interference and antisense oligonucleotides
are still the most popular tools for gene silencing used in clinical
practice. As of 2016, 26 siRNA- and ASO-based drugs were
in clinical trials, presumably effective against >50 diseases [33].

Genome editing

Genome editing is very instrumental in repairing deleterious
mutations or implementing gene knockout. In our review
we will provide examples of disorders caused by IncRNA
overexpression. In such cases, it is possible to use genomic
editing for knockout of long non-coding RNA genes.

Genome editing techniques gained their popularity after
the sufficient amount of data had been accumulated about
zinc finger proteins (ZNF) [34] and transcription activator-like
effector proteins (TALENS) [35], synthetic constructs capable
of binding to DNA. Their mechanism of action relies on the
ability of certain protein sequences (monomers) to bind to
certain nucleotides of the double-stranded DNA. Assembled
into a longer construct, these monomers result into a protein
that can bind to a desired DNA sequence. Each ZNF monomer
recognizes a 3 nt long sequence, while TALEN monomers
recognize single nucleotides, which makes TALEN systems
more flexible.

Unlike TALEN and ZNF, theiryounger rival CRISPR (Clustered
Regulatory Interspaced Short Palindromic Repeats) employs a
small guide RNA (sgRNA) capable of binding to the target DNA
and recruits the Cas9 nuclease to cleave both strands of the
DNA molecule. CRISPR/Cas9 is more effective and easier to
use than ZNF or TALEN systems [36]. It is now actively used
for genome editing and some other tasks [37]. In spite of the
ongoing debate about whether CRISPR/Cas9 is ready to be
introduced into clinical practice considering its insufficient
specificity [38-40], many research teams are attempting to
optimize this technology and design new CRISPR/Cas9-based
tools that could be used in the clinical setting.

Transcription regulation

The potential of CRISPR/Cas9 is not be limited to genome
editing tasks. This technology can be used to regulate gene
expression without interfering with the DNA structure. This can
be (and has been) achieved by engineering a mutant nuclease-
deactivated Cas9 protein (dCas9). In order to regulate gene
expression, dCas9 is attached to different protein domains
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that either activate (CRISPRa: VP64, p65, Rta) or repress
(CRISPRI: KRAB, ZNF10) transcription [41-44]. Such systems
have proved to be effective in the experiments on cell lines. For
example, Gilbert et al. used a dCas9-KRAB system to repress
transcription of 5 IncRNAs implicated in cancerogenesis (H19,
MALAT1, NEAT1, TERC, and XIST). The researchers reported
a >80 % drop in the expression of target RNAs, which means
that the system can be no less effective than RNA interference
or ASOs [45]. In addition, Perez-Pinera et al. have demonstrated
a possibility of using dCas9-VP64 to enhance transcription of
various protein-coding genes 2- to 250-fold [44].

CRISPRa/i-based methods have a number of advantages
over RNA interference and expression vectors. First, only
CRISPRa/i can be used to modulate RNA function in cis. It
is known that noncoding RNAs often exert their function in
the transcriptionally active locus, and sometimes IncRNA
transcription itself is crucial for the regulation of neighboring
genes [21, 28, 46]. Second, activation of the endogenous
promoter will trigger normal expression of all INcBRNA splice
variants [47]. However, considering the fact that INncRNAs often
overlap with one or several protein-coding genes or share with
them a promoter region, the use of CRISPR-based systems for
regulating INcRNA activity is somewhat limited [47].

Regulation of IncRNA activity by small molecules

Another approach to treating IncRNA-associated diseases is
based on the use of small molecules that disrupt interactions
between IncRNA and its partner proteins [48, 49]. Capable
of blocking formation of IncRNA-protein complexes, such
molecules can be identified by high throughput screening [50].
Compared to other therapeutic agents used in gene therapy,
small molecules are easy to deliver to their targets and are
readily absorbable by the cells. Interactions between INCRNAs
and proteins, such as HOTAIR-PRC2, ANRIL-CBX7, PCAT-
1-PRC2 and H19-EZH2, have become attractive targets for
screening for inhibitors of small molecules [51]. For example,
Zhou et al. have elucidated the role of HOTAIR in glioblastoma
using small molecules, DZNEP and 2-PCPA, capable of
inhibiting HOTAIR interaction with PRC2 and LSD1 proteins [52].

IncRNAs as potential therapeutic targets
in various diseases

The role of IncRNA SAMMSON in melanoma

Melanoma is a malignant tumor originating from melanocytes
of the skin. Melanomas are highly metastatic [53]. According to
the American Cancer Society, melanomas account for 4-6 %
of new cancer cases [54].

In 2016 Leucci et al. [3] carried out an extensive research
study on the role of the long noncoding RNA SAMMSON
in melanoma and attempted to evaluate its feasibility as a
therapeutic target. Drawing on the Cancer Genome Atlas
(TCGA) data, the authors demonstrated that this IncRNA
is expressed ectopically in more than 90 % of melanoma
samples and that its expression is melanoma-specific. Further
research revealed that SAMMSON expression is triggered by
the well-known melanoma-specific transcription factor SOX10.
Knockdown of SAMMSON by LNA-modified oligonucleotides
in melanoma cell lines considerably slowed cell growth and
stimulated apoptosis. It was also shown that SAMMSON
directly interacts with protein p32, and that the mitochondrial
fraction of p32 is downregulated after SAMMSON knockdown.
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This, in turn, disrupts synthesis of proteins involved in the
mitochondrial ~ respiratory chain, reduces mitochondrial
membrane potential and promotes apoptosis. Besides, low
levels of p32 in mitochondria entail accumulation of ‘toxic’
aberrant mitochondrial precursor proteins in the cytosol, which
also leads to cell death.

In the light of the above, SAMMSON seemed to be a
good therapeutic target in melanoma. To prove it, Leucci et
al. conducted a study in vivo using a xenograft mouse model;
the animals received a modified antisense oligonulceotide
against SAMMSON. The antisense nucleotide slowed tumor
growth 1.5-fold in comparison with the controls. Besides, a
combination treatment with the antisense oligonucleotide and
dabrafenib (selective inhibitor of BRAFY6F mutant) considerably
enhanced the therapeutic effect of the latter (the observed
effect was two times stronger). The researchers concluded
that INncRNA SAMMSON can be used as an early marker of
melanoma malignancy and a promising therapeutic target.

The role of IncRNA BCAR4 in breast cancer

Breast cancer is the most common type of cancer occurring
in women. It is the second leading cause of death in cancer-
stricken females (14 %). Xing et al. [19] have demonstrated that
IncRNA BCAR4 is not expressed in healthy breast tissue, but
observed in more than 50% of breast tumor samples. BCAR4
expression increases when cancer spreads to the lymph
nodes. Besides, increased BCAR4 expression correlates
with declining survival rates of breast cancer patients. Earlier
studies conducted by other authors demonstrated that
BCAR4 expression is triggered in malignant cells in response
to tamoxifen, rendering them resistant to antiestrogen
therapy [55].

Xing et al. [19] have shown that BCAR4 knockdown in
breast cancer cell lines significantly reduces cell migration
and invasion, but does not affect cell proliferation. Using mass
spectrometry and methods of affinity purification of lysates, the
researchers established that INcRNA BCAR4 directly interacts
with SNIP1 and PNUTS proteins. It was discovered that SNIP1
mediates formation of the phosphorylated GLI2/BCAR4
complex. GLI2 is a transcription factor: it regulates transcription
of genes involved in cell migration and invasion by activating
hedgehog signaling pathway. The ChiRP assay (Chromatin
isolation by RNA purification) localized the BCAR4 transcript
to the promoter regions of the GLI2 targetgenes (PTCH1,
IL-6, MUC5AC, TGF-b). Upon BCAR4 knockdown, expression
of these genes was downregulated.

It was established that INcRNA BCAR4 interacts with
PNUTS forming a complex with protein phosphatase 1 (PP1),
which in turn dephosphorylates RNA polymerase Il to maintain
its normal function. Therefore, INcRNA BCAR4 makes an
important contribution to activating GLI2 target genes
transcription, which at the cellular level stimulates migration
and invasion of malignant cells.

In their work, Xing et al. demonstrated a therapeutic effect
of BCAR4 knockdown in vivo using a mouse xenograft model
of an aggressively metastasizing breast tumor. In the course
of treatment, the animals received intravenous injections of
2 different LNA-modified antisense oligonucleotides against
BCAR4; controls received scramble LNA. The animals treated
with therapeutic LNA showed considerable regression of lung
metastasis, while the size of the main remained stable.

The researchers also tried another treatment strategy:
injections of target shRNAs into adipose breast tissue.
The outcome was similar to that of the first experiment:

considerable regression of lung metastasis and no changes
in the size of the main tumor. But the therapeutic effect was
more marked. Xing et al. proposed to use BCAR4 expression
as a marker of breast cancer progression and as a therapeutic
target in patients at high risk of metastasis and with resistance
to estrogen antagonists.

IncRNA HOTAIR in various types of cancer

HOTAIR (Hox transcript antisense intergenic RNA) is a
noncoding RNA implicated in various cancer types [7]. HOTAIR
is transcribed from the antisense strand of HOXC cluster of
chromosome 12 and is capable of recruiting PRC2 (polycomb
repressive complex 2) and LSD1 (lysine-specific demethylase
1) [8] to another cluster of homeobox genes called HOXD
[7]. PRC2 catalyzes histone H3K27 methylation, while LSD1
catalyzes demethylation of H3K4me2 causing silencing of
target genes. Further experiments showed that HOTAIR can
recruit PRC2 not only to HOXD genes, but also to a variety
of others, including PGR (progesterone receptor gene), genes
of the protocadherin family (PCDH10, PCDHB5, PCDHZ20),
EPHAT and JAMZ2 involved in tumor angiogenesis [56], and
tumor suppressor genes (e. g. PTEN [7]).

