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LONG NONCODING RNAs ARE A PROMISING THERAPEUTIC TARGET
IN VARIOUS DISEASES

Filatova AYu'®, Sparber PA', Krivosheeva IA", Skoblov MYu'2?

"Laboratory of Functional Genomics,
Research Centre of Medical Genetics, Moscow, Russia

2 Laboratory of Medical Genetic Technologies, Department of Basic Research of MDRI,
Yevdokimov Moscow State University of Medicine and Dentistry, Moscow, Russia

3Genomic Functional Analysis Laboratory,
Moscow Institute of Physics and Technology (State University), Dolgoprudny, Russia

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 IncRNA-based therapeutic
strategies. The following review focuses on the main approaches to gene therapy based on the use of INcRNA.

Keywords: long noncoding RNA, small interfering RNA, antisense oligonucleotides, gene therapy, cancer, inherited disease
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OJIMHHbIE HEKOOUPYHOLWWME PHK — NMEPCMNEKTUBHAA MULLUEHDb
ONA TEPANMUN PA3JTNYHDbIX 3ABOJIEBAHUI
A. HO. dunatosa' = 1. A. Cnapbep’, M. A. KpusoLueesa', M. tO. Ckobnos'?2

" labopaTtopus hyHKLMOHaBHOW rEeHOMUKIM, MeanKo-reHeTUYECKUIA HayYHbI LieHTP, MockBa

2 [labopaTopunn MEAULIMHCKIMX MrEHETUHECKINX TEXHOMNOMMA, 0TAeN yHaaMeHTabHbIX nccnegosaHuin HAMGCHA,
MOCKOBCKMIN roCy4apCTBEHHbBIN MeaNKO-CTOMAaTONOrMYeCKnin yHmeepcuTeT nmenn A. V1. Espoknmosa, Mocksa

3 [labopatopus yHKLMOHANBHOrO aHanmn3a reHoma,
MOCKOBCKMI (DUBMKO-TEXHUHECKUNIA MHCTUTYT (FOCYAaPCTBEHHbIN YHUBEPCUTET), [onronpyAHbIn

Ha cerogHsaLWHWIA OeHb B M1pe NMPOBOAUTCH OKOMO 2,5 ThICAY KIMHUHECKMX MCCNE0BaHWA NpenapaToB 418 reHHOW Tepa-
NN, HeCKONbKO 13 HNX Yxxe 0O00peEHbI A1 KIMHUHYECKOrO MpUMeEHEHWs. MLLEHSAMM NOAaBAsAoLEero 6oMbLUMHCTBA Takmx
npenapaToB ABNAAOTCS XOPOLLO OXapakTepn3oBaHHble 6enok-koaupytoLme reHbl. OAHaKo B MOCnefHve rofdbl NosBASETCA
BCé 60sbLLEe MCCNeaoBaHui, MOCBALLEHHbIX AMHHBIM HekoampytoLmmM PHK (aHPHK) 1 nx y4acTnio B pa3nnyHbIX KNETOYHbIX
npoueccax. 113 16 Tbicay reHoB aHPHK 4enoBeka yHKLMOHAIbHO OXapakTeprn3oBaHO TOSIbKO OKOSIO ABYX COTeH. Ho yxke
cerdac nokasaHa 1x BO3MOXXHas porib B pa3suTumn 6onee 200 pasnnyHbix 3abonesaHniA, Mpu 3TOM B HEKOTOPbIX CTyHasix OHM
ABNATCH OOHUM 13 KIKOHYEBBIX 3BEHBEB NatoreHesa. 7o AenaeT AMHHbIe HekoampytoLme PHK nepcnexkTmBHOM MULLIEHBIO
Ons reHHon Tepanun. CyLLEeCTBYIOLLMIN apceHan MONEKyNSpHO-610N0rM4ecKnx METOA0B YXKe YCMEeLUHO NPUMEHSIOT Ans pas-
pabotkn oHPHK-HanpaBneHHbIX MOAXOA0B K NeYeHNO padnnyHbix 3aboneBaHuin. B 0630pe pacckadbiBaeTca 06 OCHOBHbIX
noaxodax K reHHOM Tepanum ¢ ncnosbdosaHnem aHPHK.

KnroueBble cnosa: fivHHble Hekogmpytolve PHK, Manble nHtepdepupytolive PHK, aHTUCMbICNIOBbIE OIMIOHYKNEOTUbI,
reHHasi Tepanus, onyxonesble 3a60neBaHNs, HacNeaCTBeHHbIE 3a00NeBaHNs

><] Ans koppecnoHpgeHuun: Punatosa Anekcangpa FOpbesHa
yn. Mocksopeube, a. 1, . Mocksa, 115478; maacc@yandex.ru

Cratbsi nonyyeHa: 25.06.2017 CtaTtbsa npuHATa K neyartu: 28.06.2017

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 NncRNAs,
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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

A) ®) SIRNA
KRAB "
n Y
RNA
dCas9 3 RISC

s

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/miRNA 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.

(©) o (D)
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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 INncRNA 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 IncCRNA
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 INcRNA splice
variants [47]. However, considering the fact that IncRNAs 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, INcCRNA 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 IncRNA 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 INcCRNA 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 MALAT1
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,
ROBOT1) 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 BACET-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
plagues 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 3¢
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
SMN17 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 SMN7 [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 ChIP-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 INcCRNA
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-AST
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].
[t 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 UBES3A 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 UBE3A-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 D474 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
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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
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molecular biological approaches. Success in this field depends
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in in norm and pathology. This reminds us of the importance
of fundamental science which serves as a basis for applied
research.
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The human genome contains 19,817 protein-coding genes
and 15,787 long noncoding RNA genes [1]. About 40 % of
protein-coding genes have not yet been assigned a function.
Long noncoding RNAs are terribly understudied: only about
a hundred of them have been investigated experimentally
so far [2-5]. The simplest and most efficient way to study
gene functions is to perform overexpression and knockdown
experiments exploring their effects at the molecular and cellular
levels.

Methods for gene overexpression were elaborated by
the advances in gene engineering and molecular cloning.
There are a lot of different techniques aimed to enhance gene
expression, as simple (based on the use of plasmid expression
vectors) and sophisticated (employing inducible systems, viral
vectors, etc.) [6]. Gene silencing methods were developed
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later. The first silencing tool was based on the use of antisense
oligonucleotides [7, 8], which were not effective at first. But
discovery of RNA interference revolutionized gene silencing
methods. RNA interference is gene-specific mechanism of
posttranscriptional gene silencing mediated by small RNA
molecules, the so-called endogenous microRNAs (miRNAS)
and exogenous small interfering RNAs (siRNAs) [9]. SIRNAs
have proved to be efficient and easy instrument to use. So that
within a short period of time siRNA-based gene knockdown
has put in practice in fundamental research, where it is used
to study genes function, and applied research including
development of novel gene-specific drugs [10-14].

There are two strategies for RNA interference-based gene
knockdown nowadays: the use of siRNAs and hairpin vectors
(short hairpin RNAs, shRNAs) [15].
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Small interfering RNA is a 20 to 25 nt long double-stranded
molecule with two unpaired nucleotides at the 3'-end of each
strand. Inside the cell, it is incorporated into the RNA-induced
silencing complex (RISC); after that one of the siRNA strands
called a passenger strand is decayed and removed from the
complex. The remaining guide strand binds complementary to
its RNA target. If it is fully complementary to the target, the
latter is cleaved causing mRNA degradation and reducing
gene expression [16-18]. Small hairpin RNAs are short RNA
molecules forming a hairpin-like structure. The length of their
stem varies from 19 to 22 bp while the loop contains 4 to
11 nucleotides. ShRNA is a siRNA precursor. ShRNA
sequences are delivered into the cell encoded into a bacterial
or viral vector.

ShRNA have a few advantages over siRNA: its effect on
the target gene expression is more continuous; shRNA can
be integrated into the genome for stable heritable shRNA
expression; it can be used to create inducible knockdown
systems; it can be expressed simultaneously with the reporter
gene to control transfection efficiency and detect successfully
transfected cells. However, shRNA-based techniques are very
labor-consuming. Therefore, for short-term gene silencing (5—
7 days) [19] siRNA are recommended.

Knockdown by siRNA is a complex process that takes
about a week. There is no standard protocol for gene
knockdown: the way how it is performed varies considerably
across laboratories. Some researchers do not even care to
describe the technique they have used [20-22], which renders
results of their experiments hardly reproducible. Knockdown
efficiency can be considerably affected by inaccurate work at
each step of the process. For example, authors rarely mention
efficiency for siRNA transfection, although this factor is crucial
for successful knockdown and its subsequent effects. Success
of the experiment is largely determined by the number of
transfected cells, initial expression levels of the target gene,
and techniques used for the very basic steps, such as RNA
isolation, reverse transcription, real-time polymerase chain
reaction (PCR) and others.

In this article we propose a detailed plan for a siRNA-based
gene knockdown experiment (Fig. 1). We discuss problems
that may arise at each step and detailed solutions for them. We
also describe the knockdown method used in our Laboratory
of Functional Genomics of the Research Center of Medical
Genetics (Moscow). Controls are provided for each step of
the experiment to ensure that all techniques are performed
correctly. We hope that both students and research scientists
will rely on this plan while preparing to perform knockdown of
previously unstudied genes and that their experiments will yield
reliable results ready to be published in high-impact academic
journals.

|. Design of the experiment
1. Identifying the problem

Before attempting knockdown of the gene of interest in a cell
line, it is advisable to analyze the literature and publicly available
online data to pick an appropriate biological model for the
experiment and identify the nucleotide sequence of the studied
gene.

The appropriate biological model. It is important to do
a little research on the expression of the target gene in
the chosen cell line. A wealth of information is available in
specialized databases, such as FANTOM5, GTExPortal,
BioGPS, and Human Protein Atlas; RNA-seq data can be

accessed using the genome browser UCSC. It is advisable to
use cell lines with sufficiently high expression of the studied
gene, because knockdown of inherently poorly expressed
genes may not produce any tangible effect. Besides, prior to
the actual experiment, expression of the studied gene should
be measured experimentally in the chosen cell line using a real-
time PCR assay.

Analysis of gene sequences. siRNA is supposed to interact
with a unique gene region. Therefore, before designing an siRNA
molecule, it is important to estimate how suitable is the mRNA
sequence of the analyzed gene for targeted knockdown. For
this purpose BLAST, genome browsers (such as USCS) and
other tools for nucleotide sequence analysis are used. They
help to detect pseudogenes, highly homologous paralogs,
repeats in the studied sequence and isoforms of the gene of
interest.

2. siRNA design

Currently, siRNA design comes down to selecting an optimal
binding site on a target transcript corresponding to the sense
strand of siRNA. The antisense strand is complementary to the

1. siRNA search and selection

4

2. Selection of a cell line

4

3. Optimization of conditions for siRNA
transfection

4

4. Transfection of target siRNA

4

5. RNA isolation

4

6. Treatment of RNA with DNAse |

4

7. Control of DNAse | efficiency by real-time PCR

4

8. cDNA synthesis by real-time PCR

4

9. Control of efficiency of cDNA synthesis by real-time PCR

4

10. Evaluation of knockdown of a target gene by real-time PCR

4

11. Analysis of the cell line after knockdown

Fig. 1. Knockdown experiment: the plan
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sense strand and forms a stable bond with RISC. There is no
unified algorithm for selecting a target-effective siRNA sequence
[23, 24]. Online search tools rely on different algorithms
(empirical rules, BLAST data, neuronal networks) and therefore
may return different results for one and the same input [16, 23,
25]. After the sequence of the studied gene has been analyzed
by the software, a list of siRNAs is generated from which the
user is free to select 3 or 4 most suitable sequences. Basic
rules of siRNA design are provided below.

1. Sequence length should be limited to 20-25 nucleotides
(normally the sequence is 21 to 23 nt long).

2. G/C content should be 35-55 %.

3.The 5-end of the antisense siRNA strand should
contain more A/U-nucleotides, because a strand with a less
thermodynamically stable 5-end binds to RISC more effectively.

4. An unpaired 3' dTdT overhang on a siBNA strand
enhances stability of the duplex and facilitates siRNA loading
into RISC.

5. siRNA must be gene-specific. It means that no transcripts
of other genes are expected to be detected by BLAST, fully
complementary to the selected siRNA.

6. sSiRNA complementarity to other transcripts must be
limited to a 16-nt long sequence.

7. siBRNA must downregulate expression of all isoforms of
the target transcript, unless intended otherwise.

8. siRNA should not contain repeated nucleotide motifs
and sequences of >3 identical nucleotides.

9. There are a few empirical rules aimed at improving siRNA
efficiency, one of them related to the positions of nucleotides,
exemplified by Table 1. Further details are available in the article
by Lagana at al. [26]. Software tools for siRNA design are listed
in Table 2.

3. Controls

Efficiency of siRNA delivery into the cell is monitored using
fluorescently labeled siRNA molecules. We prefer 5’-end -FAM
labeled siRNA oligos (siFlu).

Table 1. Rules for nucleotides in siRNA sequence. AS is the antisense strand,
(Lagana et al., [26])
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Negative control of knockdown specificity and off-target
effects is normally a non-target siRNA that has no effect on
gene expression. Many manufacturers offer ready-to-use non-
target siRNAs (such as Negative control siRNA by Qiagen,
Germany, or Silencer Negative Control by Invitrogen, USA).
Another option is scrambled siRNA. It is composed of the
same nucleotides as the target RNA arranged into a different
sequence. Inconveniently, the use of scrambled siRNA requires
preparation and validation of a new control for each knockdown
experiment, proved to have no off-target effects. This may be
quite labor-consuming if more than one experiment is planned.
In our laboratory we use nonspecific siRNA controls, namely
siMax siRNAs, designed from the sequence obtained from a
publicly available source [38].

Positive control is what makes you certain of the accuracy
of your experiment. Positive controls are siRNA molecules
that effectively silence easily detectable genes, such as p53,
GAPDH, or lamin-coding genes (the achieved knockdown
levels are >70 %). Their sequences can be found in the literature
or purchased from commercial sources.

Quality control should be performed at all stages of the
experiment, including RNA isolation, treatment of RNA with
DNAse 1, synthesis of cDNA, real-time PCR assays. These
controls will be discussed further below.

Il. siRNA delivery in to the cell

The most common methods of siRNA delivery into the cell
are chemical transfection and electroporation. Chemical
transfection can be performed using a variety of different
techniques, lipofection being the most popular. Lipofection
is transfection by cationic liposomes [11, 39-41]. Among
its advantages are high reproducibility, simplicity and high
efficiency. Lipofection is, however, almost ineffective for non-
dividing cells, therefore slowly dividing or primary cells that
are considered hard to transfect might call for a different
delivery method, such as electroporation. The latter may be
less beneficial, though, because of substantial cell death and a

S is the sense strand. Grey cells represent positions of siRNA nucleotides

i 3 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 5!
G/T r?o{(l:\ :gcg noA n:G ncl>JG u A ncl:c noC U A/U
r?o/(l:J n:C noC A/ noC n:G rl\\c{l:: no G :o/((:; no G A no G :th:S noC G/T
noC
S 5 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 3
Table 2. The most popular software tools used for siRNA design
Software name URL Reference
OptiRNAIi 2.0 http://rnai.nci.nih.gov [27]
siDirect 2 http://sidirect2.rnai.jp [28]
siRNA Scales http://gesteland.genetics.utah.edu/siPHK _scales [29]
siExplorer http://rna.chem.t.u-tokyo.ac.jp/cgi/siexplorer.htm [30]
RFRCDB-siRNA http://www.bioinf.seu.edu.cn/siPHK/index.htm [31]
OligoWalk http://rna.urmc.rochester.edu/cgi-bin/server_exe/oligowalk/oligowalk_form.cgi [32]
Sfold http://sfold.wadsworth.org [33]
DSIR http://biodev.cea.fr/DSIR/ [34]
siRNA Scan http://bioinfo2.noble.org/RNAiScan.htm [35]
RNAXxs http://rna.tbi.univie.ac.at/cgi-bin/RNAxs/RNAXxs.cgi [36]
i-Score http://www.med.nagoya-u.ac.jp/neurogenetics/i_Score/i_score.html [37]
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large number of parameters that may want optimization. In the
light of the above, lipofection is preferable in the experiments
on readily transfectable cells. There are a lot of commercial
reagent kits for transfection available on the market, such as
Lipofectamine (Invitrogen) and Metafectene, which we used in
this work (Biontex, Germany).

The mechanism of lipofection can be briefly described as
follows. Lipids mixture assembles in liposomes or micelles with
an overall positive charge at physiological pH and are able to
form complexes (lipoplexes) with negatively charged nucleic
acids. When the resulting solution is mixed with the cells,
liposomes attach to and fuse with the cell membrane releasing
siRNA into the cell, where it eventually interacts with mRNA in
the cytoplasm.

1. Optimization of siRNA-based lipofection

Success of lipofection is determined by multiple parameters
that may vary depending on the cell line. It is therefore critical to
optimize conditions for lipofection before the actual knockdown
experiment in order to facilitate siRNA delivery into the cells.
Lipofection can be performed in different plates and dishes
(6-, 12-, 24-, or 96-well plates; 6- or 10 cm dishes) depending
on the goal of the experiment. We tend to use 96-well plates;
therefore, we are going to show how to optimize lipofection
parameters for this dish format. To find information on other
dish formats, please refer to the protocol for Metafectene-
based transfection [42]. In general, the following parameters
need to be optimized regardless of the dish format:

1. siRNA/liposome ratio (ug/ul) (expected to range from
1:1101:8).

2. The absolute amount of transfected complexes (siRNA +
liposomes). For a 96-well plate siRNA amount may vary from
0.04 to 0.3 pg, the amount of liposomes may vary from 0.2
to 4 pl.

3. The number of cells. Transfection should be performed
once the cells have entered a stage of logarithmical growth.
Optimal confluency for transfection is 30-60 % [42]. The
number of cells used may vary depending on the cell type or
size. For a 96-well plate the number of cells may vary from
5x10° to 60x10°.

Other parameters may also influence the efficiency of the
procedure, such as: 1) general health of cells at the time of
transfection (cells must be healthy and actively dividing); 2)
the presence of serum supplements in the medium (for most
cultures, transfection is efficient with 10 % serum content );
3) the duration of incubation with the transfection complex
(usually 3-6 hours but can be increased up to 72 hours); 4) the
use of a transfecting solution within an hour after seeding can
make transfection more efficient.

Lipofection efficiency is estimated using FAM-labeled
siRNAs (siFlu), varying the parameters described above.
Control experiments with liposomes and without siRNA are a
must. Some cells should be left untreated to estimate toxicity
of transfecting reagents and transfection efficiency. The latter
is evaluated 24 hours after transfection by calculating the
proportion of fluorescently labeled cells to the total number
of cells. Toxicity of transfecting reagents is also evaluated by
comparing the number of cells that have survived transfection
to the number of untreated controls.

Table 3 explains how to optimize conditions for transfection
in a 96-well plate. A detailed transfection protocol is described
in Section 3 (Lipofection protocol).

After transfection conditions have been optimized, their
suitability for knockdown should be assessed. Transfection

efficiency gives a rough idea of whether post-knockdown
changes in target gene expression can be detected by real
time PCR (Fig. 2). For example, if transfection efficiency is 75 %
and a 40 % knockdown is expected, then AACt for the target
gene will be <0.5, meaning that real time PCR assays will be
very unlikely to detect post-knockdown changes. If a 90 %
knockdown is expected, then AACt may be as high as 1.5,
which can be detected by real-time PCR.

2. Transfection with SiRNA

After transfection conditions have been optimized, the
transfection with siRNA for target gene can be performed. The
experiment should be carried out in 5 to 7 biological replicates
to ensure accurate statistical processing. The experiment
should include the following transfections:

e with fluorescently labeled siRNA (siFlu) to determine
transfection efficiency;

¢ with gene-nonspecific sSiRNA (sicontrol);

¢ with siRNA targeting the gene of interest;

e without siRNA (untreated control).

In this work transfected cells were incubated for 120 hours
to evaluate the effect of knockdown at the cellular level.

3. Lipofection protocol

Below we provide a protocol for HEK293 transfection using the
Metafectene reagent [42].

Reagents:

1. complete growth medium for the chosen cell line
(depending on the cell line),

2. phosphate buffered saline (PBS),

3. Metafectene,

4. siRNA solutions,

5. cell culture.

Equipment:

1. Goryaev chamber or fluorescence-based flow cytometer,

2. laminar flow cabinet for eukaryotic cells,

3. CO, incubator.

The protocol:

1. Calculate the amounts of reagents required for all
planned transfections (Table 4).

2. Prepare the cells: take a small aliquot of cells to count
their number, then adjust plating density per well. For example,
you will need to prepare 4 ml of 67x10° cells/ml solution for 25
wells of a 96-well plate and subsequently add 150 pl of the
solution into each well.

3. Prepare the reagents: thaw siRNA, prepare metafectene
and the tubes.

4. Prepare solutions A and B as shown in Table 4. Note that
solution A can be mixed by vigorous pipetting, while solution B
can be pipetted only once.

5. Combine solutions A and B carefully, pipet once to avoid
degradation of liposomes. Incubate at room temperature for
15 minutes.

6. Seed the cells into the wells. You will need to reserve a
few wells for metafectene and a control well for untreated cells
(viability control).

7. Add the A+B mix dropwise into the appropriate wells.
Mix the solution by moving the plate gently. Incubate for
6 hours at 37 °Cin 5 % CO,,.

8. After 6 hours, visually inspect the cells under the
microscope. If adherent cells have attached to the surface,
carefully replace the medium (metafectene can be toxic for
cells). Incubate for 18 hours at 37 °Cin 5 % CO,,.
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9. Twenty-four hours after transfection wash control cells
with PBS, trypsinize, neutralize trypsin with serum, centrifuge,
resuspend and count the cells using the flow cytometer to
evaluate transfection efficiency and toxicity of the reagents.

I1l. Evaluating knockdown efficiency
1. Isolation of total RNA from a cell culture

The next step includes preparation of lysates from transfected
cells and RNA isolation. The importance of this step should not
be underestimated. There are a lot of various methods for RNA
isolation. Among the oldest ones is isolation in CsCl gradient.
Although it ensures highly reliable results, it is difficult, time-
consuming and very expensive and therefore is rarely used.
In contrast, silica sorbents are very popular, because they are
easy to use and ensure faster RNA extraction. Reagents for
silica-based absorption are plentiful, but relatively expensive
and do not guarantee the best extraction quality. Another
option is phenol-chloroform extraction. It is the cheapest,
fastest and most reliable method. A commercial reagent for this
method is called TRIzol [43]. In our lab we prefer classic phenol
chloroform extraction [44, 45].

Extracted RNA can be contaminated by environmental
RNAse. Therefore, RNA extraction must be performed in a
clean space using RNAse-free reagents.

Cells are lysed using the guanidine thiocyanate buffer.
Guanidine thiocyanate enters the cell easilyand inactivates
RNAses. It is important to keep transfected cells cold before
lysis. Freshly prepared lysates must be stored on ice to prevent
RNA degradation. After removing debris from the samples,
lysates should be divided into two portions, one of which can
be stored at =70 °C for up to 6 months. The other will be used
for RNA extraction. If anything goes wrong at some stage of
the experiment, the frozen lysates will always come in handy.

During phenol-chloroform extraction phenol and aqueous
phases are separated. Nucleic acids remain in the upper
(aqueous) phase. Some of the proteins migrate to the phenol
phase, while the rest sit at the interface. DNA and RNA are
separated by acid phenol (pH 4.4) which retains RNA in the
upper phase (RNA is stable in acidic pH) and prompts DNA and
proteins to migrate to the interface.

Reagents:

1. acid phenol saturated with citrate buffer (pH 4.4),

2. chloroform, 96 % and 70 % ethanol,

3. guanidine thiocyanate buffer (GTB): 4 M guanidine
thiocyanate, 25 mM sodium citrate pH 7.0, 0.5 %-
Lauroylsarcosine sodium salt, 0.1 M B-mercaptoethanol (add
to the buffer immediately before use),

4. phosphate buffered saline (PBS),

5. RNAse-free water.

Equipment:

1. sonicator,

2. centrifuge with a cooling system,

3. electrophoresis chamber.

Below is the detailed RNA extraction protocol [44, 45].

1. Pre-cool the tubes in an ice bath, sign the tubes.

2. Remove the medium from wells containing adherent cells
(aspirate off the medium, carefully add cold PBS, then aspirate
off PBS). Resuspend suspension cells, centrifuge at 1.5 krpm
for 1 min, remove the medium, wash with PBS, remove PBS.

3. Cover the cells with 1 ml GTB, transfer the lysate
immediately to the clean pre-cooled tubes. Vortex vigorously.

4. Homogenize the cells. Note. Cells can be homogenized
by passing the lysate through a sterile syringe needle, but this
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method is not very effective. Sonication on ice is more reliable.
We sonicate the cells at 130 Watt for 30 s [46].

5. Once again vortex the samples.

6. Centrifuge the lysates at 10,000 g at 4 °C for 5-20 min to
precipitate cell debris that may hinder RNA isolation.

7. Transfer the supernatant to clean tubes (be careful not to
disturb the pellet).

8. Divide the lysate from each sample into 2 aliquots of
equal volume: one will be used for extraction; the other should
be reserved for future use and stored at —70 °C.