It has been shown that HOTAIR expression in breast cancer
metastases is dramatically increased [56], while its expression
in the main tumor is quite heterogeneous. Based on the analysis
of primary tumors, the researchers concluded that elevated
levels of HOTAIR expression is predictive factor for metastatic
growth and poor prognosis. Besides, the experiments on cell
lines and in vivo (on mice) demonstrated that increased HOTAIR
expression promotes invasion and metastasis to the lungs.
Gupta et al. modeled metastatic tumors in mice by injecting
vector-transduced HOTAIR — overexpressing MDA-MB-231
cells in the tail vein; an empty vector was used for control.
The engraftment of cells with HOTAIR overexpression to the
mammary fat padwas significantly but not markedly increased
in comparison with the controls, while the engraftment to lung
was 4 times higher [56].

Further studies elucidated the role of HOTAIR in the
development of different cancer types, such as esophageal
squamous-cell carcinoma, non-small cell lung cancer, gastric
cancer, hepatocellular carcinoma, endometrial cancer, prostate
cancer, nasopharyngeal carcinoma, laryngeal squamous-cell
carcinoma, pancreatic cancer, colorectal cancer, melanoma,
glioma, and sarcoma. In most cases, HOTAIR overexpression
correlates with aggressive metastatic growth and poor survival
rates [57].

Therefore, HOTAIR can be a promising therapeutic target
in cancers with poor treatment outcomes. So far there have
been a few of in vivo experiments on mouse xenograft models,
reporting considerable inhibition of tumor growth associated
with reduced HOTAIR expression. For example, Li et al.
conducted experiments on the mouse models of laryngeal
squamous-cell carcinoma. The animals received subcutaneous
injections of the Hep-2 cell line to develop cancer. Treatment
included intratumoral injections of a lentiviral vector containing
shRNA against HOTAIR. By the end of the experiment, tumors
in the main group were significantly smaller than in the controls
(1.113 £ 0.209 g vs. 1.960 + 0.584 g, respectively) [58].

The role of IncBRNA MALATT in cancer
The long noncoding RNA MALAT1 (Metastasis associated lung

adenocarcinoma transcript 1) was first described in 1997, but
gotits current name only in 2003 when Ji et al. demonstrated the
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association between its expression and metastasis in patients
with non-small cell lung cancer. It is the first INcRNA whose
role has been described in the development of cancer [59].
MALAT1 is expressed abundantly in healthy human tissues and
is conserved in mammals [59]. It has been shown that MALAT 1
localizes to the cell nucleus in the nuclear speckles [15].

MALAT1 can form complexes with SR splicing proteins
and change their localization in the nucleus. It is also capable
of regulating phosphorylation of SF2/ASF. Tripathi et al.
have demonstrated that MALAT1 knockdown in the cervical
adenocarcinoma cell line HeLa modulates alternative splicing
of many genes [16]. However, other studies conducted on
lung cancer cell lines (A549, WT, GFP, KO1-3) do not report
any considerable effect of MALAT1 knockdown on alternative
splicing [60]. Besides, MALAT1 knockdown in mice does not
result in developmental disorders or a pathological phenotype
and does not change localization of SP proteins. Perhaps,
MALAT1 function is different in mice and humans or special
conditions are required (such as stress) for MALAT1 to manifest
its activity phenotypically [20, 61].

While it is still debatable whether MALAT1 modulates
alternative splicing, its involvement in the expression regulation
of a number of genes is undeniable. For example, Tano et al.
have demonstrated that MALAT1 knockdown in A549 lung
carcinoma cells results in the reduced expression of genes
responsible for cell migration (CTHRC1, CCT4, HMMR, ROD1,
etc.), which negatively affects cell motility [62]. Another extensive
research study conducted on several cell lines confirmed the role
of MALAT1 in the activation of genes implicated in metastasis
(GPC6, LPHN2, CDCP1 and ABCAT). The study demonstrated
that expression of migration and invasion inhibitor genes (MIA2,
ROBO1) increases following MALAT1 knockdown [60]. A
possible mechanism of expression regulation by MALAT1 was
proposed by Yang et al. who demonstrated that this INncCRNA
is capable of forming complexes with protein Pc2, specifically,
with its unnmethylated fraction; Pc2 methylated fraction
interacts with another INncRNA, TUG1, and is a component of
the PRC1 complex (polycomb repressive complex 1) [5].

The role of MALAT1 in promoting human lung cancer
metastasis was shown in the first works dedicated to this
IncRNA [59, 62]. Later, the role of its aberrant expression was
shown for other cancer types, including bladder cancer, breast
cancer, cervical cancer, colorectal cancer, endometrial cancer,
esophageal cancer, gastric cancer, hepatocellular carcinoma,
melanoma, neuroblastoma, osteosarcoma, ovarian cancer,
prostate cancer, pituitary adenoma, multiple myeloma and
renal cell carcinoma [20].

Considering the above said, MALAT1 seems to be a very
promising therapeutic target to prevent metastatic growth.
Gutschner et al. studied lung cancer metastasis on a mouse
model in vivo. The mice received subcutaneous injections
of human-derived EBC-1 cells to develop cancer. Then they
were divided into 2 groups: one group received subcutaneous
injections of an antisense oligonucleotide against MALATT, the
other received a control ASO. It was shown that the size of
the primary tumor did not change between the groups, while
the number and size of lung metastases were smaller in the
animals treated with ASO against MALAT1. The researcher
concluded that performing MALAT1 knockdown in the tumor
can effectively prevent metastasis [60].

The role of IncRNA BACET1-AS in Alzheimer’s disease

Alzheimer’s disease is the most common form of age-related
dementia, the neurodegenerative disorder manifested by
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memory loss and speech and cognitive impairments as a result
of neuronal loss caused by extracellular deposition of -amyloid
plaques that damage the cells [63]. A key role in the formation
of amyloid plaques is played by BACE1 (B-site APP-cleaving
enzyme 1), the B-secretase that cleaves the APP precursor
protein to produce B-amyloid that assembles into plaques [64].

BACE1-AS is a 2 kbp long noncoding RNA transcribed from
the opposite strand of locus 11g23.3. This INcCRNA contains a
106 nt-long region fully complementary to exon 6 of mRNA
BACE1. Faghihi et al. studied involvement of BACE1-AS into the
pathogenesis of Alzheimer’s by measuring BACE1 expression
[13]. In their experiment, strand-selective knockdown of the
BACE1-AS transcript performed in human neuroblastoma cells
(SH-SY-5Y) significantly reduced the levels of BACE1-AS, its
antisense partner BACE1, and 3-secretase protein. At the same
time, increased expression of BACE1-AS was accompanied by
an increase in BACE1 RNA and protein expression. Besides,
the researchers showed that BACE1 and BACE1-AS can
form an RNA-RNA duplex which enhances stability of BACE1
mRNA. Different cell stress factors, includingtreatment with
amyloid plaques, stimulate overexpression of both BACE1 and
BACE1-AS.

The obtained data are consistent with the fact that in patients
with Alzheimer’s BACE1-AS expression increases 2 to 6-fold
in the affected brain regions, compared to control samples.
Cellular stress stimulates expression of INcRNA BACE1-AS that
forms a duplex with BACE1, enhancing its stability. As a result,
[B-secretase levels go up prompting deposition of amyloid
plagues, which in turn stimulates expression of BACE1-AS,
forming a vicious circle.

Based on the results of their previous work, the authors
hypothesized that siRNA against BACE1-AS and BACET
may have the potential of being a good therapeutic target
in Alzheimer’s [65]. In their experiment they used Tg-19959
transgenic mice with overexpressing human APP. The animals
were implanted with an osmotic minipumps in their 34
ventricle and received continuous infusions of LNA-modified
siRNAs against BACE1 and BACE1-AS separately or against
overlapping region over the period of 14 days. In all cases BACE1
mMRNA levels appeared to be significantly reduced following the
knockdown, but simultaneous knockdown of both transcripts
was the most effective: BACE1T mRNA level decreased by
60 % of the initial value. The authors also investigated the
effect of BACE1-AS knockdown on the levels of insoluble beta-
amyloid in vivo. After a 14-day-long infusion of siRNA against
BACE1-AS, B-amyloid concentrations were measured in the
hippocampal tissues of mice. It was shown that treatment with
siRNA against BACE1-AS leads to a considerable reduction in
insoluble B —amyloid concentrations in the hippocampus, while
the concentrations of soluble amyloid do not change. Faghihi
et al. concluded that BACE1 and BACE1-AS can be used as
therapeutic targets in Alzheimer’s disease.

IncRNA SMN-AS in the development of spinal
muscular atrophy

Spinal muscular atrophy (SMA) is an autosomal recessive
inherited disorder characterized by progressive degeneration of
neurons in the anterior horns of the spinal cord and manifested
by symmetrical muscle weakness and atrophy [66]. SMA is
caused by a deletion or mutation in the SMN1 gene (Survival
Motor Neuron 1) [67]. It is known that duplication of human
SMN1 occurred in the course of evolution resulted in the
emergence of gene SMN2. Its sequence is almost identical to
that of SMIN7T except that it has a single nucleotide substitution
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in exon 7, which disrupts normal pre-mRNA splicing and
causes skipping of exon 7 in the mature mRNA. As a result,
an unstable truncated protein is generated. It should be noted
though that 10-20 % of SMN2 mRNAs are spliced correctly
and produce a mature protein identical to that of SMIN'7 [68, 69].