9. Add 1/10 volume (50 pl) of 2 M sodium acetate pH 4.2 to
500 pl of the lysate. Stir gently.

10. Add an equal volume of acid phenol (500 pl) to the
lysate, stir gently, and incubate at room temperature for 5 min
until protein-nucleic acid complexes are completely dissolved.

11. Add 1/5 volume (100 pl) of chloroform, vortex vigorously.

12. Centrifuge for 20 min at 10,000 g.

13. Transfer the upper phase to a clean tube; be careful not
to disturb the interface.

14. If there is a large interface, repeat extraction until the
interface is completely gone. Note that the upper phase will
shrink every time the sample is centrifuged, therefore it should
be replenished with GTB to maintain a 500 pl volume.

15. Add the equal volume of the acid phenaol : chloroform
mix (1 : 1, 500 pl, mix in advance, because water is released
when these two reagents are mixed and the solution volume
changes). Vortex vigorously, centrifuge for 10 min at 10,000 g.

16. Carefully transfer the upper phase to a clean tube.

17. Add one volume of chloroform (500 ul) to the upper
phase, vortex vigorously, centrifuge for 10 min at 10,000 g.
Carefully transfer the upper phase to a clean tube.

18. Add 2.5 volumes of 96 % ethanol (1,250 pl) to the upper
phase. For better visibility of the pellet add precipitating agents,
such as glycogen, after centrifugation.

19. Incubate at —20 °C for at least 1 h or leave overnight at
—20 °C (for nucleic acid precipitation).

20. Centrifuge for 20 min at 10,000g at +4 °C.

21. Decant the supernatant; wash the pellets with cold

3,5 1

Detectable AACt
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Transfection efficiency, %

Knockdown efficiency is 90 %
Knockdown efficiency is 80 %
Knockdown efficiency is 60 %

Knockdown efficiency is 40 %
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Knockdown efficiency is 20 %

Fig. 2. Predicted AACt detectable by real-time PCR. Prediction is based on
different transfection and knockdown efficiencies
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Table 3. Optimizing transfection for a 96-well plate

10x10%cells per well 20x103cells per well
siRNA 0.1 pg 0.1 ug 0.1 ug 0.1 ug 0.1 ug 0.1 pg 0.1 ug 0.1 pg
(~15 pmol) (~15 pmol) (~15 pmol) (~15 pmol) (~15 pmol) (~15 pmol) (~15 pmol) (~15 pmol)
Metafectene 0.1 pl 0.2l 0.4 pl 0.8 ul 0.1 pl 0.2l 0.4 pl 0.8 pl
siRNA : Metafectene 1:1 1:2 1:4 1:8 1:1 1:2 1:4 1:8
o siRNA 0.2 ug 0.2 ug 0.2 pug 0.2 ug 0.2 pug 0.2 ug 0.2 ug 0.2 ug
% (~30 pmol) (~30 pmol) (~30 pmol) (~30 pmol) (~30 pmol) (~30 pmol) (~30 pmol) (~30 pmol)
c Metafectene 0.2 pl 0.4 pl 0.8 ul 0.6 ul 0.2 ul 0.4 pl 0.8 pl 0.6 pl
@ siRNA : Metafectene 1:1 1:2 1:4 1:8 1:1 1:2 1:4 1:8
siRNA 0.3 ug 0.3 g 0.3 pg 0.3 g 0.3 g 0.3 ug 0.3 g 0.3 ug
(~45 pmol) (~45 pmol) (~45 pmol) (~45 pmol) (~45 pmol) (~45 pmol) (~45 pmol) (~45 pmol)
Metafectene 0.3 pl 0.6 pl 1.2l 2.4 pl 0.3 pl 0.6 pl 1.2pl 2.4 ul
siRNA : Metafectene 1:1 1:2 1:4 1:8 1:1 1:2 1:4 1:8
3< siRNA - - - - - - - -
£ % Metafectene 0.3 ul 0.6 pl 1.2l 2.4l 0.3l 0.6 pl 1.2l 2.4l
=3 siRNA : Metafectene - - - - - - - -
k]
L siRNA
© =
<] Metafectene - - - - - - - -
g © siRNA : Metafectene
Table 4. Calculating the amount of siRNA and Metafectene for different plate types per transfection
Plate type 6 wells 24 wells 96 wells
Total volume, ml 2.2 0.56 0.21
Cell suspension volume, ml 2.0 0.50 0.15
Solution A (siPHK (30uM) + PBS, pl), volume per well 5.0 + 100.0 2.5 +30.0 0.5 +30.0
Solution B (lipid + PBS, pl), volume per well 5.0 + 100.0 2.5 +30.0 0.4 + 30.0
A+B mixed, pl, volume per well 200.0 60.0 60
Number of cells per well (x10%) 25 10 1

70 % ethanol. Make sure that ethanol comes in contact with
every part of the tube wall to wash away salts that may inhibit
further enzymatic reactions. Centrifuge for 10 min 10,000g at
+4 °C.

22. Air-dry the pellet. Leave the tubes open for a few minutes
until liquid is gone and visible pellet becomes transparent.
Dissolve the pellet in nuclease-free water.

23. Use electrophoresis to check for RNA degradation and
genomic DNA contamination. If the pellet is very visible, run one
sample on the gel twice, but use different sample volumes (for
example, 1 and 5 pi).

24. During agarose gel electrophoresis the intact RNA will
produce two distinct bands corresponding to18S and 28S
rRNAs; the 28S band should be twice as intense as the 18S
band (Fig. 3). A faint smear should be visible all through the gel
lane, representing high molecular weight mRNA. Note that a
band at the bottom will indicate RNA degradation. If it is there
and is quite intense, read through the protocol carefully once
again and repeat extraction. The presence of the genomic DNA
band running at 10 kpb (DNA ladder size) and upwards indicates
contamination. In case of genomic DNA contamination, repeat
RNA extraction paying attention to phenol buffering and be
careful when collecting the aqueous phase.

Quality and quantity of the obtained RNA can be
assessed instrumentally using the spectrophotometer. RNA
concentrations are measured by absorbance at 260 nm.
Additional measurements at 240 and 280 nm will provide
information about protein contamination of the sample. The
purity of the sample is determined by the A260/280 ratio
ranging from 0.5 to 2.0. The less protein-contaminated is the
RNA, the higher is the ratio. The A260/230 ratio is calculated to

detect the presence of organic contaminants, such as phenol
or its salts or other salts used during RNA extraction. Ideally,
this value should be about 2.0. If the RNA sample is not pure
enough, it can be additionally purified by ethanol-induced
precipitation. Isolated RNA must be stored at =70 °C and
thawed in the ice bath before use.

2. Treatment of RNA samples with DNAse |

DNA contamination of RNA samples may render real-time PCR
data inaccurate, causing formation of non-specific by-products.
Primers selected for target gene amplification should sit on
different exons, otherwise genomic DNA will be co-amplified
with cDNA, skewing the results. To sum up, RNA should be
free of contaminating genomic DNA. Unfortunately, even
commercial reagent kits for RNA isolation do not guarantee a
perfect result. Therefore, it is recommended to treat RNA with
DNAse | to eliminate contamination.

We recommend attempting DNAse treatment on a portion
of the sample. Do not treat the whole sample — reserve a
portion in case something goes wrong.

Treating samples with DNAse | is easy [47]: add a reaction
buffer and an enzyme provided by the same manufacturer to
an RNA aliquot. It is not recommended to vortex DNAse | as
vortexing may result in the loss of DNase activity. Incubation
with the enzyme lasts for at least one hour, which is normally
enough to remove contaminating DNA. DNAse | can be
inactivated by EDTA that chelates Mg?* ions and heating to
60 °C.

Reagents:

1. Mg?*-containing buffer,
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2. 50 mM EDTA,

3. RNAse-free water.

Equipment: thermostat.

We suggest the following protocol:

1. Thaw RNA in an ice bath.

2. Take an RNA aliquot (2-3 pg) and add RNAse-free water
to bring its volume to 8 p.

3. Add 1 pl of the 10x Mg?*-containing buffer, vortex.

4. Add 1 pl of the enzyme, pipet down (do not vortex).

5. Incubate for 1 hour at 37 °C.

6. Add 1 pl of 50 mM EDTA and incubate for 10 min at
60 °C.

3. DNAse | treatment control

To make sure genomic DNA has been degraded by DNAse, the
sample should be tested for the presence of DNA molecules.
It is done by running a real-time PCR assay using a pair of
primers annealing to genomic DNA. Untreated RNA and
genomic DNA should be used for control. The Ct value of the
DNAse-treated sample must be > than the Ct values of the
untreated RNA and genomic DNA samples. If Ct is >37, the
treatment is considered successful, meaning that genomic DNA
will not significantly affect the accuracy of the post-knockdown
expression analysis.

Reagents:

1. RNAse-free water,

2. PCR mix (5x): buffer for polymerase (5x), 12.5 mM MgCl,,
a mix of 4 deoxynucleotides (1mM each),

3. Tag-polymerase,

4. EvaGreen dye,

5. PCR primers for the HPRT1 gene:

HPRT f8 — ACCACCGTGTGTTAGAAAAGTA,

HPRT r3 — AGGGAACTGCTGACAAAGATT.

Equipment:

1. real-time PCR amplifier,

2. electrophoresis chamber.

To amplify genomic DNA targets by control PCR, we use
HPRTT1 primers. The protocol is provided below.

1. Prepare the following PCR mix for each sample:

e 4 yl of the PCR buffer (5x),

¢ 2 ul of each primer (2.5 uM),

e 1 ul of EvaGreen (20x),

¢ 0.25 pl of Tag-polymerase (5 units per pl),

¢ 9.75 pul of water,

e 1 ul of the template.

Note that the PCR buffer contains the Tag-polymerase
buffer, 12.5 mM of Mg?*, and 2 mM deoxyribonucleotides.

2. Thermocycling conditions: 95 °C for 1 min followed by
40 cycles of 95 °C for 10 s, 60 °C for 10 s, 72 °C for 10 s.
Fluorescence is recorded during the elongation step; the
melting curve is recorded between 60 °C and 95 °C, with
measuring points at 0.3 °C intervals

3. Analyze the curves, calculate Ct.

After RNA samples have been treated with DNAse, RNA
should be run on the agarose gel again, as described above, to
check for contamination.

4. cDNA synthesis by reverse transcription

Although this step is technically easy, it is very important for
further analysis, because poorly performed reverse transcription
may affect data accuracy during the expression analysis.

To date, there are two major techniques for cDNA synthesis
based on the use of random hexanucleotides (hexamers)
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and the so-called oligo-dT-primers. Random hexanucleotides
anneal to random complementary sites of the RNA molecule
producing a library of cDNA fragments corresponding to all
RNA sequences. Oligo-dT-primes are annealed to the poly(A)
tail of mMRNA, producing a library of polyadenylated transcripts.
Primers for reverse transcription (RT) are selected considering
the nature of the target gene and the available primers for its
amplification. Random hexanucleotides facilitate synthesis
of cDNAs that represent all RNA sequences, making primer
selection easier. The 5'-ends of the resulting RNA libraries are
often overrepresented, though. In contrast, oligo-dT-primers
allow to effectively obtain cDNA fragments corresponding to
the 3'-ends of the RNA molecule [48]. Besides, in this case the
resulting library will be rich in polyadenylated mRNAs. To sum
up, the choice of the technique depends on the mRNA length
and the site the primers will be annealing to.

The protocol for reverse transcription includes 3 steps: two-
or three-stage primer annealing to RNA, reverse transcription,
and its inactivation.

Reagents:

1. reverse transcriptase,

2. reverse transcriptase buffer,

3. deoxyribonucleotides (ANTPs),

4. 25 mM MgCl,

5. nuclease-free water.

Equipment: thermostat and ice bath.

The protocol for reverse transcription [49] is provided below.

1. Set the thermostat to 70 °C, prepare the ice bath.

2. Calculate the amounts of the reagents for the reaction
mix based on RNA concentration (Table 5). The final reaction
volume should be 10-30 pl. If RNA concentration is low and the
volume of RNA is too large, volume of reaction mixture should
be minimized.

3. Add 10 pmol of the oligodT (5'—(T),,VN-3') primer or
100 pmol of random hexanucleotides to the volume containing
1 ug RNA.

4. Incubate for 3 min at 70 °C.

5. Transfer to the ice immediately, leave in ice for 3 min.

6. Prepare the reaction mix, add it to RNA.

7. Incubate for 2 min at 42 °C (this step can be skipped).

8. Add 1 pl of ImProm-Il Reverse Transcriptase (200 units).

9. Incubate for 15 min at 20 °C (for random hexanucleotides
only).

10. Incubate for 1.5 h at 42 °C (reverse transcription).

11. Inactivate revertase: 70 °C, 20 min.

12. Dilute cDNA down 10- to 20-fold with water.

Fig. 3. Electrophoresis of high quality RNA extracts obtained from the lysate. 1 —
the 28S rRNA band, 2 — the 18SrRNA band
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5. cDNA quality control

Although reverse transcription is easy to perform, cDNA yield
can still be low in spite of the seemingly good RNA quality.
There are a few reasons for that: RNA was not purified properly
after phenol extraction; RNA pellet was not properly washed
after precipitation, which resulted in salt contamination; RNA
pellet was underdried after ethanol wash. It is recommended
to monitor the quality of the obtained cDNA by real-time PCR
using primers for housekeeping genes. There is no need for
technical replicates, but negative (water) and positive (CDNA)
controls are a must. Calculated meaning Ct help to estimate
reverse transcription efficiency. Ideally, the difference between
the meanings of Ct of the tested sample and the control should
not be greater than 1 cycle. If the difference is greater than
4 cycles, reverse transcription should be performed again.
Sometimes it might be necessary to purify RNA by ethanol
precipitation once again.

Reagents:

1. RNAse-free water,

2. PCR mix (6x): buffer for polymerase (5x), 12.5 mM MgCl,,
a mix of 4 deoxynucleotides (1 mM each),

3. Tag-polymerase,

4. EvaGreen or SybrGreen dye,

5. PCR primers for gene HPRT1:

HPRT f4 — TCAGGCAGTATAATCCAAAGATGGT,

HPRT r4 — AGTCTGGCTTATATCCAACACTTCG.

Equipment: real-time PCR amplifier.

We normally perform cDNA quality control with primers for
housekeeping genes, such as B2M or HPRT1. The protocol is
provided below.

1. The following PCR mix should be prepared for each
cDNA sample:

e 4yl of the PCR buffer (5x),

e 2 ul of each primer (2.5 M),

e 1 pl of EvaGreen (20x),

e 0.25 pl of Tag-polymerase (5 units per pl),

e 2.75 ul of water,

e 10 pl of the template.

2. Thermocycling conditions: 95 °C for 1 min followed by
40 cycles of 95 °C for 10 s, 60 °C for 10 s; 72 °C for 10 s.
Fluorescence is recorded during the elongation step; the
melting curve is recorded from 60 to 95 °C with measuring
points at 0.3 °C intervals.

3. Analyze the curves, calculate Ct.

4. The Ct value of HPRT1 must be equal to that of cDNA
(~25 cycles). If Ct meaning of the studied cDNA and the control
sample are almost equal, reverse transcription is considered
successful and the obtained cDNA can be used in further
experiments.

Table 5. The reaction mix for reverse transcription

6. Evaluation of knockdown efficiency using real-time
PCR assay

PCR efficiency is known to be dependent on a number of
factors, including template concentrations. Before measuring
post-knockdown expression, cDNA concentrations should be
equalized in all samples by diluting cDNA down with water,
considering the Ct values from the previous step. For all cDNA
samples the difference between meanings of Ct should not be
greater than 1 cycle to minimize data dispersion during final
analysis.

Once cDNA quantities have been equalized, gene
expression can be analyzed using real-time PCR. Expression
of the target genes must be compared to that of the
housekeeping genes. According to the MIQE Guidelines [50],
three or more reference genes should be used to achieve
accurate normalization. The more reference genes are used in
the experiment, the more accurate and reliable is the analysis
of post-knockdown expression of the target genes. While
selecting reference genes, it should be kept in mind that their
expression levels may vary, which means that lowly expressed
or overexpressed genes should be opted out. To normalize
gene expression data, we often use genes HPRT1, TFRC,
B2M, and TBP.

Real time PCR is usually performed with three technical
replicates per sample. PCR product can be detected by either
intercalating dyes -or specific probes. TagMan probes are very
target-specific and easy to use. But intercalating dyes are
much cheaper and could be a good alternative to the probes if
you are going to conduct only a few experiments [51].

Whether intercalators or TagMan probes are used, the
reaction must be optimized using control cDNA samples
because of possible primer-associated problems during the
PCR assay.

Reagents:

1. RNAse-free water,

2. PCR mix (bx): buffer for polymerase (5x), 12.5 mM
MgCI2, a mix of 4 deoxynucleotides (1 mM each),

3. Tag- polymerase,

4. EvaGreen dye.

Equipment: real-time PCR amplifier.

We described preparation of the PCR reaction mix above.
For the majority of the amplified loci we normally use the
following thermocycling conditions: 95 °C for 1 min; 40 cycles
of 95 °C for 10's, 60 °C for 10 s 72 °C for 10 s. Fluorescence
is recorded during the elongation step; the melting curve is
recorded between 60 and 95 °C with measuring points at
0.3 °C intervals.

PCR is usually followed by data analysis, including
construction of the melting curves, to make sure that

Component Stock solution concentration Volume per reaction (20 pl)

RNA 0,5-1,0 ug

. 10uM (oligodT) 1l
Primer 100 uM (random hexanucleotides) 1ul
ImProm-II™ Reaction Buffer 4l
dNTPs mix 2mM (of each dNTP) 2l
MgCl, 25mM 2l
ImProm-Il Reverse Transcriptase 200 un/ pl 1l
Nuclease-free water (MQ) Up to 20 pl
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amplification was gene-specific and no primer-dimers were
formed. Usually, technical replicates of the same sample are
compared. If there are >0.3 differences between the Cts of the
replicates, PCR should be performed again strictly according
to the protocol. Data are analyzed using mean Ct values from
technical replicates.

Now, relative expression levels of the target genes can be
calculated. Geometric mean is calculated for the expression of
reference genes [52]. Further calculations are based on AACt:

1. calculate Ct(ref) geometric mean for housekeeping
genes;

2. calculate ACt = Ct(target gene) — Ct(ref),

3. calculate mean ACt(med) and standard deviation SD,

4. calculate AACt using the following formula: AACt =
ACt(med)control — ACt(med)target,

5. relative expression is calculated as 244,

6. for sicontrol relative expression equals 1.

The obtained value shows how expression of the target
gene has changed after knockdown in comparison with the
control sample. To see if the obtained value is statistically
significant, the margin of error has to be calculated. The
confidence interval is calculated as 2-¢2¢t =84 where AACt is
calculated for the target gene in the samples treated with target
siRNA, relative to the control; SD is standard deviation of ACt
of biological replicates for target siRNA. The margin of error is
the difference between the minimum or maximum values of the
confidence interval and the AACt. Based on these calculations,
bar charts with error bars are constructed (Fig. 4).

Statistical significance of data is usually evaluated by the
nonparametric Kolmogorov—Smirnov test and Mann—Whitney
U test.

IV. Analyzing the effect of knockdown

Depending on the goal of the experiment, different
measurements can be taken after gene knockdown to study
its effect at the molecular (e. g., expression of other genes)
and cellular levels. The effect of gene knockdown on the life
of cells can be analyzed using various tests aimed to evaluate
cell proliferation, apoptosis, migration, growth, or analyze the
cell cycle.

Cell viability assays are commonly used tests employed by
similar research studies to determine the number of viable cells
in the sample and thus to estimate cell death or proliferation
rates after exposure to various factors. Cell viability can be
assessed using tetrazolium dyes (MTT, MTS, XTT, WST-1),
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Fig. 4. A bar chart representing real-time PCR data
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resazurin, and protease activity markers (GF-AFC), or by
measuring ATP levels, etc. All these methods have their own
advantages and drawbacks. At the moment, the most popular
tool for measuring cell viability is the MTT assay based on the
reduction of the MTT tetrazolium dye (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide). It is cheap and simple,
but not that sensitive as other methods, therefore it is often
used for primary screening [53].

Living cells are capable of reducing MTT to formazan (it
is water-insoluble, max absorbance is reached at 570 nm)
whose concentrations are measured by the assay. MTT is a
commercially available reagent. We normally use the MTT
powder supplied by PanEco (Russia).

If the experiment aims to investigate the effect of knockdown
on cell viability, the latter is usually measured in the samples
treated with control siRNA and target siRNA. Measurements
for each sample are taken in five biological replicates. Besides,
cell viability must be measured over a period of time at different
time points (for example, once every 5 days; time points may
vary depending on the goal of the experiment). Thus, every
experiment, starting with transfection, has to be repeated as
many times as there are time points, because cells die in the
course of the MTT assay.

The protocol for the MTT assay is provided below (based
on [53, 54)).

Reagents:

1. MTT working solution: 5 mg/ml MTT in PBS pH 7.4.
The solution must be filter-sterilized through a 0.2 pM filter and
stored in the dark frozen (up to 6 months) or at +4 °C up to
two weeks,

2. DMSO solvent (100 % dimethyl sulfoxide).

Equipment:

1. plate reader for measuring absorbance at wavelengths
of 570 and 670 nm,

2. plate shaker (optional).

The protocol:

1. Perform transfection in a 96-well flat-bottom plate.

2. The volume of the fresh complete medium replacing
the old medium should be 150 pl per well. Note that wells
containing the medium without cells should be reserved for
control (further referred to as empty wells). Their number should
be equal to the number of biological replicates. The assay
should be performed on the empty wells in exactly the same
manner as on the experimental samples.

3. Add 20 pl of the working solution (5 mg/ml MTT) to each
plate. Pipet gently.
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Fig. 5. The results of the MTT-assay following HOXA7 knockdown (Tang et al. [55])
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4. Incubate for 3-4 h at 37 °C and 5 % CO,,.

5. Remove the medium and leave the wells to dry a little.

6. Dissolve the formazan in 200 pl of DMSO. Agitate it on
the plate shaker (if available) for 10 min at room temperature to
make sure the formazan is dissolved evenly and quickly.

7. Using the plate reader, measure optical densities of the
solutions in every plate at 570 nm and 670 nm (for background
signals).

Data analysis:

1. Calculate the corrected optical density for each well (D)
using the formula: D, =D (570 nm) — D (670 nm), where D is
the optical density.

2. For each cell-containing well, subtract mean Dcor of the
empty wells from Dcor.
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DISTRIBUTION OF INTRAVENOUSLY INJECTED SMALL INTERFERING
RNAs IN ORGANS AND TISSUES
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" Laboratory of Molecular Genetics of Complexly Inherited Diseases,
Research Centre of Medical Genetics, Moscow, Russia

2 Preobrazhensky Department of Chemistry and Technology of Bioactive Compounds,
Institute of Fine Chemical Technologies, Moscow, Russia

There are a number of problems that need to be addressed when designing an effective RNA interference-based drug including
distribution of intravenously injected exogenous small interfering RNAs (siRNAs) in the organs and tissues of the patient.
Insufficient data on siRNA distribution obtained using isotopic/fluorescent labeling offers no insight into whether the polymer
retains its original structure after the injection. Quantitative real-time polymerase chain reaction that we used in our work
provides a better response to the challenge. In our experiment L/VIN-specific siRNAs injected intravenously were distributed
unevenly between tissues and their accumulation was dose-dependent (the study was conducted in mice using 2.5 and 7.5
mg/kg doses). Maximal accumulation was observed in the liver and spleen where siRNA concentration continued to increase
between 48 and 96 hours after its administration. This demonstrates that the studied cationic lisosome/miRNA complex has
long circulation time. We believe that the obtained data will be instrumental in finding an effective therapeutic dose, designing
adequate regimens and preparing for preclinical or clinical trials of siRNA-based drugs.
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PACMNPEOENEHUNE TAPITETHbBIX MAJIbIX UHTEPO®EPUPYIOLLINX PHK
NMOCJIE BHYTPMBEHHOI'O BBEOEHUA

A. 0. KysesaHoga', A. C. Jlynesa?, M. A. Macnog?, A. B. KapnyxuH', A. A. Anvmos'®

" JTabopaTopus MOSIEKYNAPHON MeHETUKN CIIOXKHO HaCeAyeMbIX 3abonesaHui,
MeAVKO-reHeTU4eCKuiA Hay4HbIN LieHTP, Mockea

2Kadenpa XvMum 1 TEXHOOMMN BUONOMMHECKM aKTUBHBIX COEAVHEHI MeHM H. A, TTpeobpaxeHCKoro,
VIHCTUTYT TOHKNX XMMNHECKNX TexHOoNoruin, Mocksa

CospaHve nekapCTBeHHbIX CPeACTB Ha ocHoBe PHK-1HTepbepeHLmn npeanonaraeT peLleHme psiaa 3afad, BKkoYas noyye-
HVie CBEAEHWI O pacnpefeneHn No opraHam peLmnmeHTa BBOANMbIX B €r0 OPraHn3M SK30reHHbIX MaslbiX MHTEPMEPUPYOLLIMX
PHK (M1PHK). VmetoLLmecs faHHble Mo STOMY HanpaBeHno NCCNefoBaHni He ABNAKOTCS MOMHbIMM 1 MOJTYHeHbI MPKY MOMOLLM
N30TOMHbBIX/NYOPECLIEHTHBIX METOK, KOTOPbIE HE MO3BONSAKOT CyAUTb O COXPaHEHNM MEPBUYHOM CTPYKTYPbl BBEAEHHOMO MO-
nmmepa. Vicnons3oBaHHbIN B JaHHOW paboTe METOA, aHanM3a Ha OCHOBE KOIMHYECTBEHHON MOMMMEPa3HON LIEMHOM peakumm
B PEXMME «pealbHOr0 BpEMEHW» NO3BOMSET PELUNTL 3Ty Npobnemy. [okasdaHo, 4To BBeAeHHbIe BHYTPMBEHHO MMPHK K reHy
LIVIN HepaBHOMEPHO pacnpefenstoTcs Mexxay TKaHaMU 1 AEMOHCTPUPYIOT 3aBUCUMOE OT [03bl HakOMeHe B opraHax
(MccnenoBaHvie NPOBOAMAM Ha MblLLax, NCNob3ys [03bl 2,5 1 7,5 MI/Kr). MakcumansHoe HakomneHne BbISBNEHO B MEYEHN U
ceneseHke. Brnepeble 0OHAPY>XXEHO, YTO B STUX OpraHax KoOHUEeHTpaLms aHanmaupyemor MuPHK Bo3pacTaeT BO BPEMEHHOM
nHTepBane mexay 48 1 96 4 nocne BBeaeHUs. TO yKasbIBaeT Ha OMTENbHbIN Nepuod upkynsaumm MuPHK B KoMmnnekce
C KaTVMOHHbIMX IMNOCOMamMU B OpraHmame. NoslydeHHble CBeAeHVs akTyabHbl A1 novcka a(PdeKTNBHON TepaneBTUHeCKomn
[003bl, CXEM NeYeHIst, a TakKe NMNaHNPOBaHNS OOKTMHUHECKNX U KIIMHUYECKMX NCCNefoBaHU NPy pa3paboTKe NiekapCTBeH-
HbIX MPenapaToB Ha OCHOBE TepaneBTUHeCKnX MUPHK.