Human SMN2 is localized to the unstable chromosomal
region prone to duplication, deletion and gene conversion.
Therefore, the number of SMN2 copies in humans varies
[70]. In SMA-stricken patients with the large number of SMN2
copies the symptoms are mild [71]. Type | SMA (1-2 SMN2
copies) tends to have an early onset; the patient dies before the
age of 2 years. Patients with disease types lll and IV have 3 or
more copies of SMIN2; in this case the onset of the disease is
either juvenile or adult, and the progression is slow [72].

Methods aimed to increase endogenous concentrations
of SMN2 can considerably alleviate patient’s condition. Woo
et al. [21] have analyzed publicly available ChlP-seq data
(ChIP-seq is chromatin immunoprecipitation with subsequent
sequencing) from the ENCODE project and assumed that the
repressive PRC2 complex binds to the SMNZ2 locus. Then
the authors made experiments on SMA fibroblast cell lines. It
was shown that knockdown of EZH1 and EZH2 incorporated
into the PRC2 complex leads to a >2-fold increase of exon
7-containing full-length SMN mRNA levels.

Woo et al. also discovered a previously unexplored INcRNA
transcribed on the SMN locus, which they termed SMN-AST
(SMN-Antisense 1). The high homology between SMN7 and
SMNZ2 prompted the authors to hypothesize that SMN-AS1
is transcribed from both loci. Using RT-PCR, they detected
a correlation between SMN-AS1 expression and the number
of SMN2 copies in the genome. Besides the researchers
demonstrated that SMN-AS1 is capable of recruiting PRC2 to
the SMN loci, which means that SMN-AS1 can downregulate
the levels of SMN transcripts.

Inthelight of the above said, methods aimed to downregulate
SMN-AS1 activity can be used in the management of patients
with SMA. The method proposed by Woo et al. is based on
interrupting INcRNA interaction with PRC2. The researchers
used an LNA-modified ASO complementary to the PRC2-
binding region of SMN-AS1. Transfection of such LNA-
modified oligos into SMA fibroblasts led to 6-fold increased
levels of full-sized SMN protein. Evidence supplied by the RNA
immunoprecipitation (RIP) assay was sufficient to conclude
that the introduced ASO blocked PRC2 binding to SMN-AST.
The LNA-modified oligo exhibited high specificity and did
not produce any significant off-target effects. Besides, it was
shown upregulation of a full-sized SMN was dependent of LNA
concentrations. Similar results were obtained on the neuronal
cell model derived from patient iPSCs.

Woo et al. also studied the effect of LNA-modified oligos
against SMN-AS1 in combination with other previously
described ASOs participating in SMN2 splicing correction [73].
It was established that treatment of cells with two antisense
oligonucleotides vs. one splicing corrector leads to a 2-fold
increase in the amount of full-length mMRNA SMN2. The
levels of the functional SMN protein also increase following
the treatment. Thus, the maximum therapeutic effect can be
obtained using a combination of two approaches.

IncRNA HTTAS in Huntington's disease

Huntington's disease is an autosomal dominant progressive
neurodegenerative disorder with late onset and a distinct
phenotype, including chorea and dystonia and the cognitive
dysfunction [74]. The disease is caused by trinucleotide CAG

repeat expansion in the huntingtin gene (HTT). In healthy
individuals the number of repeats varies from 9 to 36; expanded
to >37 repeats, the gene produces a toxic mutant protein with
a long polyglutamine tract [75].

Chung et al. discovered a previously unknown IncRNA
referred to as HTTAS (huntingtin antisense). This RNA is
transcribed from the antisense strand of the HTT locus [28].
Two isoforms of HTTAS have been described so far, HTTAS_v1
being the most interesting of the two. Its first exon harbors the
expanded CAG repeat region. Chung et al. have demonstrated
that antisense transcript expression is dependent on the length
of the repeat: the higher the number of repeats, the lower the
expression level. Induction of under- and overexpression of
HTTAS_v1 in human cell lines HEK293 and SH-SY-5Y provided
sufficient evidence about the negative effect of the HTTAS_v1
transcript expression on the level of HTT mRNA. Using a
genetic construct containing a cytomegalovirus promoter to
increase HTTAS_v1 expression, the researchers achieved a
90 % reduction of HTT levels regardless of the repeat length.
It was shown that the negative effect of normal HTTAS_v1
expression on HTT is weaker if the repeat is longer. To sum up,
HTTAS inhibits HTT expression in healthy individuals; however,
in pathology this mechanism is disrupted leading to excessive
accumulation of the toxic protein and disease progression. The
authors concluded that HTTAS_v1 overexpression may serve
as a therapeutic tool in the treatment of Huntington’s disease.

IncRNA UBESA-ATS in Angelman syndrome

Angelman syndrome is a genomic imprinting disorder; among
its signs are mental retardation, seizures, facial dysmorphism
and a specific behavioral phenotype [76]. In 60-70 % of cases
this condition is caused by deletion of the 15g11-13 region on
the maternal chromosome. Other less common causes include
paternal uniparental disomy (2-5 % of cases) and mutations in
the UBE3A gene (20 % of cases). All of the above leads to the
lack of UBE3A expression, the gene that codes for E3 ubiquitin
ligase normally expressed only from the maternal chromosome
in neurons.

UBEBA-ATS is a long noncoding RNA transcribed from the
antisense strand of UBE3A. It is a part of a larger transcript in
humans and mice, whose transcription start site is located next
to the imprinting center on the long arm of chromosome 15
[77]. In healthy individuals this INcRNA is exclusively expressed
in neurons from the paternal chromosome, while sense UBE3A
transcripts are expressed maternally [78].

Meng et al. investigated how mRNA UBE3A expression is
regulated by its antisense partner IncRNA UBE3SA-ATS [46].
Using the mouse model of Angelman syndrome, the researchers
showed that deletion of UBE3A-ATS promoter region activates
expression of UBE3A on the paternal chromosome in vivo. To
confirm that UBESA-ATS transcription silences UBE3A, the
researchers used mice in which UBE3A-ATS transcription from
the paternal chromosome was prematurely terminated. It was
discovered that UBE3A-ATS-deficient neurons had elevated
levels of UBE3A expression on the paternal chromosome,
revealing the role of noncoding RNA UBE3A-ATS in silencing
UBES3A. A conclusion was drawn that induced expression of
UBES3A on the paternal chromosome prevent a pathological
phenotype in cases when the 15q11-13 region is deleted from
the maternal chromosome.

In 2015 the same team published another work proposing
UBEBA-ATS silencing by ASO for triggering UBE3A expression
onthe paternal chromosome as a possible therapy for Angelman
syndrome. The experiment was carried out on a mouse model.
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The authors obtained a neural culture from model animals
and treated it with ASO against UBE3A-ATS, which increased
UBEB3A expression to 66-90 % of its initial level in wildtype
mice. Besides, the authors proved specificity of the used ASO
by RT-PCR demonstrating that UBE3A neighboring genes did
not change their expression.

A series of in vivo experiments were carried out in which
single doses of ASOs against UBESA-ATS were injected into
the lateral ventricle of the brain of adult mice. The animals
responded to injections positively. A month after the injection
they did not display any significant changes in weight, neural cell
death rates or increased formation of glial tissue. Four weeks
after the injection a considerable 60-70 % drop in UBE3A-ATS
levels was observed, while UBE3A expression increased 2-
or 5-fold in various regions of the brain and the spinal cord.
The level of UBE3A-ATS remained low for 16 weeks after the
injection, then it started to grow gradually until reaching its
initial level by week 20. Expression level of UBE3A changed
relatively. Besides, the analysis of the phenotype showed that
ASO administration ameliorated cognitive deficits associated
with the disease [22].

IncRNA DBE-T in the development of type 1 Landouzy-Dejerine
facioscapulohumeral muscular dystrophy

Type 1 Landouzy-Dejerine facioscapulohumeral muscular
dystrophy (FSHD1) is an autosomal dominant muscular
dystrophy with a progressive loss of muscle strength in facial
muscles and shoulder girdle [79]. The diseases is caused by
a deletion in the chromosomal region 4935, which harbors 11
to 110 copies of the 3.3kpb-long D424 macrosatellite repeat
in healthy people. If the number of repeats drops to <11, the
disease develops [23]. If the number of D474 repeat copies is
big, this locus is heterochromatic and transcriptionally silent.
The repressive PRC2 complex plays a role in maintaining the
silent state of 4935 by exhibiting methyltranspherase activity
towards histone H3 (H3K27me3). Once the number of repeats
starts to go down, H3K27me3 methylation is reduced and
transcription of 4935 genes is derepressed. Among genes
harbored by the 4935 region is DUX4 [80, 81]. Protein DUX4
is a transcriptional factor, and its aberrant expression is toxic
for cells [82].

Cabianca et al. discovered that in the muscles of FSHD1-
stricken patients transcription of INcRNA DBE-T (D4Z4 Binding

References

1. Harrow J, Frankish A, Gonzalez JM, Tapanari E, Diekhans M,
Kokocinski E et al. GENCODE: the reference human genome
annotation for The ENCODE Project. Genome Res. 2012 Sep; 22
(9): 1760-74. DOI: 10.1101/gr.135350.111.

2. Kornienko AE, Dotter CP, Guenzl PM, Gisslinger H, Gisslinger B,
Cleary C et al. Long non-coding RNAs display higher natural
expression variation than protein-coding genes in healthy
humans. Genome Biol. 2016 Jan 29; 17: 14. DOIl: 10.1186/
5$13059-016-0873-8.

3. Leucci E, Vendramin R, Spinazzi M, Laurette P, Fiers M,
Wouters J et al. Melanoma addiction to the long non-coding RNA
SAMMSON. Nature. 2016 Mar 24; 531 (7595): 518-22. DOl
10.1038/nature17161.

4. Zhao J, Sun BK, Erwin JA, Song JJ, Lee JT. Polycomb proteins
targeted by a short repeat RNA to the mouse X chromosome.
Science. 2008 Oct 31; 322 (5902): 750-6. DOI: 10.1126/
science.1163045.

5. Yangl, Lin G, LiuW, Zhang J, Ohgi KA, Grinstein JD et al. ncRNA-

BULLETIN OF RSMU | 3, 2017 | VESTNIKRGMU.RU

REVIEW | RNA THERAPY

Element-Transcript) occurs at locus D4Z4. Expression of this
transcript is not detected in healthy people. Due to the large
number of D4Z4 repeats, PcG (Polycomb Group) proteins
actively bind to each repeat inhibiting transcription in this
locus. If the number of D4Z4 repeats drops, PcG proteins
do not bind to DNA and do not hinder DBE-T transcription.
Using chromatin and RNA immunoprecipitation assays (ChlP-
gPCR and RIP), the researchers established that noncoding
RNA DBE-T can bind directly to protein ASH1L and recruit
it to the D4Z4 locus. Protein ASH1L is a component of the
TrxG complex that mediates transcription derepression in locus
435, thus activating expression of the DUX4 protein toxic for
muscle cells [9].

It is known that other genes in locus 4935, such as FRG1
(Facioscapulohumeral muscular dystrophy (FSHD) region
gene 1), also contribute to FSHD1 development [80]. In their
previous works aimed to elaborate new approaches to FSHD1
therapy, Wallace et al. proposed the use of adeno-associated
virus-mediated delivery of microRNA to gene FRGT [83]. It
is evident though that FSHD1 pathogenesis is very complex
and involves several genes from the D4Z4 locus. While their
expression is triggered by IncRNA DBE-T. This fact suggested
that silencing of INcRNA DBE-T can be a promising therapeutic
method in patients with FSHD1 [9], though no works about its
feasibility have been published so far.

CONCLUSION

Until recently it was thought that proteins are the main end
product of gene expression. Therefore, for a long time research
studies of disease pathogenesis and therapeutic methods were
bound to rely on protein-coding genes. But once the state-of-
the-art methods of analysis had been introduced, the whole
universe of noncoding transcripts was discovered that are no
less diverse and abundant than proteins. Exploration of INcRNA
functions has just begun. But it is already clear that they are
involved into the majority of cellular processes and participate
in the pathogenesis of various diseases. It has been shown
that IncRNA behavior can be manipulated using standard
molecular biological approaches. Success in this field depends
on the profound and detailed investigation of INcRNA function
in in norm and pathology. This reminds us of the importance
of fundamental science which serves as a basis for applied
research.

and Pc2 methylation-dependent gene relocation between nuclear
structures mediates gene activation programs. Cell. 2011 Nov 11;
147 (4): 773-88.

6. Pandey RR, Mondal T, Mohammad F, Enroth S, Redrup L,
Komorowski J et al. Kcnglotl antisense noncoding RNA
mediates lineage-specific  transcriptional silencing through
chromatin-level regulation. Mol Cell. 2008 Oct 24; 32 (2): 232-46.
DOI: 10.1016/j.molcel.2008.08.022.

7. Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, Brugmann SA
et al. Functional demarcation of active and silent chromatin
domains in human HOX loci by noncoding RNAs. Cell. 2007 Jun
29; 129 (7): 1311-23. DOI: 10.1016/j.cell.2007.05.022.

8. Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK,
Lan F et al. Long noncoding RNA as modular scaffold of histone
modification complexes. Science. 2010 Aug 6; 329 (5992): 689—
93. DOI: 10.1126/science.1192002.

9. Cabianca DS, Casa V, Bodega B, Xynos A, Ginelli E, Tanaka Y
et al. A long ncRNA links copy number variation to a polycomb/



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

OB30P | PHK-TEPAMUA

trithorax epigenetic switch in FSHD muscular dystrophy. Cell.
2012 May 11; 149 (4): 819-31. DOI: 10.1016/j.cell.2012.03.035.
Cesana M, Cacchiarelli D, Legnini I, Santini T, Sthandier O,
Chinappi M et al. A long noncoding RNA controls muscle
differentiation by functioning as a competing endogenous
RNA. Cell. 2011 Oct 14; 147 (2): 358-69. DOl 10.1016/j.
cell.2011.09.028.

Karreth FA, Tay Y, Perna D, Ala U, Tan SM, Rust AG et al. In
vivo identification of tumor- suppressive PTEN ceRNAs in an
oncogenic BRAF-induced mouse model of melanoma. Cell. 2011
Oct 14; 147 (2): 382-95. DOI: 10.1016/j.cell.2011.09.032.

Yoon JH, Abdelmohsen K, Srikantan S, Yang X, Martindale JL,
De S et al. LincRNA-p21 suppresses target mRNA translation.
Mol Cell. 2012 Aug 24; 47 (4): 648-55. DOI: 10.1016/j.
molcel.2012.06.027.

Faghihi MA, Modarresi F, Khalil AM, Wood DE, Sahagan BG,
Morgan TE et al. Expression of a noncoding RNA is elevated
in Alzheimer's disease and drives rapid feed-forward regulation
of beta-secretase. Nat Med. 2008 Jul; 14 (7). 723-30. DOI:
10.1038/nm1784.

Gong C, Maquat LE. IncRNAs transactivate STAU1-mediated
mRNA decay by duplexing with 3' UTRs via Alu elements. Nature.
2011 Feb 10; 470 (7333): 284-8. DOI: 10.1038/nature09701.
Spector DL, Lamond Al. Nuclear speckles. Cold Spring Harb
Perspect Biol. 2011 Feb 1; 3 (2). pii: a000646. DOI: 10.1101/
cshperspect.a0000646.

Tripathi V, Ellis JD, Shen Z, Song DY, Pan Q, Watt AT et al. The
nuclear-retained noncoding RNA MALAT1 regulates alternative
splicing by modulating SR splicing factor phosphorylation.
Mol Cell. 2010 Sep 24; 39 (6): 925-38. DOI: 10.1016/j.
molcel.2010.08.011.

Engreitz JM, Sirokman K, McDonel P, Shishkin AA, Surka C,
Russell P et al. RNA-RNA interactions enable specific targeting of
noncoding RNAs to nascent Pre-mRNAs and chromatin sites. Cell.
2014 Sep 25; 159 (1): 188-99. DOI: 10.1016/j.cell.2014.08.018.
Chen, Wang Z, WangD, Qui C, LiuM, Chen X et al. LncRNADisease:
a database for long-non-coding RNA-associated diseases.
Nucleic Acids Res. 2013 Jan 1; 41 (Database issue): D983-6.
DOI: 10.1093/nar/gks1099.

Xing Z, Lin A, Li C, Liang K, Wang S, Liu Y et al. IncRNA directs
cooperative epigenetic regulation downstream of chemokine
signals. Cell. 2014 Nov 20; 159 (5): 1110-25. DOI: 10.1016/j.
cell.2014.10.013.

Yoshimoto R, Mayeda A, Yoshida M, Nakagawa S. MALAT1 long
non-coding RNA in cancer. Biochim Biophys Acta. 2016 Jan;
1859 (1): 192-9. DOI: 10.1016/j.bbagrm.2015.09.012.

Woo CJ, Maier VK, Davey R, Brennan J, Li G, Brothers J 2nd
et al. Gene activation of SMN by selective disruption of INncRNA-
mediated recruitment of PRC2 for the treatment of spinal muscular
atrophy. Proc Natl Acad Sci U S A. 2017 Feb 21; 114 (8): E1509—
E1518. DOI: 10.1073/pnas.1616521114.

Meng L, Ward AJ, Chun S, Bennett CF, Beaudet AL, Rigo F.
Towards a therapy for Angelman syndrome by targeting a long
non-coding RNA. Nature. 2015 Feb 19; 518 (7539): 409-12. DOI:
10/.1038/nature13975.

Zernov NV, Marakhonov AV, Vyakhireva JV, Guskova AA,
Dadalia EL, Skoblov MY. Clinical and Genetic Characteristics and
Diagnostic Features of Landouzy-Dejerine Facioscapulohumeral
Muscular Dystrophy. Russian Journal of Genetics. 2017; 53 (6):
640-50.

Sun M, Liu XH, Wang KM, Nie FQ, Kong R, Yang JS et al.
Downregulation of BRAF activated non-coding RNA is associated
with poor prognosis for non-small cell lung cancer and promotes
metastasis by affecting epithelial-mesenchymal transition. Mol
Cancer. 2014 Mar 21; 13: 68. DOI: 10.1186/1476-4598-13-68.
Pickard MR, Wiliams GT. Regulation of apoptosis by long
non-coding RNA GAS5 in breast cancer cells: implications for
chemotherapy. Breast Cancer Res Treat. 2014 Jun; 145 (2): 359—
70. DOI: 10.1007/510549-014-2974-y.

Mourtada-Maarabouni M, Pickard MR, Hedge VL, Farzaneh F,
Williams GT. GAS5, a non-protein-coding RNA, controls apoptosis
and is downregulated in breast cancer. Oncogene. 2009 Jan 15;
28 (2): 195-208. DOI:10.1038/0nc.2008.373.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Cao S, Liu W, Li F, Zhao W, Qin C. Decreased expression of
INcRNA GAS5 predicts a poor prognosis in cervical cancer. Int J
Clin Exp Pathol. 2014; 7 (10): 6776-83.

Chung DW, Rudnicki DD, Yu L, Margolis RL. A natural antisense
transcript at the Huntington's disease repeat locus regulates HTT
expression. Hum Mol Genet. 2011 Sep 1; 20 (17): 3467-77. DOI:
10.1093/hmg/ddr263.

Nayerossadat N, Maedeh T, Ali PA. Viral and nonviral delivery
systems for gene delivery. Adv Biomed Res. 2012; 1: 27. DOI:
10.4103/2277-9175.98152.