KntoueBble cnoBa: masble HTepdepurpytome PHK, KaTUoHHbIE IMMOCOMbI, MbILLIW, TKaHW, KOIMYECTBEHHAS NOMMepasHas
LiernHas peaxkumst

BnarogapHocTu: agtopsl 6narogapat Onbry KoHsesy 1 Hatannio KynbbadeBckyto 13 POCCUICKOro OHKONOMMYECKOro HayYHOro LeHTpa nvenn H. H. BrnoxunHa
32 KOHCYNETATVBHYHO 1 TEXHUYECKYIO NMOMOLL MK paboTe C >KUBOTHBIMM.
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There has been a steadily growing interest in the design of RNA
interference-based therapeutics since the mechanism was
discovered underlying the binding of exogenous small interfering
RNAs (siRNAs) to the RNA-induced silencing complex (RISC)
[1]. The therapeutic potential of SIRNAs has been demonstrated
in the animal model of autoimmune hepatitis [2]. The authors of
the experiment used RNA interference to silence the expression
of Fas (the gene that codes for an apoptosis-mediating
receptor) in mouse hepatocytes in vivo. siRNA duplexes were
injected in the tail vein of mice in doses of 2.0 to 2.5 mg/kg. To
verify uptake of siRNAs by the cells, Fas siRNAs were labeled
with Cy5 at their 3'-end.

The first therapeutically effective liposomal formulation of
siRNA targeted apolipoprotein B (APOB) whose accumulation
is implicated in the development of atherosclerotic vascular
disease. It was shown that intravenous injections of APOB-
specific siRNAs administered to monkeys in doses of 1.0 to
2.5 mg/kg were followed by a 90 % reduction in target gene
expression [3]. In that experiment siRNAs were encapsulated
into iLNPs (ionizable lipid nanoparticles) produced by Alnylam
Pharmaceuticals that are considered to be effective siRNA
carriers. These liposomes were also used to design revusiran
(ALN-TTRO1), a drug for treating transthyretin amyloidosis,
successfully tested in the clinical setting [4]. Similar carriers
were used in another siRNAs-based drug targeting VEGF and
KSP in patients with liver metastases [5]. Such siBNA carriers
are also reported to work against Ebola [6]. Unfortunately,
only scarce data obtained using fluorescent tags are available
on the distribution of siRNA-based complexes in organs and
tissues [7].

A lot of effort is being put into discovery of other effective
ways of delivering siRNAs into the cell in vivo [8]. Cationic
liposomes seem to hold some promise as delivery vectors
[9, 10]. A possibility to use them in in vivo studies was
demonstrated recently when Bid (the BH3-interacting domain
death agonist) was silenced using a siRNA/Invivofectamine
complex (Invivofectamine is a commercial reagent by Thermo
Fisher Scientific, USA). The drug was administered to mice
intravenously in doses of 0.5 to 4.0 mg/kg; efficiency of RNA
interference was evaluated using liver tissues [11]. However,
distribution of the drug in organs and tissues was not studied.
Such information is essential for understanding the patterns
of drug accumulation in the target organ and gives an idea of
what possible adverse effects might be expected

The aim of this work was to evaluate distribution of
cationic liposomes/siRNA complexes targeting gene LIVIN
using a new, recently proposed real-time PCR-based
method for siRNA quantification. The composition of cationic
liposomes was as follows. Cationic lipid: 1,26-bis(cholest-5-
en-3B-yloxycarbonylamino)-7,11,16,20-tetraaza hexacosane
tetrahydrochloride; neutral lipid: 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine). LIVIN is an apoptosis inhibitor. It is
often overexpressed in malignant tumors and is a promising
therapeutic target [12].

METHODS
Animals

All experiments on animals were carried out in strict compliance
with the Principles of Good Laboratory Practice (GOST 53434-
2009, 2010) and Order No. 708n of the Ministry of Health
and Social Development of the Russian Federation On the
Approval of Rules of Laboratory Practice dated October 13,
2010. The study was approved by the local Ethics Committee
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of the Research Center of Medical Genetics (Protocol No. 8
dated December 23, 2016). The experiment was carried out on
18 healthy male Balb/c mice weighting 21-22 g bred in Blokhin
Russian Cancer Research Center. The mice were housed
under standard conditions with free access to food and water.
Prior to the actual experiment the mice were examined and
found healthy.

The animals were randomly distributed into 3 groups. The
first group (the controls) received intravenous injections of
0.5 ml normal saline. Group 2 received intravenous injections
of 2.5 mg/kg siRNA against LIVIN; group 3 received 7.5 mg/kg
siRNA against LIVIN. Before the experiment all mice were
tagged, weighted and placed into cages 6 animals per cage.
Tissue samples for biochemical analysis were collected 48 and
96 hours after the injection. The animals were sacrificed in strict
compliance with the existing guidelines. Lung, liver, spleen,
kidney and brain samples were collected from each mouse,
immediately frozen and stored at —70 °C.

Quantification of exogenous siRNA in tissues

Exogenous siRNAs in tissue samples were quantified by
polymerase chain reaction (PCR) as proposed by Liu et al.
[13]. Probes specific to LIVIN siBRNA were selected in strict
accordance with the Custom TagMan Small RNA Assays
Design and Ordering Guide (Applied Biosystems, USA).
Nucleic acids were isolated from tissue samples homogenized
in liquid nitrogen, by a standard proteinase-K-based technique
and phenol-chloroform extraction. Reverse transcription and
quantitative PCR were performed using Custom TagMan
Small RNA Assays by Applied Biosystems according to the
vendor’s protocol. Three replicates were run for each probe.
Duplex concentrations were inferred based on the Ct (threshold
cycle) value. This value represents a point during the reaction
at which the fluorescent signal from the analyzed samples
crosses the preset threshold. Data were processed using
the Applied Biosystems StepOne and StepOnePlus Real-
TimePCR Systems. In all studied samples gene expression was
normalized to snoRNA202 as proposed by Wong et al. [14].
The relative amount of duplexes in the samples was calculated
using DataAssist v3.0 Software (Applied Biosystems, USA)
[15]. Time zero calibrator samples were obtained from the
corresponding tissues of the controls.

Preparation of the injectable formulation

The injectable formulation was prepared in the lab in full
compliance with the technical guidelines. Cationic liposomes
used in our experiment are described in the work by Maslov
et al. [10]. Interfering RNAs against LIVIN were obtained by
annealing two complementary oligos as described in [12]. The
complexes were assembled in sterile water. At the final step,
0.9 % sodium chloride was added to the loaded liposomes,
and the composition was nanopore-filtered (pore size of
10 pm). The final concentration of the duplex in the injectable
formulation was 0.125 pkg/ml. The minimal dose for in vivo
injections was determined based on the guidelines for the use
of Invivofectamine, which is a similar formulation for siRNA
delivery.

RESULTS
A series of preliminary in vivo experiments showed that siRNAs

delivered into the cells by cationic liposomes are eliminated at a
slow rate and therefore can be detected in the isolated nucleic
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acid fractions within at least 3 days following the transfection
(data are unpublished). Based on these observations, the time
of sampling was determined. Samples were collected 48 and
96 hours after the siRNA injections.

No signs of toxicity of the liposomal siRNA formulation were
observed in the animals who received 2.5 and 7.5 mg/kg doses.
The body weights of mice included in the experimental groups
and the weights of their removed organs were physiologically
normal and did not differ significantly from those in the control
group.

Before proceeding to the biochemical analysis, we carried
out a series of preparatory experiments. Specifically, we
determined a lower threshold at which siRNA concentrations in
the sample could be detected by reverse-transcription real-time
PCR. Using the calibrator, we constructed a 5-point calibration
curve encompassing a range of siRNA duplex concentrations
from 23.04 pg/ml to 230 ng/ml. The lower detection threshold
was 3-5 pg per reaction. After the threshold had been identified,
we proceeded to the analysis of exogenous siRNA distribution
in tissues and organs.

The results are shown in the figure below. The obtained
data demonstrate that distribution of intravenously injected
siRNA in organs and tissues of mice had a pattern. Its maximal
accumulation was observed in the liver, whereas minimal — in
the brain.

It was found that within 48 h after the injection siRNA
accumulation in the liver, kidneys and brain was dose-
dependent. This pattern was not observed for the lungs and
spleen.

Gradually siRNA concentrations in the lungs, kidneys and
brain went down. In contrast, the liver and spleen demonstrated
a different pattern: siRNAs accumulated in these organs within
the first 4 days after the injection. To find out whether siRNAs
were eliminated beyond this time point, we carried out another
experiment in which tissue samples were collected 12 days
after the injection (the administered dose was the same). No
trace amounts of the formulation were detected in the liver,
kidneys, lungs and brain, suggesting that siRNA accumulation
was time-limited.

DISCUSSION

Information about the distribution of therapeutic siRNAs
(including those attempted to treat cancer) in organs and
tissues is very important. Tumors found in the organ that readily
accumulates siRNA will be more responsive to treatment.
Predominant accumulation of miRNA in the liver makes

A)

500
400 -
300 -

200 -

Arb. un. RQ

100

Liver Brain

M +8n

Spleen

M osn

Lung Kidney

malignant hepatic tumors an attractive target for RNAi-based
drugs. Our data suggest that accumulation of intravenously
injected MIRNA in the liver is directly proportional to the
administered dose and lasts for at least 4 days.

The pattern of siRNA distribution observed in our study is
consistent with the data obtained by other researchers who
used fluorescent labeling [7]. However, our analysis of dose-
and time-dependencies vyielded some new and critically
important data. In particular, an increase in dosage stimulated a
manifold increase in MiIRNA concentrations in the kidneys. This
effect was observed for the first 2 days after the injection; then
siRNA concentrations started to go down. This information
can be helpful in designing an siRNA-based treatment for
patients with kidney cancer. Similar, though less conspicuous
associations between time, dosage and siRNA concentrations
were observed in the brain tissue. Interestingly, increase in
dosage did not have any effect on the siRNA concentrations in
the lungs and spleen.

The obtained data about time- and dose-dependent
accumulation of siRNA could be instrumental in devising a
treatment regimen. Earlier treatment strategies based on RNA
interference did not take into consideration the previously
unnoticed time-related pattern of siRNA accumulation in the
liver and spleen.

Dynamics of dose-dependent siRNA accumulation
shows that kidney tissue is particularly sensitive to growing
concentrations of the cationic liposome/siRNA complexes in
the blood. It means that liposomal siRNA formulations targeting
malignant cells, such as kidney carcinoma cells, should be
administered at a higher dose for the enhanced effect.

In our study we used a recently proposed method for
siRNA quantification by quantitative real-time PCR. Unlike
fluorescence labeling [2, 7], this method can detect only those
siRNAs that have retained their primary structure responsible
for their interfering function [13], meaning that only functional
siRNAs are quantified, which is important for preclinical and
clinical studies.

Once dose and time dependencies have been identified,
siRNA delivery into the target organ can be optimized to
achieve the highest specificity possible and to prevent drug
accumulation in “non-target” organs.

For this work we chose an siRNA against L/IVIN that had
proved to work well in in vitro experiments and has a good
therapeutic potential [12]. We did not observe any visible
toxic effects, which is consistent with the data provided by
other authors [2, 3, 7, 11]. The doses of 2.5 and 7.5 mg/kg
administered to the animals in our experiment are typical for
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Accumulation of siRNA in the organs of mice after the intravenous injection. Differences between the experimental and control groups were significant for liver, spleen,
kidney and lung tissues (p < 0.05). (A) Administered dose of 2.5 mg/kg. (B) Administered dose of 7.5 mg/kg
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the majority of siRNA-based drugs. Single injections did not
cause any damage to the internal organs or affect the behavior
of the mice.

CONCLUSIONS

The discovered dose and time dependencies of siRNA
distribution in the organs and tissues following the intravenous
administration of the liposomal siRNA formulation prompt us
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RNA INTERFERENCE TARGETING INTERSTITIAL COLLAGENASE IS
A POTENTIAL THERAPEUTIC TOOL TO TREAT PSORIASIS

Mogulevtseva YUA', Mezentsev AV? = Bruskin SA?

"Russian State Agrarian University - Timiryazev Moscow Agricultural Academy, Moscow, Russia

2Laboratory of Functional Genomics, Department of Genetics and Biotechnology,
Vavilov Institute of General Genetics of the Russian Academy of Sciences, Moscow, Russia

Matrix metalloproteinases play an important role in maintaining skin homeostasis, promote wound healing, and are involved
in triggering inflammation. They are implicated in the structural changes occurring in the epidermis of psoriatic patients and
also facilitate infiltration of the skin by immune cells by regulating permeability of dermal capillaries. In this light, control over
the enzymatic activity of matrix metalloproteinases is crucial for a successful treatment outcome in patients with psoriasis.
The aim of this work was to investigate the effect of RNA interference on the progression of psoriasis by targeting interstitial
collagenase of epidermal keratinocytes. As part of the experiment, the latter were transduced with lentiviral particles that encode
small hairpin RNA. Gene expression was measured by real time polymerase chain reaction. Enzymatic activity was measured
by zymography. RNA interference was found to lead to a 20- and 4-fold decrease in the expression and enzymatic activity of
interstitial collagenase, respectively. Expression of homologous genes (MMP2, -9 and -12) changed insignificantly. In contrast,
there were marked changes in expression of cytokeratin (KRT7: 16.89 + 0.97; KRT14: 2.36 + 0.19; KRT17: 0.12 + 0.01;
KRT18:0.56 + 0.02), involucrin (0.79 + 0.11) and filaggrin (6.99 + 0.97). Besides, RNA interference caused a significant decline
in cell migration rates, although it did not affect cell proliferation. Thus, small hairpin RNAs targeting interstitial collagenase are
potentially therapeutic for psoriatic patients due to their ability to regulate expression of genes implicated in psoriasis (IVL, FLG,
KRT1,-14-17,and -18).

Keywords: psoriasis, interstitial collagenase, lentiviruses, transduction, transfection, small hairpin RNA, cytokeratins, involucrin,
filaggrin
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OLUEHKA TEPAMNEBTUHECKOI'O NOTEHUWMAJA PHK-UHTEP®EPEHL NI
WHTEPCTULIMANIbHON KOJINAMEHA3bI AJ19 NEYEHUA MCOPUAS3A

HO. A. Morynesuesa', A. B. MeseHues?™ C. A. bpyckuH?

"Poccuiickuii rocyaapcTBeHHbIN arpapHbin yHnBepcnteT-MCXA nmenmn K. A. Tummnpsizea, Mocksa

2 [labopatopvist (hyHKLMOHAIbHOM FEHOMMKM, OTAEN FEHETUHECKNX OCHOB OUOTEXHOMOMNN,
VIHCTUTYT 06LLen reHeTnkn nmenn H. V1. Basunosa PAH, Mocksa

MaTprKCHbIe METaNIONPOTENHA3L! UrPaKOT BaXKHYIO POJIb B MOOAEKaHMN TOMEOCTa3a KOXM, 3aXKUBIIEHVN PaH 1 MHULALA
BOCMANUTENBLHOMO MpoLiecca. [pn ncopuasde MaTpUKCHbIE METaIIONPOTENHA3b! YHACTBYIOT B CTRYKTYPHbIX MEPEeCcTpomnkax
anvaepMmca 1 perynsaumm NpoHMUAeMOCTV MUKPOKaNMAAPOB AEPMbl, CIOCOOBCTBYS MHDUABTPALMM KOXN KINETKaMN 1M-
MYHHOW CUCTEMbI. B cuny 3Toro ymMeHne KOHTPONIMPOBaTh aKTUBHOCTbL MATPUKCHBIX METaIONPOTENHA3 NMPELCTaBIAETCH
HeOOXOANMbIM AJ1S YCELLHOrO fledeHnst ncoprasa. Liensto faHHom paboThl ABASNACh OLEHKa BOSMOXHbBIX M3MEHEHWIA B MaTO-
reHese ncopuasa B pesynsrate PHK-uHTepdepeHLmn NHTepcTULManbHON KomnareHasbl B annaepManibHbIX KepaTuHoLUTaX.
[ns aTOro KNeTkn TpaHcOyLMpoBan NEHTUBNPYCHBIMY YacTULAaMK, KOOUPYIOLLVMIA B TEHOME Maslyto MHTEP(EPUPYHOLLYIO
PHK. [Ona aHanmaa ypoBHen SKCMPEeCCU reHOB VICMONb30Bas METOL, MONMMEPa3HOW LIEMHON peakLmy B PeXVMe «pealib-
HOro BpemeHn». GepMeHTaTVBHYIO aKTUBHOCTb ONpedensanv MetogoM sumorpadun. CornacHo MosyHYeHHbIM pedynsratam
PHK-mHTepdepeHums npreena K CHMKEHNIO YPOBHS SKCMNPECCUN reHa 1 (hePMEHTATUBHOM aKTVBHOCTU MHTEPCTULMAIIBHOM
konnareHasbl B 20 1 4 pa3a COOTBETCTBEHHO. [1py 3TOM 3KCMpPeccust roMonornyHbix reHos (MMP2, -9 n -12) meHsanach
HesHauMTeNbHO. HampoTB, Hamy OblM MOKa3aHbl M3MEHEHWS B YPOBHSX 3KCMPECCUM FeHOB UMTokepaTuHoB (KRTT:
16,89 + 0,97; KRT14: 2,36 = 0,19; KRT17: 0,12 + 0,01; KRT18: 0,56 + 0,02), nHeontokpuHa (0,79 + 0,11) n cdounarrprHa
(6.99 + 0,97). Momumo atoro, PHK-nHTepdepeHums Bbi3Bana CyLECTBEHHOE CHKEHWE CKOPOCTN MUMPAaLIN KIETOK, XOTA
NPaKTU4ECKM He MOBAUSNA Ha X Mponndepaumio. Takim 06pasoM, TepaneBTUHECKMI NOTeHLMaN MasibiX UHTEPMEPUPYIOLLIX
PHK, cneundudHbIX K MHTEPCTULIMANBHOM KoSnareHase, 3akito4aeTcs B HopManvaaunim SKCNPecCcuin BaXKHbIX 15 MaToreHe-
3a ncopwvaza reHoB (IVL, FLG, KRT1,-14 -17 n-18).

KntoueBble cnoBa: ncopuas, MHTEPCTULMANbHAsA KoareHasa, IEHTUBMPYChI, TPAHCAYKUMS, TpaHCMEKLMA, Manas UHTep-
dhepupyrowan PHK, uitokepaTuHbl, MHBOMOKPUH, (unarrpuH
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Psoriasis is one of the most common skin diseases [1]. The
hallmarks of plaque psoriasis, which is accountable for
90 % of the reported cases, are the raised and clearly delimited
epidermal lesions and chronic skin inflammation that leads
to an infiltration of the skin by immune cells. At the molecular
level, psoriasis is characterized by differential expression of
genes encoding cytokeratins, involucrin and filaggrin, which
are involved in the differentiation of epidermal keratinocytes.
Particularly, the expression of KRT1 and -74 elevates, whereas
the expression of KRT17 and -18 declines.

Unfortunately, there is no cure for psoriasis. On the other
hand, the available antipsoriatic treatments can clear psoriasis,
often for long periods of time. In this respect, the development
of new therapeutic approaches for psoriasis will remain a
high priority task that requires an immediate action. In turn, a
search for effective treatments will not be successful without
understanding how psoriatic plaques are developing and how
their progression can be manipulated. Accomplishing this task
also requires identifying the key participants of the disease
pathogenesis and revealing their role in the disease progression.

In the lab, our research is focused on interstitial collagenase
(IC). In psoriasis, IC is plays an important role in epidermal
remodeling, interactions between the epidermal keratinocytes
and permeabilization of dermal microcapillaries to the immune
cells [2]. Moreover, the expression levels of certain matrix
metalloproteinases, including IC, correlate with the severity of
the disease and they typically elevate when psoriasis flares. In
this respect, it would be important for us to find out how to
control metalloproteinase activity in the lesional skin.

Unfortunately, the idea that the activity of individual matrix
metalloproteinases can be blocked by specific inhibitors is
failed. To date, the clinical data suggest that the proposed
experimental treatments either have a poor efficiency [3] or
produce life-threatening adverse effects [4]. However, it is quite
possible to suppress the individual matrix metalloproteinase
genes by knocking them down with specific small hairpin RNAs
(shRNAs). In the other words, lesional skin can be treated
with certain substances that are capable to destroy mRNAs
transcribed from a particular gene. For instance, this kind of
experimental treatment could contain nonpathogenic viral
particles that encode a target-specific ShRNA [5, 6].

According to the published data, the transfection efficiency
is not the same in different cell lines. Moreover, it may still
sufficiently vary even when the same protocol is used. For
instance, HaCaT cells, which are epidermal keratinocytes, are
more difficult to transfect or transduce than HEK293, which
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are human embryonic kidney epithelial cells [7]. A relatively low
transfection and transduction efficiency of HaCaT cells can
be explained by at least two reasons. First, although HaCaT
are immortalized cells, they have a protective mechanism that
defends them against foreign RNA. Particularly, HaCaT express
fully functional receptors TLR3 and TLR7 that recognize
viral RNA [8, 9]. Second, HaCaT originate from epidermal
keratinocytes that form a protective skin barrier. This protective
barrier prevents a penetration of the body by microorganisms
and chemical agents. Moreover, this barrier protects the body
from environmental hazards, such as UV and ionizing radiation.
In this respect, it is not surprising that HaCaT are more resistant
to the transfection reagents, compared to the other cells lines,
which are originated from the internal organs [10]. The later
also explains why the delivery of viral shRNA into primary cells
and the skin cells in particular looks for us as a very challenging
task.

In this paper, we demonstrated how IC silencing in human
epidermal keratinocytes may affect the pathogenesis of
psoriasis.

METHODS
Cell culturing

Cells were cultured in the DMEM medium supplemented
with L-glutamine (PanEco, Russia), antibiotic-antimycotic and
5 % fetal bovine serum (Thermo Fisher Scientific, USA). The
medium was replaced every other day. Once the cells had
reached 70-75 % confluence, they were reseeded into new
dishes, one fifth of the collected cells per dish. The cells were
counted in hemocytometer. To measure the areas covered by
the cells and estimate the ratio of fluorescent cells, the images
of transduced cells were analyzed with Imaged software (NIH,
USA) using “Freehand selection” tool and “Cell counter” plugin,
respectively.