Zhang F, Zhang L, Zhang C. Long noncoding RNAs and
tumorigenesis: genetic associations, molecular mechanisms, and
therapeutic strategies. Tumour Biol. 2016 Jan; 37 (1): 163-75.
DOI: 10.1007/s13277-015-4445-4.

Crooke ST. Molecular mechanisms of action of antisense drugs.
Biochim Biophys Acta. 1999 Dec 10; 1489 (1): 31-44.

Rigo F, Seth PP, Bennett CF. Antisense oligonucleotide-based
therapies for diseases caused by pre-mRNA processing defects.
Adv Exp Med Biol. 2014; 825: 303-52. DOI: 10.1007/978-1-
4939-1221-6_9.

Chery J. RNA therapeutics: RNAI and antisense mechanisms and
clinical applications. Postdoc J. 2016 Jul; 4 (7): 35-50.

Klug A. The discovery of zinc fingers and their development
for practical applications in gene regulation and genome
manipulation. Q Rev Biophys. 2010 Feb; 43 (1): 1-21. DO
10.1017/S003358351000089.

Boch J, Bonas U. Xanthomonas AvrBs3 family-type Il effectors:
discovery and function. Annu Rev Phytopathol. 2010; 48: 419-
36. DOI: 10.1146/annurev-phyto-080508-081936.

Nemudryi AA, Valetdinova KR, Medvedev SP, Zakian SM. TALEN
and CRISPR/Cas Genome Editing Systems: Tools of Discovery.
Acta Naturae. 2014 Jul; 6 (3): 19-40.

Boettcher M, McManus MT. Choosing the Right Tool for the Job:
RNAI, TALEN, or CRISPR. Mol Cell. 2015 May 21; 58 (4): 575-85.
DOI: 10.1016/j.molcel.2015.04.028.

Schaefer KA, Wu WH, Colgan DF, Tsang SH, Bassuk AG,
Mahajan VB. Unexpected mutations after CRISPR-Cas9 editing
in vivo. Nat Methods. 2017 May 30; 14 (6): 547-8. DOI: 10.1038/
nmeth.4293.

lyer V, Shen B, Zhang W, Hodgkins A, Keane T, Huang X, et al. Off-
target mutations are rare in Cas9-modified mice. Nat Methods.
2015 Jun; 12 (6): 479. DOI: 10.1038/nmeth.3408.

Liang P, Xu'Y, Zhang X, Ding C, Huang R, Zhang Z et al. CRISPR/
Cas9-mediated gene editing in human tripronuclear zygotes.
Protein Cell. 2015 May; 6 (5): 363-72. DOI: 10.1007/s13238-
015-0153-5.

Chavez A, Scheiman J, Vora S, Pruitt BW, Tuttle M, E PRI, et al.
Highly efficient Cas9-mediated transcriptional programming. Nat
Methods. 2015 Apr; 12 (4): 326-8. DOI: 10.1038/nmeth.3312.
Gilbert LA, Larson MH, MorsutL, Liu Z, Brar GA, Torres SE
et al. CRISPR-mediated modular RNA-guided regulation of
transcription in eukaryotes. Cell. 2013 Jul 18; 154 (2): 442-51.
DOI: 10.1016/j.cell.2013.06.044.

Maeder ML, Linder SJ, Cascio VM, Fu Y, Ho QH, Joung JK.
CRISPR RNA-guided activation of endogenous human genes. Nat
Methods. 2013 Oct; 10 (10): 977-9. DOI: 10.1038/nmeth.2598.
Perez-Pinera P, Kocak DD, Vockley CM, Adler AF, Kabadi AM,
Polstein LR, et al. RNA-guided gene activation by CRISPR-Cas9-
based transcription factors. Nat Methods. 2013 Oct; 10 (10):
973-6. DOI: 10.1038/nmeth.2600.

Gilbert LA, Horlbeck MA, Adamson B, Villalta JE, Chen Y,
Whitehead EH et al. Genome-Scale CRISPR-Mediated Control
of Gene Repression and Activation. Cell. 2014 Oct 23; 159 (3):
647-61. DOI: 10.1016/j.cell.2014.09.029.

Meng L, Person RE, Beaudet AL. Ube3a-ATS is an atypical RNA
polymerase Il transcript that represses the paternal expression
of Ube3a. Hum Mol Genet. 2012 Jul 1; 21 (13): 3001-12. DOI:
10.1093/hmg/dds130.

Goyal A, Myacheva K, Gross M, Klingenberg M, Duran Arque B,
Diederichs S. Challenges of CRISPR/Cas9 applications for long
non-coding RNA genes. Nucleic Acids Res. 2017 Feb 17; 45 (3):
e12. DOI: 10.1093/nar/gkw883.

Ma L, Chua MS, Andrisani O, So S. Epigenetics in hepatocellular

BULLETIN OF RSMU | 3, 2017 | VESTNIKRGMU.RU



REVIEW | RNA THERAPY

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

carcinoma: an update and future therapy perspectives. World J
Gastroenterol. 2014 Jan 14; 20 (2): 333-45. DOI: 10.3748/wjg.
v20.i2.333.

Prensner JR, Chinnaiyan AM. The emergence of IncRNAs in
cancer biology. Cancer Discov. 2011 Oct; 1 (5): 391-407. DOI:
10.1158/2159-8290.CD-11-0209.

Pedram Fatemi R, Salah-Uddin S, Modarresi F, Khoury N,
Wahlestedt C, Faghihi MA. Screening for Small-Molecule
Modulators of Long Noncoding RNA-Protein Interactions Using
AlphaScreen. J Biomol Screen. 2015 Oct; 20 (9): 1132-41. DOI:
10.1177/1087057115594187.

Fatima R, Akhade VS, Pal D, Rao SM. Long noncoding RNAs in
development and cancer: potential biomarkers and therapeutic
targets. Mol Cell Ther. 2015; 3: 5. DOI: 10.1186/s40591-015-
0042-6.

Zhou X, Ren'Y, Zhang J, Zhang C, Zhang K, Han L et al. HOTAIR
is a therapeutic target in glioblastoma. Oncotarget. 2015 Apr 10;
6 (10): 8353-65. DOI: 10.18632/oncotarget.3229.
Rubio-Rodriguez D, De Diego Blanco S, Perez M, Rubio-Terres C.
Cost-Effectiveness of Drug Treatments for Advanced Melanoma:
A Systematic Literature Review. Pharmacoeconomics. 2017 May
27.DOI: 10.1007/s40273-017-0517-1.

American Cancer Society. Cancer Facts and Figures 2017
[Internet]. Atlanta, Georgia: American Cancer Society; 2017 [cited
2017 Jun]. Available from: https://www.cancer.org/content/dam/
cancer-org/research/cancer-facts-and-statistics/annual-cancer-
facts-and-figures/2017/cancer-facts-and-figures-2017.pdf
Godinho M, Meijer D, Setyono-Han B, Dorssers LC,
van Agthoven T. Characterization of BCAR4, a novel oncogene
causing endocrine resistance in human breast cancer cells. J Cell
Physiol. 2011 Jul; 226 (7): 1741-9. DOI: 10.1002/jcp.225083.
Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong DJ, et
al. Long non-coding RNA HOTAIR reprograms chromatin state
to promote cancer metastasis. Nature. 2010 Apr 15; 464 (7291):
1071-6. DOI: 10.1038/nature08975.

Yu X, Li Z. Long non-coding RNA HOTAIR: A novel oncogene
(Review). Mol Med Rep. 2015 Oct; 12 (4): 5611-8. DOI: 10.3892/
mmr.2015.4161.

Li D, Feng J, Wu T, Wang Y, Sun Y, Ren J, et al. Long intergenic
noncoding RNA HOTAIR is overexpressed and regulates PTEN
methylation in laryngeal squamous cell carcinoma. Am J Pathol.
2013 Jan; 182 (1): 64-70. DOI: 10.1016/j.ajpath.2012.08.042.

Ji P, Diederichs S, Wang W, Boing S, Metzger R, Schneider PM,
et al. MALAT-1, a novel noncoding RNA, and thymosin beta4
predict metastasis and survival in early-stage non-small cell
lung cancer. Oncogene. 2003 Sep 11; 22 (39): 8031-41. DOI:
10.1038/sj.onc.1206928.

Gutschner T, Hammerle M, Eissmann M, Hsu J, Kim Y, Hung G
et al. The noncoding RNA MALAT1 is a critical regulator of the
metastasis phenotype of lung cancer cells. Cancer Res. 2013 Feb
1; 73 (3): 1180-9. DOI: 10.1158/0008-5472.CAN-12-2850.
Nakagawa S, Ip JY, Shioi G, Tripathi V, Zong X, Hirose T et al.
Malat1 is not an essential component of nuclear speckles in mice.
RNA. 2012 Aug; 18 (8): 1487-99. DOI: 10.1261/rna.033217.112.
Tano K, Mizuno R, Okada T, Rakwal R, Shibato J, Masuo Y et
al. MALAT-1 enhances cell motility of lung adenocarcinoma
cells by influencing the expression of motility-related genes.
FEBS letters. 2010 Nov 19; 584 (22): 4575-80. DOI: 10.1016/].
febslet.2010.10.008.

Hardy J, Allsop D. Amyloid deposition as the central event in the
aetiology of Alzheimer's disease. Trends Pharmacol Sci. 1991
Oct; 12 (10): 383-8.

St George-Hyslop P, Haass C. Regulatory RNA goes awry in
Alzheimer's disease. Nat Med. 2008 Jul; 14 (7). 711-2. DOI:
10.1038/nm0708-711.

Modarresi F, Faghihi MA, Patel NS, Sahagan BG, Wahlestedt C,
Lopez-Toledano MA. Knockdown of BACE1-AS Nonprotein-
Coding Transcript Modulates Beta-Amyloid-Related Hippocampal
Neurogenesis. Int J Alzheimers Dis. 2011; 2011: 929042. DOI:
10.4621/2011/929042.

BULLETIN OF RSMU | 3, 2017 | VESTNIKRGMU.RU

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Wirth B. An update of the mutation spectrum of the survival motor
neuron gene (SMN1) in autosomal recessive spinal muscular
atrophy (SMA). Hum Mutat. 2000; 15 (3): 228-37.

Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P,
Viollet L et al. Identification and characterization of a spinal
muscular atrophy-determining gene. Cell. 1995 Jan 13; 80 (1):
155-65.

Lorson CL, Hahnen E, Androphy EJ, Wirth B. A single nucleotide
in the SMN gene regulates splicing and is responsible for spinal
muscular atrophy. Proc Natl Acad Sci U S A. 1999 May 25; 96
(11): 6307-11.

Monani UR, Lorson CL, Parsons DW, Prior TW, Androphy EJ,
Burghes AH et al. A single nucleotide difference that alters splicing
patterns distinguishes the SMA gene SMN1 from the copy gene
SMN2. Hum Mol Genet. 1999 Jul; 8 (7): 1177-83.

Fang P, Li L, Zeng J, Zhou WJ, Wu WQ, Zhong ZY et al. Molecular
characterization and copy number of SMN1, SMN2 and NAIP
in Chinese patients with spinal muscular atrophy and unrelated
healthy controls. BMC musculoskelet Disord. 2015 Feb 7; 16: 11.
DOI: 10.1186/512891-015-0457-x.

Feldkotter M, Schwarzer V, Wirth R, Wienker TF, Wirth B.
Quantitative analyses of SMN1 and SMN2 based on real-time
lightCycler PCR: fast and highly reliable carrier testing and
prediction of severity of spinal muscular atrophy. Am J Hum
Genet. 2002 Feb; 70 (2): 358-68. DOI: 10.1086/338627.

Kolb SJ, Kissel JT. Spinal Muscular Atrophy. Neurol Clin. 2015
Nov; 33 (4): 831-46. DOI: 10.1016/j.ncl.2015.07.004.

Porensky PN, Burghes AH. Antisense oligonucleotides for the
treatment of spinal muscular atrophy. Hum Gene Ther. 2013 May;
24 (5): 489-98. DOI: 10.1089/hum.2012.225.

Walker FO. Huntington's disease. Lancet. 2007 Jan 20; 369
(9557): 218-28. DOI: 10.1016/S0140-6736(07)60111-1.

Duyao M, Ambrose C, Myers R, Novelletto A, Persichetti F,
Frontali M, et al. Trinucleotide repeat length instability and age
of onset in Huntington's disease. Nat Genet. 1993 Aug; 4 (4):
387-92.

Petersen MB, Brondum-Nielsen K, Hansen LK, Wulff K. Clinical,
cytogenetic, and molecular diagnosis of Angelman syndrome:
estimated prevalence rate in a Danish county. Am J Med Genet.
1995 Jun 19; 60 (3): 261-2.

Runte M, Huttenhofer A, Gross S, Kiefmann M, Horsthemke B,
Buiting K. The IC-SNURF-SNRPN transcript serves as a host for
multiple small nucleolar RNA species and as an antisense RNA for
UBESA. Hum Mol Genet. 2001 Nov 1; 10 (23): 2687-700.
Yamasaki K, Joh K, Ohta T, Masuzaki H, Ishimaru T, Mukai T, et al.
Neurons but not glial cells show reciprocal imprinting of sense and
antisense transcripts of Ube3a. Hum Mol Genet. 2003 Apr 15; 12
(8): 837-47.

Vyakhireva JV, Zernov NV, Marakhonov AV, Guskova AA,
Skoblov MYu. [Current approaches for treatment of muscular
dystrophies]. Meditsinskayagenetika. 2016; 15(10): 3-16. Russian.
Bodega B, Ramirez GD, Grasser F, Cheli S, Brunelli S,
Mora M, et al. Remodeling of the chromatin structure of the
facioscapulohumeral muscular dystrophy (FSHD) locus and
upregulation of FSHD-related gene 1 (FRG1) expression during
human myogenic differentiation. BMC biology. 2009 Jul 16; 7: 41.
DOI: 10.1186/1741-7007-7-41.

Gabellini D, Green MR, Tupler R. Inappropriate gene activation in
FSHD: a repressor complex binds a chromosomal repeat deleted
in dystrophic muscle. Cell. 2002 Aug 9; 110 (3): 339-48.
Kowaljow V, Marcowycz A, Ansseau E, Conde CB, Sauvage S,
Matteotti C, et al. The DUX4 gene at the FSHD1A locus encodes
a pro-apoptotic protein. Neuromuscul Disord. 2007 Aug; 17 (8):
611-23. DOI: 10.1016/j.nmd.2007.04.002.

Wallace LM, Garwick-Coppens SE, Tupler R, Harper SQ. RNA
interference improves myopathic phenotypes in mice over-
expressing FSHD region gene 1 (FRG1). Mol Ther. 2011 Nov; 19
(11): 2048-54. DOI: 10.1038/mt.2011.118.




OB30P | PHK-TEPAMUA

Jutepatypa

1.

10.

11.

12.

13.

14.

15.

16.

17.

Harrow J, Frankish A, Gonzalez JM, Tapanari E, Diekhans M,
Kokocinski E et al. GENCODE: the reference human genome
annotation for The ENCODE Project. Genome Res. 2012 Sep; 22
(9): 1760-74. DOI: 10.1101/gr.135350.111.

Kornienko AE, Dotter CP, Guenzl PM, Gisslinger H, Gisslinger B,
Cleary C et al. Long non-coding RNAs display higher natural
expression variation than protein-coding genes in healthy humans.
Genome Biol. 2016 Jan 29; 17: 14. DOI: 10.1186/s13059-016-
0873-8.

Leucci E, Vendramin R, Spinazzi M, Laurette P, Fiers M,
Wouters J et al. Melanoma addiction to the long non-coding RNA
SAMMSON. Nature. 2016 Mar 24; 531 (7595): 518-22. DOI:
10.1038/nature17161.

Zhao J, Sun BK, Erwin JA, Song JJ, Lee JT. Polycomb proteins
targeted by a short repeat RNA to the mouse X chromosome.
Science. 2008 Oct 31; 322 (5902): 750-6. DOI: 10.1126/
science.1163045.

Yang L, Lin C, Liu W, Zhang J, Ohgi KA, Grinstein JD et al. ncRNA-
and Pc2 methylation-dependent gene relocation between nuclear
structures mediates gene activation programs. Cell. 2011 Nov 11;
147 (4): 773-88.

Pandey RR, Mondal T, Mohammad F, Enroth S, Redrup L,
Komorowski J et al. Keng1ot1 antisense noncoding RNA mediates
lineage-specific transcriptional silencing through chromatin-level
regulation. Mol Cell. 2008 Oct 24; 32 (2): 232-46. DOI: 10.1016/j.
molcel.2008.08.022.

Rinn JL, Kertesz M, Wang JK, Squazzo SL, Xu X, Brugmann SA
et al. Functional demarcation of active and silent chromatin
domains in human HOX loci by noncoding RNAs. Cell. 2007 Jun
29; 129 (7): 1311-23. DOI: 10.1016/j.cell.2007.05.022.

Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK,
Lan F et al. Long noncoding RNA as modular scaffold of histone
modification complexes. Science. 2010 Aug 6; 329 (5992): 689-
93. DOI: 10.1126/science.1192002.

Cabianca DS, Casa V, Bodega B, Xynos A, Ginelli E, Tanaka Y
et al. A long ncRNA links copy number variation to a polycomb/
trithorax epigenetic switch in FSHD muscular dystrophy. Cell.
2012 May 11; 149 (4): 819-31. DOI: 10.1016/j.cell.2012.03.035.
Cesana M, Cacchiarelli D, Legnini I, Santini T, Sthandier O,
Chinappi M et al. A long noncoding RNA controls muscle
differentiation by functioning as a competing endogenous
RNA. Cell. 2011 Oct 14; 147 (2): 358-69. DOl 10.1016/j.
cell.2011.09.028.

Karreth FA, Tay Y, Perna D, Ala U, Tan SM, Rust AG et al. In
vivo identification of tumor- suppressive PTEN ceRNAs in an
oncogenic BRAF-induced mouse model of melanoma. Cell. 2011
Oct 14; 147 (2): 382-95. DOI: 10.1016/j.cell.2011.09.032.

Yoon JH, Abdelmohsen K, Srikantan S, Yang X, Martindale JL,
De S et al. LincRNA-p21 suppresses target mRNA translation.
Mol Cell. 2012 Aug 24; 47 (4): 648-55. DOI: 10.1016/j.
molcel.2012.06.027.

Faghihi MA, Modarresi F, Khalil AM, Wood DE, Sahagan BG,
Morgan TE et al. Expression of a noncoding RNA is elevated
in Alzheimer's disease and drives rapid feed-forward regulation
of beta-secretase. Nat Med. 2008 Jul; 14 (7). 723-30. DOI:
10.1038/nm1784.

Gong C, Maquat LE. IncRNAs transactivate STAU1-mediated
mRNA decay by duplexing with 3' UTRs via Alu elements. Nature.
2011 Feb 10; 470 (7333): 284-8. DOI: 10.1038/nature09701.
Spector DL, Lamond Al. Nuclear speckles. Cold Spring Harb
Perspect Biol. 2011 Feb 1; 3 (2). pii: 2000646. DOI: 10.1101/
cshperspect.a0000646.