Cell transfection and transduction

To obtain genetically modified virions that encode necessary
shRNA, the packaging cell line HEK293 was cotransfected
with 4 plasmids: pMDLg-pRRE, pREV-TRE, pCMV_VSV_G
and pGPV. Plasmids pMDLg-pRRE, pREV-TRE, and pCMV_
VSV_G, which encoded viral genes necessary for assembling
the virions, were a generous gift of Prof. M. A. Lagarkova
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Fig. 1. Lentiviral transduction. (A) Ratio of HEK293 cells emitting the fluorescent light in the course of transfection. (B) Ratio of HaCaT cells emitting the fluorescent light
in the course of transduction. (C) Number of viable HaCaT cultured in the presence of puromycin. TRD — transduced cells; NTRD — non-transduced cells (negative

control). Transfection and transduction were performed as described in Methods
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(Vavilov Institute of General Genetics, RAS). The lentiviral
vectors pGPV-17019250-MMP1 and pGPV-17019250-CTR
encoding shRNAs were obtained as described earlier [11, 12].
Vector pGPV-17019250-MMP1 was used to obtain the IC-
deficient cells (HaCaT-IC), whereas vector pGPV-17019250-
CTR was used to obtain control cells (HaCaT-CTR) that
expressed scrambled shRNA. Moreover, each pGPV vector
also encoded puromycin-resistance factor (PuroR) and green
fluorescent protein (copGPF). These genes were necessary for
a selection of transduced cells on puromycin selective medium.
Before the experiment, a mix of the plasmids mentioned above
(10 :5:2:10) was diluted in unsupplemented DMEM .Then,
the transfection reagent Metafectene (Biontex, Germany) was
added and the obtained aqueous solution was incubated for
15-minutes at room temperature. At the end of the incubation,
the solution was added to HEK293 cells (30-40 % confluence).
In 6 hours, the culture medium was replaced with a fresh one.
Then, four days following the transfection, a virion-containing
medium was collected, filtered (pore diameter — 0.4 pm) and
used to transduce HaCaT cells.

The transduction of human epidermal keratinocytes
HaCaT (<60 % confluence) was performed for 4 days on a
daily basis by replacing their own culture medium with virion-
containing medium collected from HEK293. In four days, the
transduced cells were transferred to the medium contained
5 pg/ml puromycin (Thermo Fisher Scientific) and cultured there
for a week to select the puromycin-resistant cells with different
levels of IC expression.

Preparation of cell homogenates

To obtain cell homogenates, the cells were harvested at
60-70 % confluence and resuspended in the RIPA buffer
(25 mM Tris, 150 mM NaCl, 0.1 % sodium dodecy! sulphate,
0.5 % sodium deoxycholate, 1 % NP-40, pH 7.4) (Thermo
Fisher Scientific) for 1-2 min at 2-8 °C to achieve a complete
degradation of the cells (500 pl of the buffer per T-25 flask).

Protein assay

The protein concentration was measured using the fluorimetric
Qubit Protein Assay Kit (Thermo Fisher Scientific) according to
the manufacturer’s protocol.

Polyacrylamide gel electrophoresis and zymography

Polyacrylamide gel electrophoresis was performed according
to Laemmli [13, 14]. The acrylamide concentrations in resolving
and stacking gels were 10 % and 5 %, respectively. Zymography
was performed in 10 % polyacrylamide gel containing 4 mg/ml
collagen (Thermo Fisher Scientific) as described earlier [15].
Briefly, to prepare the gel, the gel components were mixed on
an ice bath at 2-8 °C and transferred to room temperature for
polymerization. The IC activity was assessed by densitometry
using the plugin “Gels” for ImagedJ software (NIH).

Extraction of total RNA

Total RNA was extracted with TRIzol reagent (Thermo Fisher
Scientific) as described earlier [16]. Quality of the obtained RNA
samples was verified using non-denaturing 1.5 % agarose
gel electrophoresis. The RNA concentration was measured
using the fluorimetric Qubit RNA BR Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol.
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Real-time PCR

Before the experiment, total RNA was converted to cDNA using
MMLV RT kit (Evrogen, Russia) according to the manufacturer’s
protocol. The primer sequences were obtained from the Probe
database [17]. The probes designated for the experiments were
composed of cDNA, a pair of specific primers and gPCRmix-
HS SYBR+HighROX reagent (Evrogen). The total probe volume
was 25 ul, the final concentration of the primers — 1 uM
each and the expected cDNA concentration — 4 pg/ml. The
experiments were carried out in 48-well plates (lllumina, USA)
using the Eco real-time PCR system (lllumina). The annealing
temperature was set to 60 °C. Prior the experiment, the plates
were sealed with a transparent film and centrifuged (100 g,
3 min, 18 °C) to prevent uneven probe distribution. The data
were analyzed using the software supplied by lllumina. The
ACTB assay was used as an endogenous control. Each probe
was run in triplicates. After all, three independent experiments
were performed.

Proliferation assay

For proliferation assay, the cells were seeded in 6-well plates,
40,000 cells per well. Randomly selected samples were treated
with 0.25 % of trypsin-EDTA solution (PanEco) on a daily basis.
The cells were counted in a hemocytometer. The obtained data
were used to plot cell growth curves in Cartesian coordinates.
Each experiment was repeated for 3 times.

Scratch assay

To estimate the rate of cell migration, the cells were cultured until
they covered the entire dish surface. Before the experiment, the
cell monolayer was scratched with a pipette tip to form a 1.25
mm-wide cell-free area across the center of the well. Then,
the remaining cells were cultured for 5-6 days. The cell-free
areas were photographed daily and quantified using Freehand
selection tool in the Imaged menu.

Statistical analysis

Data were represented as mean + standard deviation (m + SD).
The statistical differences between the means were assessed
by a one-way ANOVA. If P-values were less than 0.05, means
were considered to be significantly different.

RESULTS
Preparation of lentiviral particles

Fluorescence of transfected HEK293 became evident the
next day after transfection. Then, the ratio of fluorescent
cells increased to 75-85 % (Fig. 1A). Besides, we discovered
that the transfection with the vector encoding the IC-specific
shRNA affected cell adhesion to the growth surface. Unlike the
cells transfected with the vector that encoded the scramble
shRNA (HEK293-CTR), the cells transfected with the vector
that encoded the shRNA (HEK293-IC) remained attached to
the growth surface even when the cells were cultured for a long
time and the culture medium became more acidic. Moreover,
HEK293-IC required a treatment with trypsin before reseeding,
whereas HEK293-IC could be resuspended with an automatic
pipette.
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Transduction of epidermal keratinocytes and their selection
with puromycin

Fluorescence in the transduced HaCaT cells became evident
on the 2™ day of transduction. At the mentioned time point, the
ratio of fluorescent cells in the samples did not exceed 10 %
(Fig. 1B). On days 3 and 4, the ratio of fluorescent HaCaT cells
reached 35-50 %.

To remove uninfected cells from the samples, the transduced
cells were transferred to the culture medium supplemented
with puromycin. For the first 3 days of culturing, the number
of cells dropped dramatically. The non-transduced cells, which
served us as a negative control, did not survive in the presence
of antibiotic (Fig. 1C). In the other samples, the ratios of viable
cells were 15-25 % of the cells treated with puromycin.

Moreover, we demonstrated that cells expressing the IC-
specific shRNA (HaCaT-IC) and those expressing scramble
shRNA (HaCaT-CTR) exhibited different morphological
characteristics. Specifically, the colonies of HaCaT-IC cells
exhibited sharp boundaries (Fig. 2A). Besides, multiple
HaCaT-IC cells grew on the top of each other suggesting that
the intercellular contacts between these cells are stronger,
compared to HaCaT-CTR (Fig. 2B). In contrast, HaCaT-CTR
cells retained the morphological characteristics typical for non-
transduced cells: the boundaries of their colonies were blurred,
and, unlike HaCaT-IC, they formed a regular monolayer once
confluency had been reached.

Changes in gene expression profile of transduced cell

In epidermal keratinocytes, IC silencing led to a 20-fold
reduction in the expression of the IC encoding gene (MMP1).
In contrast, the quantitative PCR did not reveal statistically
significant differences in the expression of metalloproteinase
genes MMP2, MMP9 and MMP12 (Fig. 3A). At the same
time, we observed shifts in the expression of VL and FLG
(0.79 + 0.11 and 6.99 + 0.97, respectively, Fig. 3B). The
protein products of these genes (involucrin and filaggrin,
respectively) play a key role in the differentiation of epidermal
keratinocytes. Moreover, the cells lacking IC demonstrated an
aberrant expression of cytokeratins characteristic for healthy
and psoriatic epidermis (Fig. 3C). For example, the expression
of KRT1 and -74 in HaCaT-IC cells was increased 16.89 + 0.97
and 2.36 + 0.19 times, respectively, whereas the expression
of KRT17 and -18 went down to 0.12 + 0.01 and 0.56 + 0.02,
respectively.
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Fig. 2. Effect of mRNA expression on the morphological characteristics of
transduced cells. (A) Cells expressing control shRNA. (B) Cells expressing shRNA
specific to interstitial collagenase. Transduction of HaCaT cells was performed as
described in Methods

Proliferation and migration of transduced cells

Analysis of the cell growth did not reveal any significant
differences in the proliferation rates of HaCaT-IC and HaCaT-
CTR cells (Fig. 4A). In contrast, analysis of cell migration
revealed that knocking IC down dramatically affected the
mobility of HaCaT-IC cells. In this respect, the migration of
HaCaT-IC resulted in a reduction of the injured area by ~40 %,
whereas HaCaT-CTR cells reduced it by ~85 % on day 5 of the
experiment (Fig. 4C).

Enzymatic activity of IC in the transduced cells

Assessment of IC enzymatic activity by densitometry revealed
that both cell lines were capable to produce collagenases IC,
MMP2 and MMP9 as well as secrete these enzymes into the
medium (Fig. 5A and B). However, the level of secreted IC
produced by HaCaT-IC cells was 4 times lower, compared to
HaCaT-CTR (Fig. 5C). Moreover, analysis of cell homogenates
revealed that HaCaT-CTR cells also produced small amounts
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Fig. 3. Assessment of gene expression in transduced human epidermal
keratinocytes by quantitative PCR. (A) Shifts in matrix metalloproteinase expression.
(B) and (C) Shifts in over-and underexpressed genes. (D) Housekeeping gene
expression. Data were normalized to the expression of ACTB. The figure shows
results of comparison of gene expression in epidermal keratinocytes expressing
interstitial collagenase-specific shRNA and control shRNA (see Methods)
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of pro-MMP1, which was undetectable in the homogenates
obtained from HaCaT-IC cells (Fig. 5B and C).

DISCUSSION

In this study, we generated two cell lines of immortalized
human epidermal keratinocytes. One of them (HaCaT-CTR)
expressed scramble shRNA and it was used as a control.
Another one (HaCaT-IC) expressed the IC-specific shRNA.
We compared morphological characteristics of both cell lines
(Fig. 2). We also showed that the expression of IC-specific
shRNA significantly affected cell migration (Fig. 4C). However,
it did not have a significant influence on the proliferation rate
(Fig. 4A). Moreover, we revealed that IC-silencing caused
changes in the expression of cytokeratins (KRT71, -14, -17,
-18), involucrin (/VL) and filaggrin (FLG). In the other words,
it primarily affected the genes linked to the differentiation of
epidermal keratinocytes (Fig. 3).

Notably, culturing the transduced cells revealed that HaCaT-
IC and HaCaT-CTR had different morphological characteristics.
Particularly, the colonies of HaCaT-IC cells exhibited sharp
boundaries, where multiple cells were growing on the top
of the others (Fig. 2A). In contrast, HaCaT-CTR retained the
appearance typical for non-transduced cells. The boundaries
of their colonies were blurred. Moreover, when HaCaT-CTR
reached confluency, they formed a monolayer (Fig. 2B). Based
on the fact that difference in HaCaT-CTR and HaCaT-IC
genotypes were caused by the shRNA encoding transgene,
we concluded that different morphological appearance of
HaCaT-CTR and HaCaT-IC cells could be only explained by IC
silencing.

According to the published data [2], IC regulates cell
adhesion and also contributes to cell migration that follows the
injury. The cells expressing IC at a high level, such as invasive
cancer cells, poorly interact to each other and tend to migrate.
In turn, silencing IC in these cells makes them to interact to
each other and reduces their migration rate. Consequently,
it reduces the risk of metastasis that may occur in the distal
organs and tissues of experimental animals [18]. In this regard,
the results of our study are consistent with the published report.
As we discovered, the intercellular contacts between HaCaT-
IC cells are stronger and their migration rate is 2.5 fold less,
compared to HaCaT-CTR cells (Fig. 4B and C). Notably, we
also observed similar changes in HEK293-IC cells. Particularly,
we noticed that HEK293-IC cells are stronger attached to the
growth surface, compared to HEK293-IC.

Taking in account the structure of the epidermis, we have
to notice that the ability to migrate is strongly restricted to
undifferentiated and poorly differentiated keratinocytes of the
basal layer. In contrast, the mobility of epidermal keratinocytes
residing in the other layers is quite limited because these cells
are at the later stages of the terminal differentiation and they
are held together through a set of intercellular contacts, such
as desmosomes. However, the number of the cells capable
to migrate significantly increases during the development of
psoriatic plagues due to epidermal hyperplasia. In this respect,
we assume that morphological changes in HaCaT-IC cells could
not be only caused by the IC-deficiency but their progression
through the terminal differentiation program.

As shown earlier, manipulations with a single gene, such
as superexpression or knockout, can result in dramatic
consequences for the entire organism causing misregulation of
at least several hundred genes [20, 21]. In contrast, silencing
the same gene by specific shRNA may gradually adjust its
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Fig. 4. Effect of expression of in interstitial collagenase-specific shRNA on
proliferation and migration of transduced cells. Analysis of cell growth curves (A)
and quantitative assessment of migration rate (B) of HaCaT cells expressing IC-
specific ShRNA and scramble shRNA. (C) Migration of transduced cells: photos
taken the next day after transduction began and after it was finished. For details
please refer to Methods
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Fig. 5. Analysis of interstitial collagenase activity in transduced epidermal keratinocytes, cell homogenates and culture medium. (A) Zymography of culture medium
samples collected from growing transduced cells: 1 — cells expressing scramble shRNA. 2 — cells expressing IC-specific ShRNA. The arrows show positions of matrix
metalloproteinases in the gel. (B) Zymography of homogenate samples obtained from growing transduced cells: 1 — cells expressing scramble shRNA. 2 — cells
expressing IC-specific shRNA. (C) Quantitative analysis of enzymatic activity. Samples were collected 48 hours after culture onset. Confluency at the time of sample
collection — 60 %. Cell culturing, preparation of homogenates, details of protein electrophoresis and zymography are described in Methods

expression to the required level if nucleotide sequences with
various affinities to the specific MRNA are tried. Alternatively,
the same result can be achieved by using an appropriate
number of viral particles for the transduction. In this respect,
a comparative analysis of gene expression in HaCaTl-CTR
and HaCaT-IC cells demonstrated that a 20-fold reduction in
the expression of MMP1 did not change the expression of
homologous matrix metalloproteinases — MMP2, -9, and -12
(Fig. 3A).

An absence of statistically significant changes in the
expression of these genes is important for at least two reasons.
First, it means that we managed to block the IC biosynthesis
selectively, i. e. we did not disturb the expression of the
homologous genes that could be targeted by the specific
IC shRNA in the first turn. Second, the obtained results are
relevant to the specific phenotypical changes that we observed
in HaCaT-IC cells (Fig. 2).

In the same time, assessment of total collagenase activity
by densitometry demonstrates that IC activity in the culture
medium collected from HaCaT-IC cells is only 4-fold less,
compared to HaCaT-CTR cells (Fig. 5B). However, we did not
observe any significant accumulation of pro-IC in the cytoplasm
(Fig. 5B). As we believe, more prominent changes in MMP1
expression (Fig. 3A) compared to IC activity (Fig. 5B) are
caused by overloading the protein samples that we used for
zymography. In this respect, the band intensities could grow
proportionally up to a certain point unless the substrate was
not completely exhausted.

Moreover, a comparative analysis of gene expression in
HaCaT-CTR and HaCaT-IC cells revealed statistically significant
differences in the expression levels of cytokeratins KRT1, -14,
-17, and -18. Specifically, we found that KRT7 and -74 were
upregulated, whereas KRT17 and -718 were downregulated
(Fig. 3B). According to the literature, up- or downregulation of
these genes are of great physiological and clinical importance.
Particularly, the maintenance of normal expression levels of
KRT1 and -74 in healthy epidermis is crucial for the normal
flow of the terminal differentiation of epidermal keratinocytes
[22]. On the other hand, the development of psoriatic plaques
that occurs due to a disturbance of the terminal differentiation
program is accompanied by downregulation of KRT7 and -74

and upregulation of KRT77 and -18 [23, 24]. In this respect
(Fig. 3C), our results indicate that knocking IC down may have
an important therapeutic effect in psoriasis, because it partially
normalizes the expression of the mentioned cytokeratins, i.e. it
reduces the expression of KRT17 and -18 as well as stimulates
the expression of KRTT and -74.

Besides, IC silencing alters the expression of VL and
FLG (Fig. 3B). To the reference, proteins encoded by these
genes (involucrin and filaggrin, respectively) are the important
structural components of the cornified envelop. They are also
used as biomarkers that help to distinguish between early
and late stages in the terminal differentiation of epidermal
keratinocytes. In turn, the differential expression of mentioned
genes in psoriasis causes structural rearrangements in the
cornified envelop, which result in the development of psoriatic
plaques. Particularly, VL becomes upregulated, whereas
FLG — downregulated [25]. In this respect, our results indicate
that IC silencing may have a therapeutic effect in psoriasis (Fig.
3B), because it partially normalizes /VL and FLG expression in
the transduced cells (Fig. 3B).

Importantly, the expression of TUBB and GADPH, which
are frequently used as “housekeeping genes” in the other real-
time PCR studies, did not change significantly (Fig. 3D) unlike
the expression of other genes that we already discussed above
(Fig. BA-C). Based on these results (Fig. 3D), we suggest
that ACTB can be used to normalize the real-time PCR data
obtained for HaCaT-CTR and HaCaT-IC cells.

CONCLUSIONS

In conclusion, we would like to acknowledge that we obtained
two new cell lines of epidermal keratinocytes — HaCaT-IC
that expressed shRNA specific to IC and HaCaT-CTR that
expressed scramble shRNA. These cell lines had different
morphological characteristics. Moreover, IC silencing affected
the ability of HaCaT-IC cells to migrate. The comparative
analysis of gene expression revealed that knocking IC down in
epidermal keratinocytes could become a promising therapeutic
tool that to normalize the expression of IVL, FLG, KRT1, -14,
-17, and -18 in lesional psoriatic skin.
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THE PROSPECTS OF GENE THERAPY FOR MITOCHONDRIAL DISEASES:
CAN’T WE DO WITHOUT CRISPR/CAS9?
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Mitochondrial DNA mutations cause severe inherited disorders in humans. To date, there are a few therapeutic strategies for
their correction; however, it is highly unlikely that they would be routinely used in clinical practice. The past few years have
witnessed the rapid progress of a genome editing technology known as CRISPR/Cas9. The present review focuses on the
current strategies to combat mitochondrial mutations and reveals their major drawbacks. The article also explores the possibility
of creating a possible specific CRISPR/Cas9 tool for correcting mitochondrial DNA mutations and provides a rough description
of its mechanism of action. A particular focus is paid to technical challenges. On the whole, we see no principal barriers to
implementing a mitoCRISPR/Cas9 system for treating mitochondrial disorders.
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NMEPCNEKTUBbI FTEHHOW TEPANUU MUTOXOHAPUANBbHbLIX EONE3HEN:
BE3 CRISPR/CAS9 HE OBEONTUCH?

V. B. YnuepuH!, C. A. NleBuukumin', V. A. KpatueHuHHrKoB', W, Tapacos?, 1. A. KameHckuin'2 =

" Brionoruyeckuin hakynsTer,
MOCKOBCKWIA FOCYAaPCTBEHHbIN YHMBEPCUTET UMeHn M. B. JTomoHocoBa, Mocksa

2 JlabopaTtopusi MONEKYNSPHOM FEHETVIKW, FEHOMUKN 1 MUKPOBUOSOTN,
Ctpacbyprckuin yHusepcuteT, Ctpacbypr, PpaHupms

SVIHCTUTYT >KUBbIX CUCTEM,
Bantuiickuin hegepanbHbi yHuBepcuTeT UMenmn V1. KanTa, KanvHuHrpan,

MyTaummn B MUTOXOHOPWAIBHOM reHOME ABNAOTCS MPUHNHOM CEPbe3HbIX HACNeACTBEHHbIX 3aboneBaHNiA Yenoseka. Ha ce-
FOAHSALUHWA OeHb CYLLECTBYET HECKOMIBKO CMOCOO0B MX KOPPEKLUMN, KOTOPbIE, OOHAKO, BPSAA M MOMyT ObiTb MOBCEMECTHO
BHEAPEHDBI B KIIMHNYECKYIO NMpakTuky. C Apyroi CTOPOHbI, B MOCNedHWE rogbl KpaHe akTUBHO Pa3BMBAETCS TEXHONOMVISA pe-
naktnpoBaHns reHomoB CRISPR/Cas9. B pabote mpuBogmTtcst 0630p CyLLECTBYIOLLMX CNOCO60B 60pbbbl C MUTOXOHAPW-
aNbHbIMM MyTaLMsIMM, MOKa3bIBAOTCA OCHOBHbIE VX HELOCTATKM. Takxe aHanMa3upyloTCs BOSMOXKHOCTN CO3[aHNst BEPCUN
TexHonorunm CRISPR/Cas9 ans koppekumm MyTaumii B MuToxoHapviansHoi JHK, obcy»xaaroTcs OCHOBHbIE 3Tarbl, KOTOPbIE
HeobxoaMMo NponT Ans 3Toro. Ocoboe BHUMaHME yAENSETCA TEXHUNHECKM CIOXHOCTSIM, KOTOPbIE MOIyT BOSHUKATb MNPV CO3-
[aHUM Takow TexHonorun. B LenomM npuHUMnanbHeIX MpensaTecTBul K padpaboTke cructembl mitoCRISPR/Cas9 He BbisiBAEHO.

KntoyeBble cnoBa: mutoxoHapuanbHas OHK, mutoxoHapransHble 60ne3Hn, reHHas Tepanvs, peaakTupoBaHnMe reHoOMOB,
CRISPR/Cas9

®uHaHcupoBaHue: Poccuiickuii HaydHbI hoHa, rpaHT Ne 14-50-00029 (MY umenn M. B. JTomoHocoBa); MNporpamma 5-100 MuHucTepcTsa 06pa3oBaHns u
Haykn PO (BOY mm. V1. KaHTa); MexayHapoaHas accoummpoBarHast nabopatopuns RNA-mitocure (MY um. M. B. JlomoHocosa 1 CTpac6yprckuii yHUBEPCUTET).
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Cratbsl nony4eHa: 20.06.2017 CtaTtbsi NnpuHATa K nevatu: 23.06.2017

The human mitochondrial genome is a 16.5 kbp-long double-  mutations lead to disease even if they affect the coding regions
stranded DNA molecule that encodes 13 proteins, 22 tRNAs  of the mitochondrial genome [3]. Phenotypic expression of
and rBNAs [1]. Mitochondrial DNA mutations occur in one in mutations always depends on the level of heteroplasmy, i.e.
about 3,500 people [2]. Due to heteroplasmy (the coexistence  on the ratio of normal to mutant mtDNA molecules. Clinical
of mutant and normal mtDNA copies in the cell), not all such  manifestations of mitochondrial DNA mutations are usually
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neuromuscular: nervous and muscular tissues consume large
amounts of ATP and are therefore especially vulnerable to
mitochondrial dysfunction.

Currently there is no cure for mitochondrial diseases.
Treatments the afflicted patients receive aim to merely alleviate
their symptoms and only slightly improve the quality of their
lives. Over the last two decades, a number of experimental
gene-based therapeutic approaches have been developed to
suppressing mutations in the mitochondrial genome [4]. Below
we highlight some of the main strategies used to combat
mitochondrial dysfunction:

— allotopic  expression (the gene that encodes a
mitochondrial protein of interest is expressed in the cytoplasm;
the resulting protein is then imported into the mitochondria and
incorporated into the organellar molecular processes instead of
the mutant protein);

— xenotopic expression (the orthologous counterpart of
the mutant mitochondrial gene taken from another species
is expressed in the cytoplasm; the resulting protein is then
imported into the mitochondria and incorporated into the
organellar molecular processes instead of the mutant protein);

— transfection of human cells by the in vitro synthesized
mitochondrial tRNAs or mRNAs, followed by their import into
the mitochondria, where they can participate in mitochondrial
translation instead of mutant RNAs;

—import into the mitochondria of nucleic acid vectors
carrying sequences complementary to the mutant DNA region
to which they subsequently bind, thus inhibiting replication of
mutant molecules;

—the use of vesicles that can penetrate mitochondrial
membranes and thus deliver large biomolecules into the
mitochondria where these molecules can maintain normal
mitochondrial function.

These approaches have proved to be effective in the
experiments on human cell cultures. They share a disadvantage,
though: they do not eliminate the mutation itself, but instead
reduce the level of heteroplasmy, which in turn leads to partial
or full restoration of mitochondrial function. Therefore, even
if these approaches were introduced into clinical routine,
they would not prevent next generation transmission of
mitochondrial mutations. The use of technologies capable
of repairing mitochondrial DNA mutations would be a better
response to the challenge.