Tripathi V, Ellis JD, Shen Z, Song DY, Pan Q, Watt AT et al. The
nuclear-retained noncoding RNA MALAT1 regulates alternative
splicing by modulating SR splicing factor phosphorylation.
Mol Cell. 2010 Sep 24; 39 (6): 925-38. DOI: 10.1016/j.
molcel.2010.08.011.

Engreitz JM, Sirokman K, McDonel P, Shishkin AA, Surka C,
Russell P et al. RNA-RNA interactions enable specific targeting of
noncoding RNAs to nascent Pre-mRNAs and chromatin sites. Cell.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

2014 Sep 25; 159 (1): 188-99. DOI: 10.1016/j.cell.2014.08.018.
Chen, Wang Z, WangD, Qui C, LiuM, Chen X et al. LncRNADisease:
a database for long-non-coding RNA-associated diseases.
Nucleic Acids Res. 2013 Jan 1; 41 (Database issue): D983-6.
DOI: 10.1093/nar/gks1099.

Xing Z, Lin A, Li C, Liang K, Wang S, Liu Y et al. IncRNA directs
cooperative epigenetic regulation downstream of chemokine
signals. Cell. 2014 Nov 20; 159 (5): 1110-25. DOI: 10.1016/j.
cell.2014.10.013.

Yoshimoto R, Mayeda A, Yoshida M, Nakagawa S. MALAT1 long
non-coding RNA in cancer. Biochim Biophys Acta. 2016 Jan;
1859 (1): 192-9. DOI: 10.1016/j.bbagrm.2015.09.012.

Woo CJ, Maier VK, Davey R, Brennan J, Li G, Brothers J 2nd
et al. Gene activation of SMN by selective disruption of INcCRNA-
mediated recruitment of PRC2 for the treatment of spinal muscular
atrophy. Proc Natl Acad Sci U S A. 2017 Feb 21; 114 (8): E1509-
E1518. DOI: 10.1073/pnas.1616521114.

Meng L, Ward AJ, Chun S, Bennett CF, Beaudet AL, Rigo F.
Towards a therapy for Angelman syndrome by targeting a long
non-coding RNA. Nature. 2015 Feb 19; 518 (75639): 409-12. DOI:
10/.1038/nature13975.

Zernov NV, Marakhonov AV, Vyakhireva JV, Guskova AA,
Dadalia EL, Skoblov MY. Clinical and Genetic Characteristics and
Diagnostic Features of Landouzy-Dejerine Facioscapulohumeral
Muscular Dystrophy. Russian Journal of Genetics. 2017; 53 (6):
640-50.

Sun M, Liu XH, Wang KM, Nie FQ, Kong R, Yang JS et al.
Downregulation of BRAF activated non-coding RNA is associated
with poor prognosis for non-small cell lung cancer and promotes
metastasis by affecting epithelial-mesenchymal transition. Mol
Cancer. 2014 Mar 21; 13: 68. DOI: 10.1186/1476-4598-13-68.
Pickard MR, Wiliams GT. Regulation of apoptosis by long
non-coding RNA GAS5 in breast cancer cells: implications for
chemotherapy. Breast Cancer Res Treat. 2014 Jun; 145 (2): 359—
70. DOI: 10.1007/510549-014-2974-y.

Mourtada-Maarabouni M, Pickard MR, Hedge VL, Farzaneh F,
Williams GT. GAS5, a non-protein-coding RNA, controls apoptosis
and is downregulated in breast cancer. Oncogene. 2009 Jan 15;
28 (2): 195-208. DOI:10.1038/0nc.2008.373.

Cao S, Liu W, Li F, Zhao W, Qin C. Decreased expression of
INcRNA GAS5 predicts a poor prognosis in cervical cancer. Int J
Clin Exp Pathol. 2014; 7 (10): 6776-83.

Chung DW, Rudnicki DD, Yu L, Margolis RL. A natural antisense
transcript at the Huntington's disease repeat locus regulates HTT
expression. Hum Mol Genet. 2011 Sep 1; 20 (17): 3467-77. DOI:
10.1093/hmg/ddr263.

Nayerossadat N, Maedeh T, Ali PA. Viral and nonviral delivery
systems for gene delivery. Adv Biomed Res. 2012; 1: 27. DOI:
10.4103/2277-9175.98152.

Zhang F, Zhang L, Zhang C. Long noncoding RNAs and
tumorigenesis: genetic associations, molecular mechanisms, and
therapeutic strategies. Tumour Biol. 2016 Jan; 37 (1): 163-75.
DOI: 10.1007/s13277-015-4445-4.

Crooke ST. Molecular mechanisms of action of antisense drugs.
Biochim Biophys Acta. 1999 Dec 10; 1489 (1): 31-44.

Rigo F, Seth PP, Bennett CF. Antisense oligonucleotide-based
therapies for diseases caused by pre-mRNA processing defects.
Adv Exp Med Biol. 2014; 825: 303-52. DOI: 10.1007/978-1-
4939-1221-6_9.

Chery J. RNA therapeutics: RNAI and antisense mechanisms and
clinical applications. Postdoc J. 2016 Jul; 4 (7): 35-50.

Klug A. The discovery of zinc fingers and their development
for practical applications in gene regulation and genome
manipulation. Q Rev Biophys. 2010 Feb; 43 (1): 1-21. DO
10.1017/S003358351000089.

Boch J, Bonas U. Xanthomonas AvrBs3 family-type Il effectors:
discovery and function. Annu Rev Phytopathol. 2010; 48: 419-
36. DOI: 10.1146/annurev-phyto-080508-081936.

Nemudryi AA, Valetdinova KR, Medvedev SP, Zakian SM. TALEN
and CRISPR/Cas Genome Editing Systems: Tools of Discovery.

BULLETIN OF RSMU | 3, 2017 | VESTNIKRGMU.RU



REVIEW | RNA THERAPY

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Acta Naturae. 2014 Jul; 6 (3): 19-40.

Boettcher M, McManus MT. Choosing the Right Tool for the Job:
RNAI, TALEN, or CRISPR. Mol Cell. 2015 May 21; 58 (4): 575-85.
DOI: 10.1016/j.molcel.2015.04.028.

Schaefer KA, Wu WH, Colgan DF, Tsang SH, Bassuk AG,
Mahajan VB. Unexpected mutations after CRISPR-Cas9 editing
in vivo. Nat Methods. 2017 May 30; 14 (6): 547-8. DOI: 10.1038/
nmeth.4293.

lyer V, Shen B, Zhang W, Hodgkins A, Keane T, Huang X, et al. Off-
target mutations are rare in Cas9-modified mice. Nat Methods.
2015 Jun; 12 (6): 479. DOI: 10.1038/nmeth.3408.

Liang P, Xu'Y, Zhang X, Ding C, Huang R, Zhang Z et al. CRISPR/
Cas9-mediated gene editing in human tripronuclear zygotes.
Protein Cell. 2015 May; 6 (5): 363-72. DOI: 10.1007/s13238-
015-0153-5.

Chavez A, Scheiman J, Vora S, Pruitt BW, Tuttle M, E PRI, et al.
Highly efficient Cas9-mediated transcriptional programming. Nat
Methods. 2015 Apr; 12 (4): 326-8. DOI: 10.1038/nmeth.3312.
Gilbert LA, Larson MH, MorsutL, Liu Z, Brar GA, Torres SE
et al. CRISPR-mediated modular RNA-guided regulation of
transcription in eukaryotes. Cell. 2013 Jul 18; 154 (2): 442-51.
DOI: 10.1016/j.cell.2013.06.044.

Maeder ML, Linder SJ, Cascio VM, Fu Y, Ho QH, Joung JK.
CRISPR RNA-guided activation of endogenous human genes. Nat
Methods. 2013 Oct; 10 (10): 977-9. DOI: 10.1038/nmeth.2598.
Perez-Pinera P, Kocak DD, Vockley CM, Adler AF, Kabadi AM,
Polstein LR, et al. RNA-guided gene activation by CRISPR-Cas9-
based transcription factors. Nat Methods. 2013 Oct; 10 (10):
973-6. DOI: 10.1038/nmeth.2600.

Gilbert LA, Horlbeck MA, Adamson B, Villalta JE, Chen Y,
Whitehead EH et al. Genome-Scale CRISPR-Mediated Control
of Gene Repression and Activation. Cell. 2014 Oct 23; 159 (3):
647-61. DOI: 10.1016/j.cell.2014.09.029.

Meng L, Person RE, Beaudet AL. Ube3a-ATS is an atypical RNA
polymerase Il transcript that represses the paternal expression
of Ube3a. Hum Mol Genet. 2012 Jul 1; 21 (13): 3001-12. DOI:
10.1093/hmg/dds130.

Goyal A, Myacheva K, Gross M, Klingenberg M, Duran Arque B,
Diederichs S. Challenges of CRISPR/Cas9 applications for long
non-coding RNA genes. Nucleic Acids Res. 2017 Feb 17; 45 (3):
e12. DOI: 10.1093/nar/gkw883.

Ma L, Chua MS, Andrisani O, So S. Epigenetics in hepatocellular
carcinoma: an update and future therapy perspectives. World J
Gastroenterol. 2014 Jan 14; 20 (2): 333-45. DOI: 10.3748/wjg.
v20.i2.333.

Prensner JR, Chinnaiyan AM. The emergence of IncRNAs in
cancer biology. Cancer Discov. 2011 Oct; 1 (5): 391-407. DOI:
10.1158/2159-8290.CD-11-0209.

Pedram Fatemi R, Salah-Uddin S, Modarresi F, Khoury N,
Wahlestedt C, Faghihi MA. Screening for Small-Molecule
Modulators of Long Noncoding RNA-Protein Interactions Using
AlphaScreen. J Biomol Screen. 2015 Oct; 20 (9): 1132-41. DOI:
10.1177/1087057115594187.