Mitochondrial replacement therapy

[t appears that the most effective strategy in combating
mutations in the mitochondrial DNA is the so-called
Mitochondrial Replacement Therapy (MRT) [5]. It cannot be
used to treat mitochondrial disorders in adults, but it does give
a female mutation carrier the chance to give birth to a healthy,
mutation-free child. In the process of MRT, the diploid nucleus
of a fertilized egg received from a female mutation carrier is
removed and transferred to an enucleated donor egg received
from a healthy woman with normally functional mitochondria.
The resulting egg will contain nuclear genetic material donated
by the parents and healthy mitochondria from a “second
mother”. The egg is then implanted into the mother’s uterus, and
fetal development begins. MRT has already received approval
from the UK Parliament for the use in clinics specializing in
in vitro fertilization. The first “three-parent” child is expected to
be born by the end of 2017. However, some countries where
such treatments are not subject to legal regulation have already
reported the inspiring results of MRT application, namely the
birth of healthy children. Mitochondrial replacement therapy is

a very convenient and technically simple therapeutic tool, but it
raises a lot of ethical questions [6, 7]. In 2016 the US Food and
Drug Administration (FDA) started the evaluation process of
MRT, but the Congress soon banned this initiative as ethically
unacceptable [8]. In view of this, MRT is very unlikely to become
a commonly used and widely spread technique.

Zinc-finger endonucleases and mitoTALEN

So far, a few tools for repairing mitochondrial DNA mutations
have been engineered based on the molecular technologies
for genome editing. These tools raise fewer ethical concerns
than MRT. A possibility has been shown to induce sequence-
specific double-strand breaks in a mutant DNA molecule using
restriction endonucleases [9], zinc-finger nucleases [10] and
TALEN enzymes [11]. Breaks in the DNA cause significant shifts
in MtDNA heteroplasmy, indicative of linearized molecules
degradation. Besides, the mitoTALEN tool has proved to be
able to selectively eliminate mutant mitochondrial DNA.

The approaches listed above definitely have the potential to
cure human mitochondrial diseases, but they are not perfect.
The methods employing restriction endonucleases can be
used only for mutations that create the unique recognition site
for these enzymes. Of all known deleterious mutations, there
is only one capable of doing so. Zinc-finger nucleases and
TALENs are more flexible because they can selectively bind
to and cut at any DNA region using specially designed protein
sequences. Unfortunately, DNA-binding components of these
genome editing tools have to be designed and synthesized
separately for each mutation. Furthermore, both zinc-finger
enzymes and TALENs might turn to be ineffective for repairing
certain mutations because their success largely depends on
the target DNA sequence. Besides, it has been shown that
both technologies have unintended effects on the mitochondrial
DNA mediating a decrease in the number of its wildtype copies
in the cell [10]. Last, zinc-finger enzymes and TALENSs require
a particularly careful selection of optimal protein sequences,
which is a very labor-intensive, time-consuming and costly
procedure.

CRISPR/Cas9

In the light of the above, currently there seems to be no tool for
mitochondrial DNA repair that would be effective, technically
simple, cheap and ethics-friendly at the same time. However, a
technology called CRISPR/Cas9 meets all these requirements.

[ts mechanism of action is quite similar to that of TALEN; it
consists of a CRISPR guide RNA complementary to a target
DNA region and the Cas9 endonuclease that creates a double-
strand break in the DNA at the gRNA binding site. CRISPR/Cas9
systems exist in nature in bacteria and are employed by the
latter as a defense against bacteriophages. In 2013 CRISPR/
Cas9 was successfully used for selective cleavage of human
DNA in the living cell [12]. Ever since, the technology has been
enjoying a boom of attention because of its immense potential
as a therapeutic tool. For example, in 2015 CRISPR/Cas9 was
used to repair mutations in the human embryo [13]. It has also
found its application in agriculture and is used to obtain new
varieties of crops, some of which have already been officially
approved for commercial production in a number of countries
worldwide [14]. CRISPR/Cas9 is somewhat successfully used
for animal genome editing. For example, it was employed to
produce tuberculosis-resistant transgenic cattle [15]. However,
CRISPR/Cas9-modified animals have not made it yet to the
market.
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The CRISPR/Cas9 system employs short RNA sequences
for targeting a particular genome region, which contributes
largely to its popularity since it is not so labor-consuming as
zinc fingers or TALEN and certainly cheaper than the latter;
it does not require redesigning and synthesizing large protein
molecules for every individual mutation. The major drawback
of CRISPR/Cas9 is its off-target effect: cleavage of genomic
DNA at an off-target site with a sequence similar to that of
a target site. Off-target cleavage hardly ever results in the
unintended phenotypic changes, but insufficient specificity
of the technology poses a serious challenge to researchers
worldwide.

Currently a few research teams are attempting to design a
CRISPR/Cas9-based platform for mitochondrial DNA editing.
Such platform could become a perfect tool for combating
deleterious mutations in the mitochondrial genome. First, it
would prevent next-generation transmission of mutations
by editing human embryos. Second, when combined with
targeted delivery systems, CRISPR/Cas9 would help to improve
the quality of life of adult people suffering from mitochondrial
defects. Third, this platform would be more ethics-friendly than
MRT. However, no mitoCRISPR/Cas9 has been created yet.
The only description of a potential mitoCRISPR/Cas9 system

Wild-type genome

Mitochondria ||'|||I'|”|I‘|I||‘|”|I'||

Mutant genome

found in the literature is seriously questioned by the research
community due to the low reliability of the research findings.

Creating a mitoCRISPR/Cas9 platform

Below we will briefly describe the main steps to be taken to
create a mitoCRISPR/Cas9 platform (see the Figure). We make
no claims as to the completeness or correctness of this plan
but would like to note that no similar systematic analysis has
been carried out so far.

1. Import of the Cas9 nuclease into mitochondria. Any
eukaryotic cell, including human cells, has a system for protein
import into mitochondria that has been very well studied
[16]. The majority of proteins that can be imported into these
organelles have special signal sequences at their N-termini;
these sequences are a few dozen amino acids long, and their
presence in the protein is usually a necessary and sufficient
condition for its importability. Adding a signal sequence to
the N-terminus of a non-imported cytoplasmic protein usually
enables its import into the mitochondrion where the signal
sequence is cleaved off by mitochondrial proteases and the
protein can exhibit its functional activity. There are no obstacles
to carrying out a similar procedure with Cas9. Actually, a study

}

Degradation

—_—

Cleavage

> °
§ ..............ooo......: ....oo""'.....
°
oo‘o.: ,:_;l s88 ...........o
g © ®0®0cccccccscssscsscss eccoeo000e?®
< ° °
g
|||| .|||| .|| o) Mitochondrial targeting
Cytoplasm Il' '||||' '||||' G0 sequence
! Translation
Extracellular
o (bt bl
RNA Cas9

Guide CRISPR RNA

A possible mechanism of action of a hypothetical mitoCRISPR/Cas9 platform
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has already been conducted describing a variant of Cas9 that
can be imported into human mitochondria [17]. An option of
Cas9 gene delivery into the cells includes their transfection by
Cas9 mRNA whose translation can be operated by cytoplasmic
ribosomes. Provided that the introduced mRNA encodes the
mitochondrial signal sequence, the resulting protein will be
transported from the cytoplasm into the mitochondrion.

2. Import of CRISPR guide RNAs to mitochondria and
their binding to mutant mitochondrial DNA molecules. RNA
import into mitochondria is known to exist in nature [18]. RNA
nucleotide sequences and structural motifs have already been
described, that are necessary and sufficient for RNA import
into human mitochondria [19, 20]. Besides, it has been shown
that chimeric RNAs consisting of such structural motifs and
different nucleotide sequences can be effectively delivered to
mitochondria and even complementarily bind mtDNA [21].
Chimeric RNAs are also capable of selective binding to mutant
DNA; moreover, they can effectively discriminate between
point mutations and ‘healthy’ DNA fragments [22]. To sum
up, there is an experimentally confirmed possibility of CRISPR
RNA delivery (as part of RNA chimeras) to mitochondria and
its selective binding to the mutant regions of the mitochondrial
genome.

3. Preventing CRISPR/Cas9 components from getting into
the nucleus. Technically, there is a chance that CRISPR guide
RNAs designed to be imported into mitochondria will end up
in the nucleus after transfection, where they can bind to DNA.
Adverse effects are unlikely, though, because mitoCas9 cannot
enter the nucleus: it does not contain a signal sequence that
makes such import possible. Nevertheless, the nucleus should
be checked for the presence of Cas9 and CRISPR gRNAs
when testing a mitoCRISPR/Cas9 platform.

4. Cleavage of mutant DNA molecules in mitochondria.
This task should not present a particular difficulty. With
all components of the described system delivered to the
mitochondrion, the probability of cleavage should remain very
high, considering successful performance of CRISPR/Cas9 in
the nucleus. In fact, mutant DNA cleavage is possible with the
mitoTALEN platform (see above). It should be kept in mind,
though, that mtDNA is densely packaged into DNA-protein
complexes called nucleoids [23]; their density exceeds that of
nuclear DNA. Hypothetically speaking, this circumstance might
obstruct DNA cleavage by Cas9. However, considering that (1)
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Today, next generation sequencing (NGS) is extensively used in the research setting. However, high costs of NGS testing still
prevent its routine use in clinical practice. One of the factors affecting the cost of sequencing is the number of reads per site,
i.e. the number of times each nucleotide gets sequenced. On the one hand, lower coverage makes the whole process much
faster and less time-consuming. On the other hand, it results in poor data quality. No unanimous opinion has been reached
yet as to what minimum depth of coverage can produce reliable results. The aim of this study was to determine the minimum
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BITMAHUE BbIBOPA YNCJA NMOKPbLITUW NPU CEKBEHUPOBAHUU
HA TOYHOCTb ONPEOEJIEHNA EOUHNYHBLIX HYKNEOTUOHbIX
BAPUAHTOB

[. . Bopuvicesuy, A. KO. KpacHerko, W. ®. CteueHko, . A. MnaxvHa, B. B. UnbuHckun &

OO0 «l'eHoTek», Mocksa

B HacTosiee Bpemst TEXHOMOMSt CEKBEHMPOBaHMSA HOBOIO MoKoneHNst (NGS) LMPOKO MPUMEHSAETCS B KIIMHUHECKOW MPaKTUKE.
OpHako [0 Cyx Mop CTOMMOCTb OJHOIO MCCNER0BaHVs C ncnons3oBaHnem TexHonornn NGS octaeTcs OCTaTOHHO BbICOKOM,
YTO OrPaHVYMBAET LWMPOKOE MPUMEHEHNE AaHHOrO MeToda. OaHNM 13 hakTOPOB, BANSIIOLLIMX HA CTOUMOCTb, SBIAETCS BbIGOP
4rcna NOKPbITUM NMPU CEKBEHNPOBAHNM, TO ECTb KOMIMHYECTBO pad, KOTOPOe Oblfl OTCEKBEHMPOBAH Kaxxabii Hykneotua,. C oa-
HOW CTOPOHbI, YMEHBLLIEHWNE HCTIa MOKPbITUM 3HAYUTENBHO CHVXKAET CTOMMOCTbL 1 BPEMS, 3aTpadvMBaeMoe Ha UCCNe0oBaHWs,
C OpYrov CTOPOHbI, NP YMEHbLUEHUM OaHHOMO MokasaTesis CHVXKAETCA Ka4eCTBO MoJlydaemMblx pesynsratoB. [Jo cux nop He
CYLLECTBYET OAHO3HAYHOrO0 MHEHUS, KaKoe MUHUMaJIBHOE HYUCO MOKPbLITUI JOCTATOYHO 415 MONyYeHUss JOCTOBEPHOro pe-
3ynsrata. Lienbto gaHHoro UccneaoBaHms Obiio onpeaenTb MUHUMAbHOE HYMCTO MOKPbLITUIM, AOCTATOYHOE AN KOPPEKTHOMO
OMPEAENEeHNs reTepO3NroT U eOVNHUYHBIX HYKNeoTUAHbIX BapuaHToB (SNV). B npeactaBneHHom pabote, MCNonbays pasnmyHble
BronHpopMaT4ecKne METOApI, ObINO MOKa3aHO, YTO MUHUMaSTbHOE YMCTO MOKPLITUA COOTBETCTBYET 12X.

KnioyeBble crnoBa: CekBeHMpoBaHe HOBOro MokoneHvs (NGS), 14ncno nokpbimiia, mytaums, pug, SNP, SNV
BnarogapHocTu: agTopb! bnarofapsat AHHy [JaBblaoBy 13 «[eHOTeK» 3a MOMOLL B HanNMcaHmm ctaTby.
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Although protein-coding regions make up only ~1 % of the
human genome, they harbor 85 % of all disease-associated
mutations [1]. In this light, clinical use is encouraged of whole-
exome sequencing and other sequencing methods that employ
specially designed enrichment panels targeting potentially
mutant exon regions [2]

However, there are some challenges to the clinical
application of whole-exome sequencing, one of them being the
appropriate depth of coverage, i.e. the number of times each
nucleotide has been sequenced, usually designated as 10x,
20x, 50x, etc. [3]. Good coverage ensures better identification
of sequencing errors, increasing sequencing accuracy. There
are two factors determining the choice of coverage depth. The

first one is time and costs that are directly proportional to the
number of reads performed. The second is the minimal number
of reads needed to achieve the desired error tolerance. No
consensus has been reached yet regarding the second factor.

Using the short-read sequencing technology by lllumina,
Bently et al. discovered in 2008 that aimost every homozygous
single nucleotide variant (SNV) can be detected at 15x
coverage, while for accurate heterozygous SNV calling 33x
coverage is required [4]. Subsequently, a 33x sequencing
depth was adopted as standard coverage for SNV detection
[5,6].In2011 Ajay et al. reported that accurate detection of 95 %
of SNVs, as well as short insertions and deletions, required 50x
coverage. However, further experiments that employed new,
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improved reagents and software for data processing produced
the same yield at 35x [7]. In 2014 Fang et al. published an
article demonstrating that 60x coverage is needed for accurate
detection of 95 % of insertions and deletions [8].

Such discrepancy indicates that recommended sequencing
depth is not something easily determined, as the number
of reads per region needed for accurate variant detection
depends on the read quality, which, in turn, depends on the
technique applied or reagents used or the quality of sample
preparation. For example, amplification of GC-rich regions
during polymerase reaction (PCR) can be a problem, resulting
in poor sequencing quality, urging the researcher to increase
the number of reads. Currently, there are reagent kits for PCR
that can improve reaction quality and thereby the quality of
sequencing. In 2013 Meyner et al. discovered that depending
on the reagents used, 95 % of SNPs can be detected either at
20x or 46x coverage [9]. In 2014 the same authors reported
14x coverage as sufficient for accurate detection of 95 %
of SNPs [10]. Besides, Li et al. demonstrated that coverage
depth also depends on the number of individual samples to
be sequenced [11]. For example, for detection of mutations
with frequency <0.2 %, 4x sequencing of 3,000 samples yields
the same result as 30x sequencing of 2,000 samples. To sum
up, there are more factors affecting sequencing quality than it
might seem, and the number of reads can be efficiently reduced
upon estimating a contribution of each factor or based on the
study goal.

In this work we show that GenotekO1 enrichment panel
allows to reduce the depth of coverage to 12x to achieve
accurate calling of heterozygous variants and SNVs, with
only 0.5 % difference between NGS and Sanger sequencing
outcomes.

METHODS
DNA extraction, preparation and sequencing of DNA libraries

DNA was extracted from whole venous blood of patients
with inherited diseases, using QIAmp DNA Mini Kit (Qiagen,
Germany). Quality of genomic DNA was checked by agarose
gel electrophoresis; among critical purity indicators was
the absence of DNA degradation and RNA contamination.
Concentration of the obtained DNA was measured by Qubit
3.0 Fluorometer (Life Technologies, USA). DNA libraries were
prepared using NEBnext Ultra DNA library Prep Kit for lllumina
(New England Biolabs, USA) using adaptor sequences for
lllumina sequencing according to the manufacturer’s protocol.
Dual indexed libraries were obtained using NEBNext Multiplex
Oligos for lllumina (Dual Index Primers Set 1) by the same
manufacturer. Quality control of the obtained DNA libraries
was performed using Agilent 2100 Bioanalyzer (Agilent
Technologies, USA). Target enrichment of the coding regions
was carried out using MYbaits (MYacroarray, USA). For 100 bp
paired-end sequencing, HiSeq 2500 System analyzer (lllumina,
USA), HiSeq Rapid PE Cluster Kit v2 and HiSeq Rapid SBS Kit
v2 (lllumina) were used following the manufacturer’s protocol.

Sanger sequencing

Amplicons were fluorescently labeled using BugDye Terminator
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, USA)
according to the manufacturer’s protocol. Sanger sequencing
was performed on ABI PRISM 3500 Genetic Analyzer (Applied
Biosystems, USA) according to the manufacturer’s protocol.
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Bioinformatic analysis

The obtained reads were aligned to the reference genome
hg19 in BWA. PCR duplicates were removed using SAMtools
rmdup, variant calling was performed using Genome Analysis
Tool Kit (GATK). We detected 89 mutations: 10 homo- and
hemizygous, 79 heterozygous, 80 point mutations (SNPs) and
9 short insertions and deletions (indels). We also genotyped 200
nt-long regions to the left and right of the detected mutations.
All positions in those regions were analyzed and then validated
by Sanger sequencing, the gold-standard for detecting short
mutations. Chromatography data were processed uniformly.
Mutation calling was done using the original Genotek software
based on BioPython and R packages (sangersegR, seqinR,
Biostrings and Rsubread). Genotypes obtained through NGS
were validated by Sanger sequencing, and sensitivity and
specificity were then calculated.
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Fig. 1. Detection of Sanger-confirmed and unconfirmed mutations depending on
the coverage depth and percentage of reads supporting the alternate allele. One
point can represent more than one mutation
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Fig. 2. Cumulative distribution of the percentage of samples with reads supporting
the alternate allele X or less
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Varying the number and percentage of reads for filtering out reference and alternate homozygous variants
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RESULTS
Validation of mutations by Sanger sequencing

Sanger sequencing did not confirm 15 of 89 mutations detected
by variant calling, meaning that they either had a different
genotype (compared to the genotype identified by NGS) or
were absent. Eight of 15 unconfirmed mutations were identified
by NGS as heterozygous, but Sanger validation classified them
as homozygous. Of note, NGS-detected heterozygosity was
supported by only one read with the reference allele (see Fig. 1,
the cluster of mutations in the lower right corner).

Simulation of various coverage depths

To determine the minimum depth of coverage, we ran a series of
simulation tests decreasing the number of reads (bootstrapping)
per mutation and the regions adjacent to it and also performed
mutation calling. To estimate the error rate in the calls, we used
Sanger-confirmed reference-matching homozygous positions.

Sequencing quality can be assessed using the Phred
quality score (Q score) generated by the sequenator for
each nucleotide [12]. However, this metric merely measures
sequencing accuracy, which was insufficient for our purposes.
We checked if each of the reads overlapping the position of
interest supported the reference sequence, and if there were
mismatches, we assumed an erroneous call.

We analyzed 372,443 nucleotides. Of them 276 did not
match the reference sequence, while others did. Thus, the
calculated error rate was 0.0741 %, equivalent to Q31 on the
Phred quality score.

For 69 positions with confirmed heterozygous mutations,
the percentage of reads supporting the alternate allele was
estimated (Fig. 2).

Based on these data and the frequency of erroneous
calls, we calculated the frequency of combinations at various
coverage depths, ranging from 2x to 50x, and the number of
reads supporting the alternate allele, ranging from 0 to the
maximum. The obtained data were used to calculate frequency

of 2 error types: a truly heterozygous variant identified as
homozygous reference and a truly heterozygous variant
identified as homozygous alternate at different cut-off levels
for reference and alternate homozygous variants. To filter out
homozygous reference calls, we varied the number of reads
from 2 to 10. To filter out homozygous alternate calls, we
varied the percentage of reads supporting the alternate allele
between 70, 80 and 90 % (see the Table). We found that for
short mutations (SNPs and indels) the accuracy of the applied
method was as high as 99.7 %, with sensitivity of 98 % at
12x coverage. Lower coverage led to a considerable decrease
in sensitivity (decreasing sigmoidal character) and therefore
cannot be recommended. While planning a lab experiment,
an average number of reads per base should be determined
to achieve 12x coverage of the target region. Therefore, we
plotted a correlation between an average depth of coverage
and the percentage of the target region covered by 12 reads
(Fig. 3).

It was found that to cover >90 % of the target regions
at least 12x depth, 40x coverage by deduplicated reads is
required.
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Fig. 3. Percentage of target regions sequenced at 12x depending on the average
coverage of target regions. Each point represents one sample
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RESULTS

Sanger sequencing did not confirm 15 of 89 mutations detected
by NGS; 8 of 15 unvalidated mutations were homozygous
and not heterozygous as suggested by NGS. Such outcome
is largely dependent on the error model employed by GATK,
the software used to obtain a set of variants for the studied
genome, which interprets single reads with reference or
non-reference alleles differently during variant calling. GATK
employs the reference confidence model in combination with
cohort analysis [13, 14]. Therefore, if the obtained sequence
matches the non-reference allele, GATK treats the nucleotide
variants from this read as sequencing errors and ignores
them when calculating a genotype. If the obtained sequence
matches the reference allele, GATK considers the probability of
error to be low and returns a heterozygous (not a homozygous)
genotype. Besides, in our study the majority of mutations
unconfirmed by Sanger sequencing were detected at a low
depth of coverage (<10x). The obtained results confirm that
accurate mutation calls require deep sequencing in order to
avoid single sequencing errors that could distort the obtained
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THE LOCAL IMMUNE PROFILE OF THE WOMAN AND DIFFERENT
SCENARIOS OF PRETERM DELIVERY
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Preterm delivery (PD) is one of the central challenges faced by contemporary obstetrics. There has been growing evidence of
the role of the innate immune response in triggering infection-associated preterm labor. Our study aimed to investigate the local
immune status of women in different PD scenarios. The study enrolled 77 pregnant women; 25 of them constituted the control
group (delivery at term). The experimental group was divided into two subgroups based on the PD type: Subgroup 1A included
28 women with spontaneous premature rupture of membranes in the absence of active labor, and Subgroup 1B included 24
women who went into genuine preterm labor. Cervical scrape specimens were collected from all patients to determine the level
of expression of the following innate immunity genes: IL1B, IL10, IL18, TNFa, TLR4, GATA3, CD68, and B2M. The tests were
performed using the ImmunoQuantex assay by DNA-Technology, Russia. Compared to the genuinely preterm women from
Subgroup 1B and the controls, the women with premature rupture of membranes demonstrated statistically significant reduction
in the expression of TLR4 and GATAS3 and a higher inflammatory index (Me = 99.5 %, p < 0.01). No significant differences
in these parameters were observed between Subgroup 1B and the controls. The revealed differences in the local immunity
profiles of women indicate that pathways leading to the scenarios of premature labor studied in this work are not the same.
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COCTOAHUE NOKAJIbHOIO MMMYHHOI'O CTATYCA MNP PA3JINM4YHbIX
BAPUAHTAX NMPEXXAEBPEMEHHbIX POOOB

H. tO. Katkosa' & O. V. Bogpukosa', A. B. Cepreesa?, . M. beapykosa', K. b. lNokycaesa'

"Kachenpa akyLuepcTBa 1 rMHeKONorum, akynsTeT NOBbILLEHNUA KBaMVKaumm Bpaden,
Hwkeropoackas rocynapcTBeHHas MeavumHCKas akagemms, HxHuin Hosropog

2 Kadhenpa anmaeMmnonorim, Meamnko-npounakTuieckmin hakynsTer,
Hwxeropoackas rocyaapcTeeHHas MeguUmMHeKas akagemns, HuxHuin Hosropopn

MpexxaepemMerHble poppl (MNP) — ogHa 13 Hanbonee akTyalbHbIX MPO6IEM COBPEMEHHOIO akyluepcTBa. [osBnseTca Bce
OorbLUe AaHHbIX O POV 3EMEHTOB BPOXAEHHOIO VMMYHUTETA B Pa3BUTUM NMPEXKAEBPEMEHHbBIX POAOB MH(EKLMOHHOIO re-
Hesa. Llenbto Hallero nccnenoBaHus ABAAIOCh U3yHeHne OCODEHHOCTEN COCTOAHMSA JTOKaIbHOMO MMMYHHOMO cTaTtyca npu
pasnu4HbIX BapuaHtax MP. B nccnenoBaHny NpuHaAnv yqacte 77 6epeMeHHbIX XKEHLLMH, U3 KOTOPbIX 25 COCTaBUM KOHT-
POSIBbHYIO rPyMy (CBoeBpeMeHHble pofpl). OCHOBHas rpynna Gbina pasgeneHa Ha ABe noarpynnbl no tmy MP: 28 poxkeHuy,
C MPEeXOEBPEMEHHBIM N3NTVEM BOA, MPW OTCYTCTBUN PEryNsIPHON POAOBON AesTenbHOCTU (mogrpynna 1A) n 24 poxxeHuLpb!
C UCTUHHBIMX MpeXaeBpeMeHHbIM pofamin (nogrpynna 16). Y BCcex mauMeHTOK Onpenensm ypoBeHb SKCMPECCUN MreHOB
BPOXAEHHOTO uMmyHuTeTa: IL1B, IL10, IL18, TNFa, TLR4, GATA3, CD68, B2M. BromaTepuan — cockob 13 LepBMKabHOrO
KaHana — aHanM3npoBaIN C MOMOLLBIO TeCT-cUcTeMbl «/IMMyHOKBaHTaKe» («HMO OHK-TexHonorus», Poccus). Beissunm
OOCTOBEPHOE CHWKEHNE aKcnpeccumn reHoB TLR4 n GATAS3, a Takke 6onee BbICOKMN MHAEKC BocnaneHns (Me = 99,5 %,
p < 0,01) y >XEHLWH C Npe>KAEBPEMEHHBIM Pa3pbiBOM MAOAHBIX OO0I0HEK NMPY HEAOHOLLIEHHOW 6EPEMEHHOCTY B CPaBHEHNM
C >KEHLLUMHamMn 13 nogrpynnbl 16 ¢ cTUHHBIMK TP 1 KOHTPOMBHOM rpynmbl. [JJOCTOBEPHbIX Pasnnymi no aTM nokagzartensm
Mexay noarpynnoi 15 1 KOHTPOMbHOM rpynnor He OBHapYXUn. BbISBNEHHbIE HAMM Pa3NHNS B COCTOSHUM NIOKATbHOTO
VMMMYHHOIO cTaTyca npu AByX BapuaHTtax [P CBUAETENLCTBYIOT O Pa3dHbIX MEXaHM3MaX NX PasBUTUS.

KntoueBble cnoBa: NpexxaeBpemMeHHble POAbI, TOKaNbHbIA UMMYHHBI CTaTyC, BPOXOEHHbBIN UIMMYHWUTET, CUHAPOM CUCTEMHO-
o BOCNasMTeSIbHOro OTBeTa, LMTOKMHbI
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One of the biggest concerns of contemporary obstetrics is
preterm delivery [1]. Its medical and social significance cannot
be overestimated. PD is a major cause of neonatal morbidity
and mortality, accounting for 60-70 % of early neonatal deaths
and for up to 50 % of neurological complications; stillbirths are
8-13 times more common among preterm babies than among
full-term neonates [2, 3].

In spite of improvements in medical care, preterm birth rates
are not going down; moreover, some countries are reporting
their increase. According to WHO, 15 million children are born
preterm (before 37 completed weeks of gestation) annually [4].
Globally preterm birth rates range from 5 to 18 %. In Russia
they are 6 to 15 %, depending on the region [5].

The majority of all PD cases (70 to 80 %) are spontaneous;
others are due to induction necessitated by health conditions in
either a woman or a fetus [6, 7]. Women at risk of spontaneous
delivery can go into genuine active labor with their amniotic sac
intact (genuine preterm labor accounts for 40 to 50 % of all
cases of spontaneous PD) or suffer from premature rupture of
membranes in the absence of active labor [8, 9].

According to the literature, about 40 % of all PD cases
are associated with infection-related factors [7, 8, 10]. The
nonspecific systemic inflammatory response (SIR) to infection
is thought to be the leading mechanism in the pathogenesis
of PD. In patients with SIR, local tissue damage in the area of
pathogen invasion triggers a cascade of systemic reactions.
This process is associated with the dysfunction of the innate
and adaptive immunities and is manifested as an imbalance
between pro- and anti-inflammatory cytokines. Currently the
role of cytokines in PD is actively studied [11]. There is evidence
indicating the connection between the elevated levels of pro-
inflamsnmatory cytokines in the cervical canal and a possible risk
of PD [12]. Information about the local immunity status of a
patient can elucidate molecular and biological pathways to PD.

This study aimed to describe the local immune status of the
endocervix in women with different types of premature delivery.

METHODS

Our study was conducted at the facilities of Dzerzhinsk Center
for Perinatology (Nizhny Novgorod Region) and enrolled 77
parturients admitted to the Center over the period from 2016
to 2017. The patients were distributed into two groups. The
main group included 52 women with spontaneous preterm
labor (22-36 completed weeks of gestation). The second
group included 25 controls who delivered fullterm. The main
group was subdivided into two subgroups depending on the
PD scenario. Subgroup 1A included 28 pregnant females with
premature rupture of membranes (PROM) in the absence of
active labor; Subgroup 1B included 24 parturients who went
into active labor with their amniotic sac intact. The age of
the participants ranged from 19 to 41 (mean age was 29.8 +
5.0 years). No significant difference between the groups was
detected regarding age (p > 0.05).

The inclusion criterion applied to both groups was singleton
pregnancy. Among the exclusion criteria were multiple
pregnancy and severe congenital anomalies of the fetus.

We analyzed the socioeconomic status of the patients, their
obstetric and gynecologic history and medical background
in general, including the episodes of acute infection during
pregnancy; patients’ height and weight were measured, and
the body mass index was calculated.

To evaluate the local immune status of the participants,
endocervical scrapes were collected using sterile disposable

scrapers. The specimens were placed into 1.5ml plastic
tubes containing 500 pl RNA-stabilizing medium. Total nucleic
acids were extracted using Proba NK reagent kit (DNA-
Technology, Russia). DNA/RNA extraction was followed by
reverse transcription (ImmunoQuantex, DNA-Technology,
Russia) to synthesize complementary DNA from a messenger
RNA template and subsequently amplify it by polymerase
chain reaction (PCR). Then levels of mMRNA expression were
computed for innate immunity genes, namely IL71B, IL10, IL18,
TNFa, TLR4, GATA3, CD68, and B2M. Inflammation or the lack
of thereof was inferred from the inflammation index (Il) value
calculated from the results of the gene expression analysis.
[1>60 % indicated inflammation; 11<50 % indicated the absence
of inflammatory response. Il values between 50 and 60 %
were considered a grey area meaning that the possibility of
inflammation could not be ruled out.

Data were statistically analyzed using Microsoft Excel
2010 (the AtteStat add-on) and Statistica v10 (StatSoft, USA).
Quantitative data (expression of genes) were presented as a
median (Me) and an interquartile range (the upper (0.25) and
lower (0.75) quartiles). To compare differences between the
groups, the Mann-Whitney U test was applied. Qualitative
characteristics were evaluated using Pearson'’s chi-squared test
with Yates’ correction. For <5 frequencies a two-tailed Fisher’s
exact test was used (p). To evaluate associations between the
studied factors and preterm delivery, we calculated the odds
ratio (OR) with a 0.5 % confidence interval. Difference was
considered significant at p < 0.05.

The study was approved by the Ethics Committee of
Nizhny Novgorod State Medical Academy (Protocol No. 12
dated October 5, 2015). All participants gave written informed
consent.

RESULTS

The analysis of the socioeconomic status of the participants
revealed that there were more patients with no more than a
high school education (65.4 %; x2 = 6.3; p = 0.012) and single
women (17.3 %; p = 0.02) in the main group than among the
controls.

The body mass index (BMI) calculated from weight and
height measurements was significantly higher in the main group
(anaverage of 25.4 + 5.2 kg/m?) than in the controls (an average
of 22.5 + 2.3 kg/m?, p = 0.009). No statistically significant
differences between the groups were found regarding height
(p > 0.05).

Obstetric and gynecologic histories showed that previous
PD had been experienced only by the women who constituted
the main group (15.4 %, p = 0.048; OR = 9.7 [0.5-175.9]).
Also, previous curettage (two or more episodes) was more
common in the main group than in the controls (34.6 %,
p =0.013; OR = 6.1 [1.3-28.8]).

We discovered a few distinct patterns in the obstetric and
gynecologic history of patients with different types of preterm
labor. For example, first-time pregnancies were statistically
more common in subgroup 1B (genuine PD; 45.8 %; p = 0.038)
than in subgroup 1A. Patients from subgroup 1B also reported
having their first sexual experience at an earlier age (an average
of 15.6 = 1.3 years; p = 0.009). Besides, the proportion of
women with episodes of pelvic inflammation before pregnancy
was bigger (37.5 %) in this subgroup than in subgroup 1A
(p = 0.045).

The analysis of patients’ medical backgrounds revealed
that there were more women with chronic nicotine addiction
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(34.6 %, p = 0.013; OR = 6.0 [1.29-28.8]) and chronic
infection (chronic hepatitis C, chronic hepatitis B, HIV)
(13.5 %, p = 0.047; OR = 8.4 [0.5-153.3]) in the main group
than among the controls.

The most common pregnancy complication in the main
group was a threatened miscarriage affecting 44.2 % of
patients. Notably, only 12 % of the controls were at a similar risk,
accounting for a statistically smaller proportion, in comparison
with the main group (p = 0.017; OR = 4.9 [1.3-18.7]).
Isthmic-cervical incompetence (ICl) developed in the second
trimester was observed in 19.2 % of patients with PD; no
ICl was observed in the controls (p = 0.025; OR = 12.6
[0.7-224.3)).

Patients included in the main group were found to have had
acute infections (ARVI, genitourinary infection, exacerbated
pyelonephritis) during pregnancy more often than the controls
(36.5 %, p = 0.032; OR = 4.2 [1.1-16.0]). Of note, pregnant
women with PROM (subgroup 1A) had been diagnosed with
acute infection during pregnancy more often than women with
genuine preterm labor (subgroup 1B) (46.4 %, p = 0.044).
Signs of chronic placental insufficiency, including intrauterine
growth restriction, were observed only in the group of patients
with preterm delivery (13.5 %, OR of 8.4 [0.5-153.3]). This
pregnancy complication was more common among patients in
subgroup 1B (25 %, p = 0.04).

Very interesting results were obtained regarding
expression profiles of IL1B, IL10, IL18, TNFa, TLR4, GATAS,
CD68 and B2M genes in the endocervical scrapes. Using
the ImmunoQuantex® kit, we discovered that measuring
the expression of single genes involved in the local immune
response was of no prognostic value for preterm delivery. We
observed no significant differences in the levels of expression
of IL1B, TNFa, CD68 and B2M between the groups, within
the main group and between its subgroups (p > 0.05). Still,
patients with PROM and no signs of active labor (subgroup A)
were found to have significantly lower levels of TLR4 expression
than women who went into genuine preterm labor (subgroup B)
(p = 0.037). The highest levels of TLR4 expression were
observed in the controls, differing significantly from those in
subgroup 1A (p = 0.021). No significant difference was found
in TLR4 expression between the controls and subgroup 1B
(p = 0.408).

Expression of the GATAS3 transcription factor was different
between the groups. It reached its minimum in subgroup 1A
and its maximum in subgroup 1B (p = 0.012). However, no
significant difference was observed regarding this parameter
between subgroup 1B and the controls (p > 0.05).

ORIGINAL RESEARCH | OBSTETRICS AND GYNECOLOGY

Expression of IL70 and IL18 was found to be significantly
lower in subgroup 1A, compared to subgroup 1B (p = 0.021
and p = 0.025, respectively).

To sum up, increased or reduced expression of genes
encoding pro- and anti-inflammatory proteins does not give a full
picture of the changes in the mucosal immunity. Nevertheless,
inflammation or the lack of thereof can be inferred based on the
comparative analysis of expression of different genes and the
inflammation index calculated from the results of this analysis.
The Il values (see the Table) differed between the main group
and the controls and within the main group. The highest I
was observed in subgroup 1A (PROM): 99.5 % vs. 27.2 %
(p < 0.01) in subgroup B and 13.1 % (p < 0.01) in the control
group. The Il values in subgroup B and the controls were
comparable (p > 0.05).

DISCUSSION

A lot of effort has been made to understand the causes of
preterm delivery and elaborate strategies for its prevention
[1,7,11,13]. However, in spite of the advances in this field, there
still are many questions that need to be elucidated. Among the
risk factors for preterm delivery are previous medical abortions,
assisted pregnancy, late miscarriages, conization of the cervix,
cervical or vaginal infection, infection of the genitourinary
tract, severe comorbidities, nicotine addiction, low quality of
life, and stress [14]. Our findings are consistent with those of
other researchers. Our work demonstrated that patients with
PD had a higher body mass index than the controls, who
delivered fullterm (p = 0.009). Previous preterm labor, two or
more curettage episodes, smoking, impaired fat metabolism,
acute and chronic infections were identified as risk factors for
PD in our study.

Recently, PD has been associated with the imbalance
between pro- and anti-inflammatory cytokines in the maternal
organism. In patients with PD accompanied by premature
rupture of membranes, the inflammation index is more likely
to be high (p < 0.01). According to a number of researchers,
infection of the lower pole of the amniotic sac is the leading
cause of PROM [9, 15]. Once the pathogen has entered the
body, the first line of immune defense is activated represented
by the components of the innate immunity. Primary inflamsmmatory
response to pathogens is mediated by Toll-like receptors (TLRs)
activated upon contact with the microbial cell wall, which
boosts production of pro-inflammatory cytokines, chemokines
and prostaglandins. It is known that increased cytokine
synthesis in the cervix is a cause of leukocyte infiltration and

Levels of gene expression in the subgroups of patients with preterm delivery and the controls (data are presented as a median and an interquartile range)

Main group (PD. n = 52)
Gene p! Control group (n = 25) p? p®
Subgroup 1A. n =28 Subgroup 1B6. n =24
IL1b 5.55 (5.05-6.1) 5.75 (5.35-6.2) 0.435 5.9 (5.5-6.3) 0.148 0.406
IL10 2.55 (2.1-3.05) 3.1(2.85-3.4) 0.021 2.9 (2.25-3.3) 0.205 0.477
IL18 4.6 (3.7-4.9) 5.1 (4.65-5.55) 0.025 4.9 (4.1-5.35) 0.088 0.464
TNFa 3.85 (3.4-4.25) 4.1 (3.7-4.5) 0.061 4.0 (3.5-4.3) 0.570 0.714
TLR4 3.5(3.2-3.7) 3.9 (3.4-4.25) 0.037 4.1(3.5-4.3) 0.021 0.408
GATA3 3.6 (2.95-3.9) 4.2 (3.6-4.45) 0.012 4.05 (3.45-4.5) 0.038 0.618
CD68 4.5 (4.15-4.7) 4.85 (4.4-5.15) 0.057 4.7 (4.45-4.95) 0.169 0.589
B2Mm 5.6 (5.25-5.85) 5.7 (5.3-6.1) 0.904 5.9 (5.4-6.16) 0.117 0.668
Il (%) 99.5 (95.3-99.9) 27.2 (12.8-58.9) <0.01 13.1 (10.5-17.7) <0.01 >0.05
Note. p' — indicates differences between subgroups 1A and 1B; p? — indicates differences between subgroup 1A and the controls; p® — indicates differences

between subgroup 1B and the controls.
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cervical dilation. Increased protease activity that accompanies
this process can have a destabilizing effect on fetal membranes
and lead to their premature rupture [16]. The role of TLRs in
preterm delivery has been confirmed by many researchers
[17]. For example, Tutunnikov et al. [13] have demonstrated a
significant reduction in TLR4 expression in women going into
preterm labor; it should be noted though that those women
had vaginal dysbiosis.

According to other authors [18, 19], patients at risk of
preterm delivery have elevated levels of TLR4 and TLRZ2
products in the cervical canal mucosa and placenta right before
the onset of labor. Increased expression of TLR-encoding genes
entails massive production of pro-inflammatory cytokines that
enter the blood streams of the mother and the fetus and induce
premature activation of corticotropin-releasing hormone, as
well as a cascade of reactions in the placenta and the adrenal
gland resulting in the uterine hypertonicity and a risk of PD.

In the course of our study, we did not observe any significant
differences between the main group and the controls regarding
the expression of the majority of the studied genes (p > 0.05).
It is known that cytokines have a regulatory role in the onset
of labor in healthy pregnancies. The onset is preceded by the
infiltration of the placenta and the surrounding maternal tissues
by different cytokines regardless of the presence of infection.
In turn, prostaglandins and pro-inflammatory cytokines, such
as IL-1, IL-6, IL-8, and TNF, stimulate uterine contractions [20].

We found no significant differences between the main and
the control groups regarding TLR4 expression (p > 0.05), which
may be explained by the diversity of PD scenarios. However,
the levels of TLR4 and GATA3 expression differed between the
subgroups, depending on the type of PD scenario. In subgroup
A TLR4 expression was significantly lower (p = 0.037) than
in subgroup B (genuine PD) and the controls (p = 0.021).
Differences in TLR4 expression between subgroup 1B and
the controls were insignificant (p > 0.05). A similar tendency
was observed for GATA3 expression: it reached its lowest level
in subgroup 1A (p < 0.05 when comparing the results with
subgroup 1B). Here, differences between the subgroups and
the controls were insignificant (p > 0.05).

So far, we have not found any research works on the role of
the inflammation index in the PD onset. In our study the index
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THE USE OF THE BALANCE TUTOR REHABILITATION TREADMILL FOR
BALANCE AND GAIT RECOVERY IN POSTSTROKE PATIENTS
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State-of-the-art rehabilitation equipment offers a wide range of static and dynamic exercise programs for fall prevention
by improving balance control during standing or walking. Our study aimed to provide a rationale for the use of the
BalanceTutor rehabilitation treadmill to improve static and dynamic balance in patients who had suffered an acute cerebrovascular
accident. The study included 72 patients with postural balance impairments in their late recovery period. In the experimental
group, center of pressure (COP) sway area and COP velocity decreased significantly, measured with patients’ eyes opened
(p=0.0476 and p = 0.0176, respectively) and closed (p = 0.0072 and p = 0.0037, respectively). At the end of the rehabilitation
program, we observed a statistically significant increase in the electromyographic signal amplitude on the stroke-affected side
of the body in m. peroneus longus (p = 0.0117), consistent with the regained muscle strength in the lower extremities of the
affected body side measured by McPeak and Veyss 6-point scales. Tinetti gait and balance scores also improved (p = 0.0513
and p = 0.0274, respectively). Thus, the use of the BalanceTutor treadmill in the rehabilitation of poststroke patients proves to
be effective and reasonable.

Keywords: acute cerebrovascular accident, postural balance, equipment for improving static and dynamic balance
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The most frequent consequences of acute cerebrovascular
accidents (ACAs) that lead to disability are motor and
coordination impairments. They affect 81.2 % of total patients.
One of the main goals of poststroke medical and social
rehabilitation is to restore staticolocomotory functions that
determine social independence and labor ability of the patient
[1-3]. For some years now, stabilometric platforms and virtual
reality have been used to restore patients' static balance after
ACA [4-6].

Rehabilitation specialists from different countries have
proposed methods for postural balance training designed
to activate reactive postural synergies that prevent a person
from falling through returning the center of gravity to the base
of support by making a step in the direction of the fall. Such
coordination exercises train the patient’s ability to adapt to
sudden balance destabilization while walking on the treadmill
(forward and backward perturbations) or standing on the
platform (sideways perturbations) [7—-13].

The use of modern equipment in rehabilitation allows static
and dynamic coordination training with simultaneous correction
of the movement pattern by initiating an unexpected postural
disturbance through destabilization at a certain phase of the
step [14]. BalanceTutor (MediTouch, Israel) (Fig. 1) is a promising
system designed for postural control training, correction of
motor stereotypes and falls prevention in poststroke patients.

The aim of the study was to provide a rationale for the
use of BalanceTutor rehabilitation treadmill in the treatment of
patients suffering ACA sequelae.

METHODS

The study was conducted in Shvetsova Research and Care
Center for Medical and Social Rehabilitation of the Disabled
from March to June 2017. The study included patients with
central hemiparesis (mild to moderate) after middle cerebral
artery ACA (occurred less than 1 year before the study) with
impaired postural control.

Fig. 1. BalanceTutor
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The exclusion criteria were:

e patient's weight over 135 kg;

e contractures of the lower limbs joints;

e recent endoprosthesis of large joints;

e unconsolidated spinal and limb fractures,
osteosynthesis;

e open skin lesions on the lower extremities and torso;

e respiratory or and cardiovascular decompensation;

e severe vascular disorders of lower extremities
(thrombophlebitis, phlebothrombosis);

e marked osteoporosis;

e end-stage kidney or liver disease;

e severe cognitive impairment, avoidance or aggressive
behavior, psychoorganic syndrome;

e prescribed bed rest.

The study recruited 72 patients with impaired postural
control at the late stage of rehabilitation following middle
cerebral artery ACA. The patients were randomly divided
into two comparable groups. The treatment group consisted
of 37 patients (mean age of 58.0 + 5.3 years); the control
group included 35 people (mean age of 56.0 + 4.8 years).
In the treatment group, 30 (81.1 %) patients had ischemic
stroke, 7 (18.9 %) — hemorrhagic stroke. In the control group
27 patients (77.1 %) had ischemic stroke and 8 (22.9 %)
suffered hemorrhagic stroke. The treatment group included 20
(54.1 %)menand 17 (45.9 %) women, the control group included
18 (51.4 %) men and 17 (48.6 %) women. The disease duration
was 6.8 + 0.4 months in the treatment group and 6.4 + 0.2
months in the control group.

The following methods and devices were used to assess
the effectiveness of the proposed rehabilitation system:
electroneuromyography (ENMG), done with Neuromyograph-
01-MBN, four-channel electroneuromyography hardware
and software set designed by MBN Medical Research Firm,
Russia; stabilometry, done with MBN Stabilo hardware and
software (Stabilometry package) set designed by MBN Medical
Research Firm, Russia; L. McPeak and M. Weiss 6-point
muscle strength assessment scale; Ashworth scale of muscle
spasticity (interpretation by R. Bohannon, V. Smith, D. Wade);
Tinetti score.

All patients were undergoing the same rehabilitation program
that included symptomatic drug therapy, physiotherapy
(magnetotherapy, paraffin treatment, massage of the affected
limbs and reflex zones), physical training (gymnastics to improve
coordination function, cyclic mechanotherapy for upper and
lower extremities). In addition, the patients in the main group
had 20 minute sessions on BalanceTutor (18 sessions, 6 per
week).

We developed a method for coordination training that
makes use of BalanceTutor and aids in restoration of static and
dynamic balance [15]. The exercises were dynamic "trigger
exercises" in the "compensatory response" mode aimed to
elicit compensatory stepping with the affected limb. The load on
the lower limbs was distributed using feedback sensors, which
also allowed monitoring of the spatial position of the limbs.
Training required patient maintaining balance while walking on
the treadmill with the body oriented forward (Fig. 2A, B) and
sideways (Fig. 2C).

In the course of rehabilitation, the values of the operating
parameters of the system were gradually increased, including
the perturbation amplitude, speed of the treadmill, and session
duration. The first session lasted for 10 minutes, with the patient
walking straight for 7 minutes (Fig. 2A, B) and then stepping
laterally towards the affected limb for 3 minutes (Fig. 2C). Every
4th session the perturbation amplitude was increased. From

unstable
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the 4th session, lateral perturbations were set to 15 cm in each
direction; forward and backward perturbations were within
10 cm in each direction; session's duration was increased
to 12 minutes (8 minutes of straight walking, 4 minutes of
lateral stepping). From the 8th session, lateral perturbations
were set to 18 cm in each direction; forward and backward
perturbations were within 13 cm in each direction; session's
duration was increased to 15 minutes (10 minutes of straight
walking, 5 minutes of lateral stepping). From the 12th session,
lateral perturbations were set to 20-22 cm in each direction;
forward and backward perturbations were within 15-17 cm in
each direction; session's duration was 20 minutes (13 minutes
of straight walking, 7 minutes of lateral stepping).

Before allowing patients into the study, they were informed
of the purpose and nature of the clinical study, diagnostic
methods and components of the rehabilitation program,
research effectiveness and safety, benefits and risks implied,
patients’ rights and responsibilities. All patients who agreed to
participate in the study have given their informed consent.

Ethical review of the research protocol (including the
informed consent form) was carried out by the local ethics
committee of Pirogov Russian National Research Medical
University (Protocol No. 163 of March 20, 2017). Members of
the local ethics committee gave their approval.

To process the results, a database was generated using
Microsoft Excel 2007 software. The database included 24
parameters for 72 patients. Patients’ data were entered into the
database before the rehabilitation course, in the middle of the
course (after the 10th session) and after it had been completed,
the only exception being electroneuromyography, which was
performed twice (before and after the rehabilitation course).
The obtained results were processed using StatSoft Statistica
10.0. Normality was tested using Kolmogorov-Smirnov
and Shapiro-Wilk tests. The samples did not have a normal
distribution, so Mann-Whitney, Wilcoxon, and Friedman tests
were applied. The Mann-Whitney U was used to evaluate the
differences between the treatment group and the controls. The
groups were compared three times: before the rehabilitation
course, after the 10th procedure and when the rehabilitation
course was over. To compare electroneuromyography data for
statistical differences before and after the rehabilitation course,
the Wilcoxon matched pairs test was used. Since patients’
data were collected repeatedly at three different time points,
the Friedman test was applied separately to the treatment
group and the controls. The differences were considered
statistically significant at p < 0.05. When the Friedman test
revealed significant differences in the parameters over the

(A) (B)

Fig. 2. Exercising with BalanceTutor

course of study, the Wilcoxon test was applied to determine
when (between what time points) those differences were
registered. Multiple comparisons were accounted for using the
Holm-Bonferroni method when determining the critical level of
significance.