Fatima R, Akhade VS, Pal D, Rao SM. Long noncoding RNAs in
development and cancer: potential biomarkers and therapeutic
targets. Mol Cell Ther. 2015; 3: 5. DOI: 10.1186/s40591-015-
0042-6.

Zhou X, Ren'Y, Zhang J, Zhang C, Zhang K, Han L et al. HOTAIR
is a therapeutic target in glioblastoma. Oncotarget. 2015 Apr 10;
6 (10): 8353-65. DOI: 10.18632/oncotarget.3229.
Rubio-Rodriguez D, De Diego Blanco S, Perez M, Rubio-Terres C.
Cost-Effectiveness of Drug Treatments for Advanced Melanoma:
A Systematic Literature Review. Pharmacoeconomics. 2017 May
27.DOI: 10.1007/s40273-017-0517-1.

American Cancer Society. Cancer Facts and Figures 2017 [VH-
TepHeT]. Atlanta, Georgia: American Cancer Society; 2017 [npo-
UMTMPOBaHO: MtoHb 2017 1], [ocTynHO Mo ccbinke: https://www.
cancer.org/content/dam/cancer-org/research/cancer-facts-and-
statistics/annual-cancer-facts-and-figures/2017/cancer-facts-
and-figures-2017.pdf

Godinho M, Meijer D, Setyono-Han B, Dorssers LC,
van Agthoven T. Characterization of BCAR4, a novel oncogene
causing endocrine resistance in human breast cancer cells. J Cell

BULLETIN OF RSMU | 3, 2017 | VESTNIKRGMU.RU

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Physiol. 2011 Jul; 226 (7): 1741-9. DOI: 10.1002/jcp.225083.
Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong DJ, et
al. Long non-coding RNA HOTAIR reprograms chromatin state
to promote cancer metastasis. Nature. 2010 Apr 15; 464 (7291):
1071-6. DOI: 10.1038/nature08975.

Yu X, Li Z. Long non-coding RNA HOTAIR: A novel oncogene
(Review). Mol Med Rep. 2015 Oct; 12 (4): 5611-8. DOI: 10.3892/
mmr.2015.4161.

Li D, Feng J, Wu T, Wang Y, Sun Y, Ren J, et al. Long intergenic
noncoding RNA HOTAIR is overexpressed and regulates PTEN
methylation in laryngeal squamous cell carcinoma. Am J Pathol.
2013 Jan; 182 (1): 64-70. DOI: 10.1016/j.ajpath.2012.08.042.

Ji P, Diederichs S, Wang W, Boing S, Metzger R, Schneider PM,
et al. MALAT-1, a novel noncoding RNA, and thymosin beta4
predict metastasis and survival in early-stage non-small cell
lung cancer. Oncogene. 2003 Sep 11; 22 (39): 8031-41. DOI:
10.1038/sj.onc.1206928.

Gutschner T, Hammerle M, Eissmann M, Hsu J, Kim Y, Hung G
et al. The noncoding RNA MALAT1 is a critical regulator of the
metastasis phenotype of lung cancer cells. Cancer Res. 2013 Feb
1; 73 (3): 1180-9. DOI: 10.1158/0008-5472.CAN-12-2850.
Nakagawa S, Ip JY, Shioi G, Tripathi V, Zong X, Hirose T et al.
Malat1 is not an essential component of nuclear speckles in mice.
RNA. 2012 Aug; 18 (8): 1487-99. DOI: 10.1261/rna.033217.112.
Tano K, Mizuno R, Okada T, Rakwal R, Shibato J, Masuo Y et
al. MALAT-1 enhances cell motility of lung adenocarcinoma
cells by influencing the expression of motility-related genes.
FEBS letters. 2010 Nov 19; 584 (22): 4575-80. DOI: 10.1016/j.
febslet.2010.10.008.

Hardy J, Allsop D. Amyloid deposition as the central event in the
aetiology of Alzheimer's disease. Trends Pharmacol Sci. 1991
Oct; 12 (10): 383-8.

St George-Hyslop P, Haass C. Regulatory RNA goes awry in
Alzheimer's disease. Nat Med. 2008 Jul; 14 (7). 711-2. DOI:
10.1038/nm0708-711.

Modarresi F, Faghihi MA, Patel NS, Sahagan BG, Wahlestedt C,
Lopez-Toledano MA. Knockdown of BACE1-AS Nonprotein-
Coding Transcript Modulates Beta-Amyloid-Related Hippocampal
Neurogenesis. Int J Alzheimers Dis. 2011; 2011: 929042. DOI:
10.4621/2011/929042.

Wirth B. An update of the mutation spectrum of the survival motor
neuron gene (SMN1) in autosomal recessive spinal muscular
atrophy (SMA). Hum Mutat. 2000; 15 (3): 228-37.

Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P,
Viollet L et al. Identification and characterization of a spinal
muscular atrophy-determining gene. Cell. 1995 Jan 13; 80 (1):
155-65.

Lorson CL, Hahnen E, Androphy EJ, Wirth B. A single nucleotide
in the SMN gene regulates splicing and is responsible for spinal
muscular atrophy. Proc Natl Acad Sci U S A. 1999 May 25; 96
(11): 6307-11.

Monani UR, Lorson CL, Parsons DW, Prior TW, Androphy EJ,
Burghes AH et al. A single nucleotide difference that alters splicing
patterns distinguishes the SMA gene SMN1 from the copy gene
SMN2. Hum Mol Genet. 1999 Jul; 8 (7): 1177-83.

Fang P, Li L, Zeng J, Zhou WJ, Wu WQ, Zhong ZY et al. Molecular
characterization and copy number of SMN1, SMN2 and NAIP
in Chinese patients with spinal muscular atrophy and unrelated
healthy controls. BMC musculoskelet Disord. 2015 Feb 7; 16: 11.
DOI: 10.1186/512891-015-0457-x.

Feldkotter M, Schwarzer V, Wirth R, Wienker TF, Wirth B.
Quantitative analyses of SMN1 and SMN2 based on real-time
lightCycler PCR: fast and highly reliable carrier testing and
prediction of severity of spinal muscular atrophy. Am J Hum
Genet. 2002 Feb; 70 (2): 358-68. DOI: 10.1086/338627.

Kolb SJ, Kissel JT. Spinal Muscular Atrophy. Neurol Clin. 2015
Nov; 33 (4): 831-46. DOI: 10.1016/j.ncl.2015.07.004.

Porensky PN, Burghes AH. Antisense oligonucleotides for the
treatment of spinal muscular atrophy. Hum Gene Ther. 2013 May;
24 (5): 489-98. DOI: 10.1089/hum.2012.225.

Walker FO. Huntington's disease. Lancet. 2007 Jan 20; 369
(9557): 218-28. DOI: 10.1016/S0140-6736(07)60111-1.

Duyao M, Ambrose C, Myers R, Novelletto A, Persichetti F,



76.

77.

78.

79.

OB30P | PHK-TEPAMUA

Frontali M, et al. Trinucleotide repeat length instability and age
of onset in Huntington's disease. Nat Genet. 1993 Aug; 4 (4):
387-92.

Petersen MB, Brondum-Nielsen K, Hansen LK, Wulff K. Clinical,
cytogenetic, and molecular diagnosis of Angelman syndrome:
estimated prevalence rate in a Danish county. Am J Med Genet.
1995 Jun 19; 60 (3): 261-2.

Runte M, Huttenhofer A, Gross S, Kiefmann M, Horsthemke B,
Buiting K. The IC-SNURF-SNRPN transcript serves as a host for
multiple small nucleolar RNA species and as an antisense RNA for
UBESA. Hum Mol Genet. 2001 Nov 1; 10 (23): 2687-700.
Yamasaki K, Joh K, Ohta T, Masuzaki H, Ishimaru T, Mukai T, et al.
Neurons but not glial cells show reciprocal imprinting of sense and
antisense transcripts of Ube3a. Hum Mol Genet. 2003 Apr 15; 12
(8): 837-47.

Baxuvpesa 0. B., 3epHoB H. B., MapaxoHoB A. B., lycbko-
Ba A. A., CkobnoB M. KO. CoBpeMeHHble Moaxofpl K Ne4eHnio
MroamcTpodun. MeguumHekas reHetnka. 2016; 15 (10): 3—-16.

80.

81.

82.

83.

Bodega B, Ramirez GD, Grasser F, Cheli S, Brunelli S,
Mora M, et al. Remodeling of the chromatin structure of the
facioscapulohumeral muscular dystrophy (FSHD) locus and
upregulation of FSHD-related gene 1 (FRG1) expression during
human myogenic differentiation. BMC biology. 2009 Jul 16; 7: 41.
DOI: 10.1186/1741-7007-7-41.

Gabellini D, Green MR, Tupler R. Inappropriate gene activation in
FSHD: a repressor complex binds a chromosomal repeat deleted
in dystrophic muscle. Cell. 2002 Aug 9; 110 (3): 339-48.
Kowaljow V, Marcowycz A, Ansseau E, Conde CB, Sauvage S,
Matteotti C, et al. The DUX4 gene at the FSHD1A locus encodes
a pro-apoptotic protein. Neuromuscul Disord. 2007 Aug; 17 (8):
611-23. DOI: 10.1016/j.nmd.2007.04.002.

Wallace LM, Garwick-Coppens SE, Tupler R, Harper SQ. RNA
interference improves myopathic phenotypes in mice over-
expressing FSHD region gene 1 (FRG1). Mol Ther. 2011 Nov; 19
(11): 2048-54. DOI: 10.1038/mt.2011.118.

BULLETIN OF RSMU | 3, 2017 | VESTNIKRGMU.RU