RESULTS

Neuromyography was performed onthe electroneuromyography
machine for data recording and processing. Electromyograms
(EMGs) of muscles of the upper (m. opponens pollicis) and
lower (m. peroneus longus) limbs were recorded at rest and
during active contractions of the muscles. Electromyograms
were analyzed using a classification by Yu. S. Yusevich.
Electroneuromyography aimed to determine the speed of
impulse going through peripheral motor nerves (n. medianus,
n. peroneus) and the amplitude, latency and duration of the
evoked response in the muscles of the upper and lower limbs.
EMG revealed that poststroke patients had weaker
electrogenesis in the muscle groups examined (m. opponens
pollicis, m. peroneus longus): the amplitude of biopotentials
was almost twofold smaller compared to normal values.
Analysis of electroneuromyography data revealed that
poststroke patients had the amplitude of median nerve motor
response reduced by an average of 50 % to 1.73 + 0.6 mV, that
of the peroneal nerve — by 40 % to 2.09 + 0.8 mV.
Regression of paretic symptoms on the affected body side
over the course of rehabilitation was consistent with the favorable
dynamics of neurophysiological data. Patients undergoing
rehabilitation with BalanceTutor showed improvement in
electroneuromyographic and electromyographic parameters.
After the rehabilitation, these patients had an increased
amplitude of the maximum muscle strain curve on the side
suffering from motor disturbances: up to 243.7 + 18.6 pV in
m. opponens pollicis and 447.3 + 24.7 uV in m. peroneus
longus, as registered by EMG (Fig. 3). Before the course,
the curve amplitude in this group was 181.9 + 17.0 pV in
m. opponens pollicis (p = 0.0491, the Wilcoxon test) and
236.7 = 22.0 YV in m. peroneus longus (p = 0.0117, the
Wilcoxon test). By the end of the rehabilitation course,
5 (18.5 %) patients from the main group had the curve
amplitude on the affected side comparable to that on the
healthy side: 317.4 + 18.2 pV for the upper limb (m. opponens
pollicis) and 538.2 + 24.2 pV for the lower limb (m. peroneus
longus). Before the course, all patients included in the main
group showed a smaller amplitude of the muscle strain curve.
In the control group, the amplitude of the maximum muscle

(©)
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strain curve before rehabilitation was 178.9 + 19.0 pV in
m. opponens pollicis and 226.5 + 21.0 pV in m. peroneus
longus. After the rehabilitation, the amplitude on the side
suffering from motor disturbances increased to 197.3 + 18.1 VvV
in m. opponens pollicis (p = 0.0791, the Wilcoxon test) and
277.3 = 23.7 uyV in m. peroneus longus (p = 0.0511, the
Wilcoxon test). In both cases, no statistically significant
differences were observed.

In both groups, ENMG registered no changes in the speed
of the pulse conducted by motor fibers, latency and duration of
motor response before and after rehabilitation. The rehabilitation
course with BalanceTutor sessions included stimulated the
increase of the amplitude of median nerve-conducted motor
response in the paretic side to 2.5 + 0.9 mV, compared to
1.87 + 0.50 mV in the controls (p = 0.0563, the Mann-
Whitney test). Before the course, the amplitude of median
nerve-conducted motor response in the treatment group was
1.8 £+ 0.7 mV and 1.8 = 0.7 mV in the control group. By the
end of rehabilitation, the amplitude of the motor response going
through the peroneal nerve in the treatment group (paretic
side) increased to 2.97 + 0.90 mV, in the control group — to
1.97 + 0.50 mV (p = 0.00683, the Mann-Whitney test). Before
the rehabilitation course, this parameter in the treatment group
equaled 1.87 + 0.80 mV and was 1.78 + 0.80 mV in the control

group.
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Stabilometry was performed in compliance with the
requirements established by the Moscow Stabilometry
Consensus [16]. Postural performance was evaluated with
patients standing on the stabilization platform on both legs.
Romberg ratios and the following parameters were calculated:
center of pressure (COP) sway area and COP velocity,
measured with patients’ eyes opened (EO) and closed (EC).
The analysis of the stabilometry data obtained before the
rehabilitation course revealed that both COP sway area and
COP velocity were significantly abnormal for both EO and EC
positions. In the treatment group, the COP sway area (EO)
was 120.40 + 31.24 mm?2, which is above normal values,
and that of the control group equaled 123.16 + 34.87 mm?2.
The COP velocity (EO) was also above the norm: 18.63 +
1.79 mm/s in the treatment group and 18.09 + 1.99 mm/s in
the control group. With patients’ eyes closed, the abnormality of
stabilometric parameters increased significantly in both groups.
The COP sway area (EC) in the treatment group increased to
254.5 + 27.5 mm? and to 269.86 + 32.71 mm? in the control
group. The COP velocity (EC) was 28.25 + 2.56 mm/s and
29.61 + 4.08 mm/s, respectively. Functionally, prior to the
rehabilitation all patients had poor postural control in the upright
position. Romberg ratios were high, 211.37 + 16.24 % in the
treatment group and 219.11 + 20.31 % in the control group,
indicative of insufficient control exerted by the proprioceptive

Before rehabilitation

Fig. 3. Electromyography data of a patient of the treatment group for m. peroneus longus before and after rehabilitation
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system. This means that maintaining balance was largely
dependent on the visual perception system. In the middle of
the rehabilitation course, sustainable positive changes in the
COP sway area, COP velocity (EO and EC) and Romberg ratios
were registered in both groups, although the differences were
not statistically significant.

After the rehabilitation course with BalanceTutor sessions,
improvements of stabilometric parameters became obvious.
The COP sway area (EO) decreased in both groups, but the
dynamics were more pronounced in the treatment group:
82.30 + 21.43 mm? against 115.40 + 31.56 mm? in the control
group (p = 0.0476, the Mann-Whitney test). The reduction in
the COP sway area (EC) was statistically significant and greater
in the treatment group: 160.45 + 24.63 mm? as opposed
to 247.58 + 41.39 mm? in the control group (p = 0.0072,
the Mann-Whitney test). These data are evident of the
increasingly important role played by the proprioceptive system
in maintaining a vertical stance and of some improvements
in the visual-motor connection. The downward tendency of
Romberg ratios seen by the end of the rehabilitation course
supports the aforementioned data. The tendency was
more obvious in the treatment group: 194.91 + 21.62 % vs.
214.54 + 19.74 % in the control group (p = 0.0798, the Mann-
Whitney test, differences statistically insignificant). By the
end of the course, both groups showed improvement in the
COP velocity. However, a statistically significant decrease in
the COP velocity was observed in the treatment group only:
with patients’ eyes opened, it equaled 11.09 + 1.06 mm/s
while in the control group the value was 17.05 + 1.42 mm/s
(p = 0.0176, the Mann-Whitney test); with patient’s eyes
closed, the COP velocity in the treatment group was
18.09 + 2.08 mm/s, in the control group — 27.91 + 4.50 mm/s
(p = 0.0037, the Mann-Whitney test). Lower COP velocity after
the rehabilitation signals improvement of the static balance and
stability of the patients. This result was more evident in the
treatment group.

Muscle strength dynamics and paresis severity were
assessed using the 6-point scale by McPeak and Weiss).
After the rehabilitation, both groups demonstrated increased
muscle strength in the limbs; this fact was consistent with the
increasing the number of patients whose condition improved
from moderate to mild paresis. Statistically significant changes
in muscle strength in the affected lower limb were registered
in the treatment group. After the rehabilitation, mild paresis
of lower limbs was observed in 33 (89.2 %) patients of the
treatment group, compared to 18 controls (51.4 %) (p =
0.0247, the chi-squared test with Yates correction). Before
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the rehabilitation course, 13 (35.1 %) patients of the treatment
group and 12 (34.4 %) controls had mild paresis of the
lower limbs; 24 (64.9 %) patients of the treatment group and
23 (65.7 %) controls had moderate paresis. As for the upper
limbs on the paretic side, the only improvement registered was
an increase of muscle strength, slightly more pronounced in
the treatment group. In the middle of the rehabilitation course,
patients from both groups showed greater muscle strength
in the affected limbs; the most noticeable improvement was
registered for the lower limbs in patients included in the
treatment group (Fig. 4).

The complex rehabilitation of patients with impaired
postural balance after ACA aided muscle tone changes in
paretic limbs detected using the Ashworth scale of muscle
spasticity (Bohannon, Smith, Wade). Prior to the rehabilitation,
the patients in both groups had spasticity corresponding to a
moderate tone increase: the average muscle tone score for
the upper limb in the treatment group was 3.25 + 0.48, in the
control group — 3.31 = 0.53; the average muscle tone score
for the lower limb was 3.04 + 0.38 in the treatment group and
3.11 + 0.42 in the control group. The 10th session marked a
slight spasticity reduction in the affected limbs in both groups.
By the day of discharge, patients in both groups demonstrated
a considerably decreased muscle tone in the affected limbs;
the changes were statistically significant mostly for the lower
limb in the treatment group (p = 0.0041, the Friedman test). For
the lower limb, the average muscle tone score was 2.29 + 0.23
in the treatment group and 2.82 + 0.39 in the control group; for
the upper limb, the tone scores were 2.88 + 0.38 and 2.93 +
0.41, respectively.

The Tinetti test was used to measure performance of
static and dynamic motor tasks and the severity of balance
impairment. At the time of admission to the rehabilitation
center, the patients scored 11.42 + 0.26 and 15.87 + 0.31
points for gait and stability, respectively (the treatment group);
the controls scored 11.38 + 0.28 and 15.58 + 0.34 points,
respectively, which corresponds to moderate impairment.
In the middle of the course, sustainable positive changes in
gait and stability were registered in both groups, although the
differences were not statistically significant. By the end of the
rehabilitation, the Tinetti test revealed positive changes in both
groups. The treatment group showed more stable and marked
results: the scores tended to shift towards mild impairment,
with gait score at 14.97 + 0.28 points (p = 0.0513, the
Wilcoxon test) and stability at 21.90 + 0.37 points (p = 0.0274,
the Wilcoxon test). As for the control group, their gait and
stability also improved, but the values stayed within the
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Fig. 4. Severity of imb paresis at different stages of the rehabilitation (TG — treatment group, C — controls)
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limits typical for moderate impairments: 12.02 + 0.29 points
(p = 0.0931, the Wilcoxon test) and 17.02 + 0.27 points
(p = 0.0671, the Wilcoxon test), respectively. In both cases, no
statistically significant differences were found.

DISCUSSION

In recent years, a number of studies have addressed methods
based on the use of the stabilometric platform and virtual
reality in the rehabilitation of poststroke patients, aimed at
restoring their static balance. Such methods can be used for
improving the static balance only, meaning that there is a need
for dynamic balance restoration techniques. Nevertheless,
the effectiveness of the methods aimed to restore the static
balance has been demonstrated by stabilometry data: COP
sway areas reduced from 802.61 to 799.36 mm? (p = 0.0034)
and the COP velocity decreased from 18.61 to 16.53 mm/s
(p =0.414) [4, 17]. Coordination training sessions led to higher
Tinetti scores increased from 15.33 + 0.65 to 19.69 + 0.73
points (p = 0.05) [18]. At the same time, patients underwent
adaptation kinesitherapy, which brought changes in EMG
results: an unusual discoordination syndrome was registered,
observed in poststroke motor disorders in the majority of
muscles and manifested by the asymmetry of muscular activity
during symmetrical movements [19]. Electroneuromyography
data revealed an increase in the maximum amplitude of
muscular response in m. soleus on the affected side from
399.9 + 33.8 mV to 420.9 + 37.7 mV, while n. tibialis motor
response amplitude increased from 6.49 + 0.25 mV to 6.69 +
0.30 mV, associated with medical gymnastics [20].

The use of BalanceTutor for improving static and
dynamic balance extends the potential of the rehabilitation
treatment: BalanceTutor allows patients to do coordination
exercises not only while standing, but also while walking, by
stimulating a response to sudden postural perturbations of
varying amplitudes. The values of stabilometric and functional
parameters registered in the course of this study demonstrate
that BalanceTutor-based rehabilitation is more effective than
static balance training. BalanceTutor is a relatively new tool
employed by Russian rehabilitation centers: it was first used in
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THE ROLE OF MATERNAL EDUCATION IN REGULATING GENETIC AND
ENVIRONMENTAL CONTRIBUTIONS TO THE DEVELOPMENT OF CHILD’S
LANGUAGE COMPETENCIES

Chernov DN =

Department of General Psychology and Pedagogy, Faculty of Psychology and Sociology,
Pirogov Russian National Research Medical University, Moscow, Russia

Understanding the role of the environment in the dynamics of gene-environment interactions shaping psychological traits of
the child is one of the central issues of contemporary psychogenetics. The socioeconomic status of the parents (education in
particular) is a critical factor regulating the share of environmental and genetic influences on the child’s cognitive abilities. This
work is a study of phenotypic associations between the results of the subtests of the Heidelberg Speech Development Test
designed to measure children’s speech and language competence, by computing genotypic and environmental correlations
between its components. Children were divided into groups based on the educational level of their mothers (medium and
high); each group was analyzed separately. For our analysis we used the twin method: the group of twins born to mothers with
medium-level education included 17 monozygotic and 11 dizygotic twin pairs; the group of children born to highly educated
mothers was comprised of 17 monozygotic and 22 dizygotic twin pairs. All children were aged from 7 years to 8 years and
11 months. Family report forms revealed an association between maternal education and individualized approach to the
upbringing of each of the twins. It was shown that in families with highly educated mothers, differences in the upbringing
strategies improve the development of language and speech competencies of the child, strengthen the relationship between
various language competencies, increase the contribution of the genotype to and decrease the role of the general family
environment in this relationship.

Keywords: twin method, genetic correlation, education, psychogenetics, socioeconomic status, environmental correlation,
language competence
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POJIb OBPA30OBATEJIbHOIO CTATYCA MATEPU B NSBMEHEHWUN
FEHOTUN-CPEOOBbLIX COOTHOLLEHWIN B CTPYKTYPE
A3bIKOBbIX XAPAKTEPUCTUK

[. H. YepHos =

Kacbenpa o6LLel NCUXOoNorim 1 negarorvikm, NCUXonoro-coumanbHbii hakynsTerT,
Poccuiickunini HaumoHanbHbI MCCReaoBaTenbCKA MeAULIMHCKIIA YHUBepcuTeT umenn H. V1. Muporosa, Mockea

V13y4eHme ponm CpeaoBbIX (DaKTOPOB B USMEHEHWN FEHOTUM-CPEAOBbLIX COOTHOLLEHNI MO MCUXONOMMHECKM XapaKTePUCTNKaM
SABNSAETCS aKTya/lbHOW 3ada4verl COBPEMEHHOW MCUXOreHETUKM. BaxkHemmin hakTop N3MEHEHUsT reHOTUM-CPEA0BbIX COOT-
HOLLIEHWIA MO KOTHUTVBHBIM CAOCOBHOCTSAM — COLIMO3KOHOMUYECKUN, 1 B HaCTHOCT 06pa3oBaTebHbIN, CTaTyC pOOUTENEN.
ViccnepoBannch NpUHHBI PEHOTUMMHECKNX B3aMMOCBA3EN Mexxay cybTecTamm [enaensb6eprckoro Tecta PeveBoro passutiAg
pebeHka nyTem noacyeTa reHOTUMNYECKMX 1 CPEOOBbIX KOPPENSLUMA MEXOY OOHOVMEHHBbIMU XapakTepuUcTUKamn. AHann3
MPOBOAWNCS pPasaenbHO B Noagrpynnax AeTen U3 CeMen CO CPeaHVM U BbICOKMM 06pa3oBaTebHbIM CTaTyCOM NX MaTepen.
MpuMeHsann 6AM3HELIOBbI METOA: B MOArpynny 6aM3HEL0OB 13 CEMEN CO CPeAHUM 0Bpa3oBaTe/lbHbIM CTaTyCOM MaTepel BO-
W 17 MOHO3UrOTHbIX 1 11 AN3UrOTHBIX Map; MoArpynny AETeN N3 CeMEN C BbICOKUM 0Bpa3oBaTesibHbIM CTaTyCOM MaTepei
COCTaBMM 17 MOHO3UIOTHBIX U 22 OU3UroTHBIX Napbl. BodpacT aeten — 7 net — 8 net 11 Mec. Ha ocHOBaHWN aHKETHbIX
[OaHHbIX MOKa3aHo, YTO 06pa3oBaTENbHbIN CTATYC CBA3aH C CyOBbEKTHOM aKTMBHOCTBLIO MaTepen B BONPOCcax NHAMBMOyanm3a-
LUnm BoCuUTaHns 61M3HeELIOB B nape. B ceMbsix C BbICOKMM 0BpasoBaTefibHbIM CTaTyCOM MaTepel a1a yCTaHOBKa MPUBOOUT
K BO3PAaCTaHMIIO YPOBHS A3bIKOBOIO PasBUTUS AETEN, POCTY CTRYKTYPHON CBA3AHHOCTY Pa3/INYHBIX A3bIKOBbIX XapakTEPUCTUK,
YBEMHEHNIO YAENBHOMO Beca OOLIEro reHOTUMNYECKOro hakTopa M CHVPKEHUIO PO OBLLIECEMENHOM cpedbl B OOBbACHEHNN
MPUPOAb! 3TOW CTPYKTYPHOW CBA3AHHOCTU.

KntouyeBble cnoBa: 61M3HELOBbIN METO/, MreHETYeCKast KoppenAaund, oGpaaoaaTeanbM cTartyc, ricmxoreHeTnka, CoUnosKOo-
HOMWYECKMI CTaTyC, CPefoBas Koppensaums, A3blkoBast KOMMETEHLMA

>< Ans koppecnoHaeHumn: YepHos Omuntpuit Hukonaesm4
yn. OctpoBuTaHOBa, 4. 1, . Mockea, 117997; chernov_dima@mail.ru

Crartbs nonyyeHa: 14.04.2017 Ctatba npuHsATa K nevatu: 07.05.2017

BULLETIN OF RSMU | 3, 2017 | VESTNIKRGMU.RU 65




OPUI'MHAJIbHOE NCCJIEQOBAHWE | MCNXOINEHETUKA

Personal shapes of various psychological characteristics
in children develop under a significant influence of the
socioeconomic status (SES) of their parents. The components
of SES are family income, educational and professional status
of parents. Favorable conditions for the development of children
in families with high SES mean a number of things: children can
receive high-quality food and medical care; families can choose
housing that is more environmentally sound; children enjoy a
cognition stimulating environment; the parent-child relationship
is harmonic and the upbringing attitudes are positive [1]. In our
country, using SES as a criterion for group formation in research
studies is hindered by somewhat incomplete questionnaire
data obtained from the parent, who prefer to give just a general
description of their families' financial standing. Grouping
research participants by educational status (ES) of parents
turns out to be a productive way of studying the contribution of
SES to individual psychological traits [2].

Parents' SES is a factor in shaping individual peculiarities
of language characteristics. The relationship between parent's
SES and child's language skills development manifests at the
age of 1.5 years. By the age of 3, mother's SES and education
are positively related to the size and diversity of child's active
vocabulary, ability to understand the language, average length
of utterance in morphemes, variety of word combinations,
compound and complex structures used [3-7]. Children of
preschool and school age coming from families with high SES
have a large vocabulary, use grammatically and syntactically
more complex sentences in their speech, progress significantly
in developing reading skills, better cope with verbal tasks than
their peers from families with low SES [5, 8-11].

Parents with high SES and ES create an environment that
fosters children's language skills development. Mothers from
such families are verbally responsive, communicate more with
their children and encourage them to communicate, keep up
topical conversations longer, tend to avoid giving directive
instructions and react to the statements made by children
more lively. The lexical and grammatical composition of their
speech is rich and contains more information about the
surrounding objects. The amount of time high-SES mothers
allocate to child-parent interaction is as important for child's
language skills development as the average characteristics of
mother's speech. Intergroup differences in the volume of active
vocabulary possessed by infants from families with different
SES are almost completely dependent on the quality of verbal
environment [5, 12-14]. At the same time, with children aged
1 through 4 the role of SES in the development of individual
differences regarding the richness of active vocabulary
diminishes when lexical and syntactic complexity of mother’s
speech is taken into account [6]. Creating a more development-
oriented environment in low-SES families produces a beneficial
effect on the development of language mastery [15, 16].
Parental education and income affect parent-child interactions
and make a relatively independent contribution to the verbal
development of a child between 1.5 and 3 years of age [17,
18]. The studies suggest that SES of parents is a correlate of
the level of parental activity aimed at improving the environment
that promotes development of language skills.

These studies provide an understanding of the role of a
family's SES as an environmental factor affecting variability of
language skills. However, language competencies can also be
affected by genetic factors. Psychogenetics, a cross between
psychology and genetics, aims to research the roles played
by hereditary and environmental factors (and their interaction)
in the formation of individual variations of psychological
characteristics. Studies of the nature of interindividual variability

of language competencies prove that this variability is influenced
by environmental and genetic factors [20].

An important share of psychogenetic research efforts
aims to study the role of environmental factors in the
changes occurring in genotype-environment interactions.
The researchers rely on the bioecological model proposed
by Bronfenbrenner and Ceci, which assumes that the wealth
of development resources provided by the child's immediate
social environment has a lasting effect on the contribution of
distal environmental resources (education, culture, economy)
to the development of the child and, furthermore, can influence
the expression of developmental genetic predisposition [21].
Scarr believes that environmental characteristics can regulate
the ratio of contributions made by genetic and environmental
factors to the formation of interindividual variability of
psychological characteristics [22].

These assumptions imply that during early ontogeny,
individual patterns, like those of cognitive characteristics,
must be significantly influenced by factors shared by all family
members. With age, the contribution of hereditary factors
to the variability of cognitive abilities increases, while the
contribution of family-related factors decreases. It was found
that SES mediates gene-environment interactions in what
concerns children's intellectual development characteristics.
Thus, differences in general intelligence observed in 2-year
old children from low-SES families can be explained by the
influence of family environment. The role of hereditary factors
in shaping personal traits increases in children from high-SES
families, generally standing on a higher intellectual development
level [283, 24]. In 7-year-olds from high-SES families, more
than half of phenotypic dispersion of the general intelligence
comes from hereditary factors. As for children from low-SES
families, about 60 % of their individual differences result from
the influence exerted by the general family environment [25].
Psychogenetic studies of verbal intelligence yielded similar
results, but they dealt with school-age children [26]. As far as
verbal intelligence goes, in early and pre-school age family's
SES has a faint influence on the balance of the genetic and
environmental contributions [27].

Although most studies confirm the mediating effect of SES
on the dynamics of gene-environment interactions in what
concerns individual peculiarities of cognitive characteristics,
a number of studies report no such effect. Tucker-Drob and
Bates provide an explanation for the contradictions. They
conducted the meta-analysis of 14 studies revolving around
the role of SES in mediating genetic and environmental
contributions to the interpersonal variability of intelligence and
academic progress and found that such mediation applied to
American children. Studies conducted in Western Europe and
Australia reveal nothing of the kind. The researchers point out
that zero or even negative mediation effect is the product of
social policies pursued in these countries, where all population
strata have a more or less equal access to quality education
and health care [28].

As for the role played by the genetic factors and the
environment in the development of language mastery, it was
found that the family's SES slightly influences the ratio of their
contributions while the age of children is pre-school. Along
with home environment orderliness, SES determines only
3-5 % of individual traits while some other factors of the shared
environment determine 52-58 % of children's verbal abilities
[29, 30]. Research of etiology of individual differences in
understanding a written text while reading (8-year old children)
revealed that these differences were determined by genetic
factors to a large extent and, moreover, contribution of these
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genetic factors increased in parallel with school SES (derivative
of the SES of pupils’ families) where the research participants
studied. However, only 7.5 % of individual differences in
understanding a written text have anything to do with the
correlation between genetic and environmental factors and SES
of a school [31]. Parental ES influences the balance between
genetic and environmental contributions affecting children of
primary school age and adolescents. Comparison of the gene-
environment ratios obtained from the samples of Russian
schoolchildren coming from families with high and medium
maternal ES shows that individual differences in the degree
of Russian language mastery can be explained by the impact
of various factors: as a rule, in the first sample (high maternal
ES) the contribution of hereditary factors to the interindividual
variability of language skills is much higher than in the second
sample (medium maternal ES). In turn, in the second sample
individual differences in language skills are largely determined
by the environment in general [32]. The adolescent sample
shows that language understanding is largely influenced by
genetic factors in children from families where parents' ES
is high. Children coming from families with low ES prove to
have their interindividual differences affected by hereditary and
general family factors to an equally small degree [33]. Two other
studies investigated reading and language skills possessed by
adults. Those studies revealed that the higher SES and ES of
the families the subjects grew up in, the better are the skills
and the more significant is the role of hereditary factors in the
formation of the related individual traits. At that, the contribution
of the shared environment decreases or remains unchanged
[34, 35].

So far, psychogenetic studies offer little information on
the role of SES in changing the etiology of the structure of
correlations in the set of linguistic characteristics. Previously,
we found that close associations between different linguistic
characteristics observed in younger schoolchildren should be
attributed more to the genetic factors and less to the family
environment [36].

The aim of this pilot study was to analyze the interplay
between language competencies by studying phenotypic
correlations and to assess the dynamics of genetic and
environmental contributions to this interplay considering
maternal ES. The aim was achieved through counting genotypic
and environmental correlations between the characteristics of
language development. This pilot study employed the twin
method.

Table 1. Sections, subtests of the Heidelberg test and corresponding skills

ORIGINAL RESEARCH | PSYCHOGENETICS

METHODS

The Heidelberg speech development test (Ht) was used to
assess language skills [37]. Table 1 contains details on test
sections, subtests and skills Ht was designed to research.
The "raw" subtest scores were translated into standard scores
in accordance with the test guide; the age groups were
7 years — 7 years 11 months, 8 years — 8 years 11 months,
which allowed eliminating the age difference factor.
Questionnaires  filled by mothers allowed assessing
upbringing conditions of twins. The questionnaire designed
for the study included 11 questions in the "Family Information"
section and 52 questions in the "Twins Information" section.
The first section offered questions related to age, parents' ES,
number of children in the family, household income, professional
status of parents, presence of other adults in the family, family
leisure activities. Moving to the second section, mothers had to
answer questions about the twins, such as related to the first
months of their life (birth weight, injuries, long-term illnesses in
childhood), early motor and speech development, relationships
with peers, adults, parents. A number of questions pertained to
the relationship between twins and individualized educational
and upbringing strategies parents may have exercised on each
twin. With some typical situations from family life described
in the question, mothers were asked to choose one of the
suggested answers or write down their own answers when
the question was open or when choosing an answer from the
presented options was difficult. Answers to each question of
the survey were presented as dichotomous scales (except
when the data could be presented as ordinal scales).
Statistical analysis was conducted using the SPSS 20.0
package. Data on intrapair correlations in twins and heritability
coefficients were taken from our previous study and used for
calculation of genetic and environmental correlations [32].
ANOVA was applied to assess differences in the levels of
studied characteristics. The association between dichotomous
characteristics was measured using the @ coefficient. To
obtain phenotypic correlations (r) between the Ht subtests,
Pearson's interclass correlation coefficients were calculated
for two subgroups of study participants, one gathered from
the sample of monozygotic (MZ) twins and the other from the
sample of dizygotic (DZ) twins. Each subgroup included one
randomly selected twin from each MZ or DZ pair. This was
possible because almost all the Ht subtests and final scores
were practically the same for MZ and DZ twins (Table 2). The

Test section

Subtests

Skills

Understanding grammatical structures (GS)

Sentence structure — — - Sentence
Memorization and repetition of grammatical structures (SR)
Formation of plural nouns (PN)

Morphological structures Word formation using the same root (SRW) Morpheme
Formation of degrees of comparison of adjectives (DCA)
Correction of semantically incorrect sentences (CIS)

Meaning of sentences Phrase
Constructing sentences (CS)
Completing analogies (CA)

Meaning of words Word

Grouping concepts based on shared features (GC)

Use of different address forms (addressing the same person differently depending on
the context of interpersonal communication) (AF)

Interactive meaning
information (VNI)

Establishing the relationship between verbal and non-verbal emotionally loaded

Utterance / speech act

Coding/decoding of intent (Cl)

Generalization stage

Text (story) memorization and retelling (story) (TM) Text
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samples had similar average Ht scores. Correlations were
averaged using Z-transforms. Genetic correlations (rg) between
the subtests were calculated according to the formulas
provided below, separately for MZ and DZ samples; the results
were averaged. The formula for genetic correlations:

1/2 (rRU+ rRﬁ)
7 N,

Ri' Rji

rep Ty — correlation coefficients between i (trait of one member
of the twin pair) and j (trait of the other member of the twin
pair); ry, ry, — correlation coefficients for the same traits of
twin pair members. Average genetic correlation was calculated

according to the formula:
_ Tad/Srant Taog S
! 1 1
+
S2 32

9(b2)

9(b2)

9M2)

r, — genetic correlation coefficient; S,g — error of genetic
correlation coefficient [38]. Environmental correlations (r ') were
calculated based in phenotypic and genotypic correlations
and heritability coefficients of Ht subtests, using the following
formula:

r,=r hH
N (1-h)(1-H)

r,— genetic correlation coefficient; r — phenotypic correlation
coefficient; h and H — correlated traits heritability coefficients
[39]. Contributions of family and individual environments to
the associations between the subtests were analyzed by
comparison of intra-individual and intra-pair cross-correlations
of Ht subtests (MZ sample) [40].

The total sample included 68 same-sex pairs of twins
aged 7 to 8 years 11 months (X = 8.00, S =0.65), 35 of them
monozygotic, 33 — dizygotic pairs, all studying in several
public schools of Moscow. 36 pairs of tins were girls, 32 pairs
— boys. The researchers contacted school authorities asking if
they had twins that fit the study criteria, then contacted parents
of such twins and obtained their permission to test children’s
language skills and gather information about mothers using
questionnaires (filled in at family residences). As of the time
of the study, all children were classified as putatively healthy:
mothers reported no abnormalities in their physical and mental
development. Each twin underwent testing separately, during
his or her free time. The children were grouped based on
maternal ES using questionnaires filled by mothers. In one
family, only grandmother was raising the twins, so the pair was
excluded from the analysis. 17 MZ and 11 DZ pairs constituted
the medium ES subgroup, i. e. their mothers had incomplete
secondary, secondary or vocational education. 17 MZ and
22 DZ pairs constituted the high ES subgroup, i.e their mothers
had incomplete or complete higher education.

RESULTS

ANOVA reveals that the results of many Ht subtests are
different for the medium ES and high ES split-twin groups.
The differences are statistically significant, reproducible and
independent of the zygosity status (Table 2). Compared to the
twins from the medium ES group, the children from the high
ES group scored better on the following subtests: Imitation of
grammatical structures (p < 0.05 in one group), Word formation
(p < 0.001), Formation of degrees of comparison of adjectives

(p < 0.05 in one group), Correction of semantically incorrect
sentences (p < 0.05), Sentence construction (p < 0.05),
Address forms (p < 0.05), Story memorization (p < 0.005). The
differences affect final scores (p < 0.005).

Comparing maternal survey results (medium ES and
high ES), we uncovered possible variations in individualized
attitudes toward each twin in a pair. Mothers with high ES
tended to dress the twins differently (¢ = 0.34, p < 0.01),
they encouraged the twins to do individual chores more often
(@ = 0.33; p < 0.01) and tended to engage one child in doing
housework rather than both (¢ = 0.30, p < 0.05). Mothers from
this group often pointed out that twins were more likely to help
around the house independently of each other and not together
(@ =0.25p<0.05).

We also calculated phenotypic correlations between Ht
subtests in the two samples. Each sample included one of
the twins from MZ and DZ pairs whose mothers had high ES
(n, = 39, n, = 39). Significant associations between the majority
of subtests were discovered, related to grammar, morphology,
meanings of sentences and work with a text as a whole.
Presumably, these subtests constitute a relatively unified factor
that we called "Language competence." Also reproducible,
although minor and low, were correlations in subtests Grouping
of concepts, Relationship between verbal and non-verbal
information and Intention coding. No statistically significant
differences between the correlations were found; correlation
pairs were averaged by the Z-transform. Results are shown
in Table 3. The correlations varied from r,, ., = -0.076 to
lesxpca = 0-711. The weighted average correlation coefficient
was r = 0.398. On average, 15.84 % of individual differences
in any pair of Ht subtests in a sample of twins brought up by
mothers with high ES were due to the mutual variability of
scores implied by these subtests. Upon exclusion of subtests
Grouping of concepts, Relationship between verbal and non-
verbal information and Coding of intent from the analysis
(coefficients of correlation inter se and with other subtests), the
average correlation coefficient varied from r, ., = 0.096 to
les x poa = O0-711. This means that 77.14 % of insignificant
correlations belong to subtests excluded from the Language
competence factor. The weighted average phenotypic
correlation coefficient was r = 0.548.

Genotypic correlations were calculated for almost all
subtests, except for Address forms, Relationship between
verbal and non-verbal information and Coding of intent (inter
se and with other subtests). The correlations ranged from
Mesxoc = 0137 10 g, o = 0.986. The values of the weighted
average correlation (rg = 0.693) and the determination
coefficient allowed us to conclude that an average of 48.02 %
of differences in the studied pairs of linguistic characteristics
can be explained by shared genetic factors. Exclusion of the
genetic correlations between Ht subtests and Grouping of
concepts subtest from the analysis revealed that the lowest
correlation was r ., .o = 0.248 and that the weighted average
correlation changed insignificantly (rg = 0.714), which gave an
average of 50.98 % of dispersion of scores in some pairs of
language competence characteristics, explained by shared
genetic factors.

We found 33 environmental correlations varying from
Mg xsaw = —0.993 to ', s = 0.894. The weighted average
correlationwas r' = 0.234, and the average variance of individual
differences between any selected pair of characteristics was
5.48 %, explaining mutual variability of scores. Exclusion of the
Grouping of concepts from the analysis brought the weighted
average correlation to r' = 0.277 (determination coefficient
r'2 =0.077).
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To get an idea of the interplay of phenotypic, genotypic and
environmental correlations between language competencies
of twins from the sample with high maternal ES, we analyzed
the weighted averages available for cases with three types of
correlations. The weighted average coefficients of phenotypic
and genotypic correlation were r = 0.468 and r, = 0.626,
respectively, determination coefficients — r?> = 0.219 and
rg2 = 0.392, respectively.

Although environment only marginally influences phenotypic
associations between various linguistic characteristics, the
nature of these environmental factors is yet to be uncovered.
These can be general family factors that, in addition to the
genetic factor, result in emergence of the observed associations
between linguistic characteristics. However, each language skill
may be affected individually, and these effects may ultimately
actualize the genetic factor shared by different characteristics,
which can also foster phenotypic correlations between Ht
subtests.

The following method of analysis gives a provisional
answer to the question whether the detected contribution
of environmental factors to the structure of the associations
between the subtests is mainly based on general environmental
influences or some individual environmental factors [40]. The
method is based on comparing intra-individual and intra-pair

ORIGINAL RESEARCH | PSYCHOGENETICS

subtests cross-correlations only in the sample of MZ twins.
Intra-individual correlations are explained by shared genes,
shared environment and similarity of individual environmental
influences. Intra-pair correlations can be explained by shared
genes and shared environment only, since the individual
environmental influences exercised on each twin are different.
If intra-individual cross-correlations are significantly stronger
than intra-pair correlations, phenotypic correlations between
different subtests will result from individual environmental
influences. Otherwise, phenotypic correlations will be the
result of influence of the same factors related to the family
environment.

Table 4 shows averaged intra-individual and intra-pair
cross-correlations covering two samples of MZ twins (split-twin
samples). No significant differences between these types of
correlations were found.

Values of phenotypic correlations between Ht subtests
calculated for the sample of twins with high maternal ES were
higher than those obtained from the sample with medium
maternal ES. Two split-twin subsamples that included one of
the twins from MZ and DZ pairs (n1 = 28, n2 = 28) showed
many insignificant correlations. In many cases, statistically
significant correlations in one subsample could not be
reproduced in another. However, no significant differences

Table 2. ANOVA results, two subsamples of twins (one twin in the first subsample, the other in the second subsample)

Effect of factors and Zygosity Educational status Zygosity x educational status
their interactions Foo P Fo P Foo P
GS, 1.991 0.163 2.264 0.137 0.139 0.710
GS, 1.914 0.171 3.555 0.064 1.701 0.197
SR, 0.776 0.382 3.290 0.074 0.036 0.851
SR, 0.436 0.511 4.750 0.033 0.003 0.954
PN, 0.004 0.949 1.606 0.208 0.456 0.502
PN, 0.639 0.427 0.329 0.568 0.625 0.432
SRW, 0.393 0.533 11.811 0.001 3.173 0.080
SRW, 0.281 0.598 11.521 0.001 0.342 0.561
DCA, 1.224 0.273 5.153 0.027 0.627 0.431
DCA, 1.175 0.282 3.519 0.065 0.052 0.821
Cls, 0.101 0.751 10.886 0.002 0.181 0.672
Cls, 0.014 0.907 4.105 0.047 1.054 0.309
Cs, 0.907 0.345 4.707 0.034 0.877 0.353
Cs, 0.221 0.640 5.291 0.025 0.029 0.865
CA, 6.337 0.014 1.721 0.194 2.484 0.120
CA, 0.002 0.963 0.000 0.985 0.482 0.490
GC, 0.941 0.336 2.239 0.140 0.787 0.378
GC, 0.016 0.900 3.450 0.068 3.041 0.086
AF, 0.683 0.412 11.634 0.001 0.118 0.733
AF, 0.300 0.586 5.734 0.012 1.927 0.170
VNI, 0.459 0.501 2.366 0.129 0.687 0.410
VNI, 2.047 0.157 0.048 0.828 0.655 0.421
Cl, 0.064 0.801 0.554 0.460 2.739 0.103
Cl, 0.452 0.504 1.297 0.259 1.456 0.232
™, 0.150 0.700 14.043 0.000 1.061 0.307
™, 0.325 0.571 9.986 0.002 0.427 0.516
Final score, 1.456 0.232 10.074 0.002 0.021 0.884
Final score, 0.986 0.324 11.010 0.002 0.748 0.390

Note. Subscript 1 — subsample 1 consisting of first members of twin pairs; subscript 2 — subsample 2 consisting of second members of twin pairs; F

value of the F-test; p - the exact level of statistical significance.
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Table 3. Averaged phenotypic, genotypic and environmental correlations, subtests of the Heidelberg test, samples of twins from families with high and medium

mothers' ES
Subtests GS SR PN SRW DCA CIS CS CA GC AF VNI Cl ™
0.549"* 0.283 0.509"** 0.711 [ 0571 0.544** | 0.468"* 0.311 0.421* 0.328* 0.167 0.663"**
GS 0.896 0.374 0.428 0.757 0.829 0.760 0.911 0.137 - - - 0.800
0.232 0.225 0.818 0.755 0.655 0.453 - 0.396 - - - 0.670
0.487* 0.432* | 0.333* 0.585*** [ 0.515**** 0.573*** | 0.456"* 0.291 0.222 0.113 0.248 0.555***
SR 0.542 0.616 0.596 0.702 0.986 0.928 0.905 0.976 - - - 0.763
0.601 -0.048 -0.953 0.250 - 0.380 - -0.672 - - - -0.314
0.323 0.294 0.207 0.387* 0.345* 0.460*** 0.501** 0.181 0.096 0.083 0.093 0.353*
PN 0.718 0.695 0.380 0.433 0.248 0.483 0.604 0.556 - - - 0.293
- - -0.236 0.305 0.534 0.496 - -0.132 - - - 0.509
0.140 0.170 0.342 0.527**** | 0.594**** 0.348* 0.370* 0.364* 0.473"* 0.255 0.237 0.413"
SRW - - - 0.925 0.714 0.664 0.849 0.209 - - - 0.549
- - - -0.646 - 0.096 - 0.729 - - - -0.109
0.369 0.410* 0.427* 0.225 0.557"** 0.544** | 0.489"* 0.309 0.471" 0.288 0.219 0.545**
DCA 0.214 0.347 0.717 - 0.735 0.865 0.909 0.513 - - - 0.577
0.479 0.448 - - 0.894 0.356 - 0.148 - - - 0.473
0.501** 0.511™ 0.295 0.208 0.087 0.533*** | 0.538"** | 0.338" 0.290 0.109 0.192 0.558"***
CIS 0.881 0.716 0.576 - 0.002 0.907 0.855 0.284 - - - 0.620
- - - - - 0.583 - 0.397 - - - -
0.396* 0.355 0.508* 0.107 0.346 0.556** 0.358* 0.141 0.245 0.204 0.167 0.395
CcS 0.655 0.715 0.767 - 0.432 0.511 0.932 0.944 - - - 0.365
- - - - - - - -0.198 - - - 0.557
0.326 0.431* 0.209 0.120 0.243 0.120 0.275 0.425" | 0.232 0.221 0.273 0.513"*
CA 0.496 0.402 0.783 - 0.352 0.476 0.974 0.391 - - - 0.727
0.198 0.464 - - 0.172 - - - - - - -
-0.072 -0.072 -0.170 0.330 -0.291 -0.040 -0.238 -0.032 0.170 -0.003 0.191 0.236
GC -0.164 -0.274 -0.550 - -0.283 -0.165 -0.679 0.021 - - - 0.414
-0.035 -0.027 - - -0.303 - - -0.055 - - - 0.074
0.516"* | 0.373* 0.533** | 0.289 0.386* 0.517 0.477* 0.191 -0.058 0.127 -0.076 0.292
AF 0.682 0.710 0.646 - 0.560 0.611 0.478 0.814 -0.136 - - -
-0.044 -0.077 -0.122 -0.143 0.096 0.015 0.109 0.034 -0.273 -0.040 0.139 0.317*
VNI - - - - - - - - - - - -
0.346 0.436* 0.400* 0.222 0.348 0.209 0.396* 0.413* -0.063 0.365 0.466* 0.156
Cl 0.359 0.715 0.782 - 0.435 0.605 0.689 0.450 0.212 0.657 - -
0.359 0.373 - - 0.324 - - 0.414 -0.130 - - -
0.574"* | 0.240 0.426* 0.211 0.092 0.571* 0.290 0.171 0.002 0.241 -0.122 0.164
™ 0.932 0.396 0.604 - 0.297 0.581 0.648 0.226 -0.055 0.811 - 0.509

Note. Top of the table — data on twins from families with high maternal ES, lower part of the table — data on the sample from families with medium maternal ES. First line
in each cell — phenotypic correlations, second line - genotypic correlations, third lines — environmental correlations. Dash means correlations could not be calculated.

Hereinafter, levels of statistical significance: * — p < 0.05; ** — p < 0.01; *** — p < 0.005; **** — p < 0.001.

between the correlations were found, they can be averaged
using Z-transform. Table 3 contains the results.

The correlations ranged from r., , . = —0.291 to
les «x = 0-574. The weighted average for all correlations
was r = 0.313. Thus, individual differences in the pairs of

subtests considered, which averagely equal 9.80 %, find their
explanation in the mutual variability of the relevant scores. With
the Grouping of concepts, Relationship between verbal and
non-verbal information and Coding of intent subtests excluded
from the analysis - they accounted for 47.37 % of all statistically
insignificant correlation coefficients, — the lowest correlation

Was o, . os = 0.087. Judging by the average weighted
phenotypic correlation r = 0.356, the dispersion of subtests
scores, which averages at 12.67 %, can be explained by their
mutual variation.

We calculated 70.51 % of genetic correlations from the
possible number of cases; the correlations varied over a wide
range from r o, oo = -0.679 to r oo, = 0.974. If the analysis
includes only cases of associations between characteristics
of language competence, then the lowest genetic correlation
r will be 0.002. The average weighted coefficient of

DCA x CS
ggenetic correlation rg will then equal 0.625. The mutual variability
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of pairs of different language competence characteristics can
be explained up to 39.06 % by of the influence of genetic
factors shared by the considered pairs of subtests.

In order to conduct a comparative analysis of groups of
twins raised by mothers with medium and high ES, we identified
28 cases of associations between the characteristics related
to the Language competence factor. For them, phenotypic
and genotypic correlations in both samples were calculated.
In the group of twins from families with high maternal ES
the average weighted phenotypic correlation r was 0.499,
genotypic correlation rg was 0.706 and the determination
coefficients were r? = 0.249 and rg? = 0.498, respectively. In the
group of twins from medium ES families, the weighted average
phenotypic (r = 0.351) and genotypic (rg = 0.559) correlations
were lower (determination coefficients r? = 0.123 and
rg2 = 0.312, respectively).

We calculated environmental correlations only for 19.23 %
of all possible cases. Most of them, as a rule, were characterized
by negative and low correlations of subtests Grouping of
concepts and Coding of intent (inter se and with other subtests).
Unfortunately, we were unable to elicit sufficient number of
cases of environmental correlations in order to either perform a
generalized analysis or to compare environmental correlations
for the same cases obtained in samples from high and medium
ES groups.

DISCUSSION

Children from families with high maternal ES score better in
most language subtests than twins whose mothers have a

ORIGINAL RESEARCH | PSYCHOGENETICS

medium ES. The differences are independent of the zygosity
status, which allows uniting MZ and DZ samples for the
purpose of studying the structure of phenotypic correlations.
The differences in the two split-twin samples, each of which
includes one twin from the pair, were reproduced in 7 subtests
concerning grammar, morphology, meanings of sentences and
words, and working with a text. The result agrees with the data
obtained by foreign [8, 10] and Russian [11] researchers.

We have found correlations between ES and the survey data
pointing out to some peculiarities in the upbringing of twins.
As a whole, the results are consistent with the data obtained
from the studies indicating a connection between high ES of
parents and their desire to create a rich development-oriented
environment for children [5, 12-14]. The present research
shows that the same trend is typical for families raising children
of primary school age. The results suggest that mother's ES
reflects the degree of her subjective activity aimed at using a
more individualized approach to the upbringing of each twin.
Mothers with high ES seek to create a development-encouraging
environment that allows overcoming the excessively close
relationship between the twins and helps each child to become
an individual. The problem of individualization is one of the most
important problems of twin development [19].

[t has been found that the structure of associations
between Ht subtests changes depending on the maternal ES.
Twins from the high ES subgroup have shown relatively strong
phenotypic correlations between 10 subtests mainly related to
grammar, morphology, sentence meanings and work with a text.
These subtests measure language skills related to operating
language constructs and not to characteristics associated
with thinking or using language for the pragmatic purposes

Table 4. Averaged intra-individual and intra-pair cross-correlations. MZ twins, high ES of mothers

Subtests SR PN SRwW DCA CIS Cs CA GC AF VNI Cl ™
Gs 0.714* 0.214 0.652*** 0.700"* 0.663*** 0.634™* 0.423 0.136 0.408 0.425 0.266 0.697*
0.755"** [ 0.203 0.542* 0.532* 0.663*** 0.650"** 0.618™ 0.147 0.387 0.294 0.156 0.727**
SR 0.405 0.505* 0.697* 0.699* 0.668™* 0.573* 0.238 0.250 0.398 0.375 0.714*
0.455 0.537* 0.636™ 0.754** 0.731 0.660"** 0.329 0.313 0.083 0.266 0.725"*
0.099 0.324 0.429 0.500" 0.546* 0.004 | -0.167 0.086 0.221 0.403
PN
0.157 0.366 0.366 0.486* 0.366 0.136 | -0.053 0.060 0.254 0.371
SRW 0.715 0.568* 0.575* 0.368 0.323 0.489* 0.443 0.200 0.421
0.694™* 0.617** 0.618™ 0.609"* 0.272 0.431 0.595* 0.129 0.463
DA 0.656™* 0.780"* 0.455 0.164 0.398 0.370 0.327 0.424
0.641* 0.746" 0.666*** 0.326 0.369 0.313 0.238 0.544*
cis 0.627** 0.616™ 0.338 0.143 0.268 0.207 0.669"*
0.747 0.576* 0.159 0.224 0.472 0.489* 0.597*
cs 0.447 0.016 0.369 0.366 0.282 0.505
0.612** 0.345 0.130 0.281 0.355 0.551*
cA 0.303 0.126 0.225 0.247 0.616™*
0.111 0.276 0.397 0.301 0.503"
0.161 -0.023 0.076 0.288
GC
0.242 0.341 0.106 0.134
0.204 -0.313 0.220
AF
0.273 -0.103 0.294
0.220 0.371
VNI
-0.002 0.168
0.203
Cl
0.233

Note. Top of each cell contains averaged intra-individual cross-correlations, bottom — averaged intra-pair cross-correlation.
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of communication. Based on the correlations reproduced in
both groups of twins (split-twin groups, one of the pair in each
group), we have identified a common linguistic factor called
Language competence. On average, 30.03 % of individual
differences in the characteristics included into the Language
competence factor can be explained by the mutual variability of
these characteristics. In the medium ES subgroup the subtests
correlations were noticeably lower. A significant percentage
of insignificant correlations belong to the associations that
subtests excluded from the Language competence factor had
inter se and with other subtests. On average, only 12.67 %
of individual differences in the characteristics included into
the Language competence factor can be explained by the
mutual variability of these characteristics. These estimates
are approximate, obtained in the generalized analysis of
correlation matrices and by calculation of weighted average
correlations. With a bigger sample size, it would be possible
to use other, more advanced methods of statistical analysis.
Thus, the improvement of language skills possessed by
children from families with high maternal ES is associated with
the increased structural connection between relevant linguistic
characteristics.

The results allow deducing a provisional answer to the
question whether the nature of phenotypic associations
between linguistic characteristics observed in children varies
depending on the ES of their mothers. Since not all the pairs
of subtests allowed calculation of genotypic correlations, the
comparative analysis could only be performed in 28 cases,
regarding the structure of genetic correlations in the subgroups
of twins raised by mothers with different ES. While in the high
ES sample phenotypic differences in the considered Language
competence aspects could for the average of about 24.90 %
be explained by the mutual variation of these characteristics,
in the medium ES group the mutual phenotypic variability for
the same subtests describes about 12.32 % of the scores. At
that, the first sample had the observed associations explained
by the influence of shared genetic factors for the average of
about 49.84 %, and in the second sample the contribution of
the shared genetic factors to the explanation of the obtained
phenotypic correlations was only 31.25 %. There is a reason to
believe that maternal ES determines more than just differences
in the dynamics of genetic and environmental contributions
to the variability of language skills, which has been reported
by researchers both abroad [33] and in Russia [32]. This
factor determines the differences in the level of dependence
of structural interconnectedness  between  language
competencies on the genetic factors shared by them. Following
the assumptions of Bronfenbrenner and Ceci's bioecological
model and Scarr's ideas [21, 22], it can be assumed that
individualized upbringing strategies exercised by mothers
with high ES, effected through creation of an environment
stimulating language skills development, triggers actualization
of the genetic potential underlying the shared linguistic factor.
The psychogenetic approach based on biometric statistics
does not allow identifying these genes. The present study
supports the need for discovery of these genes using methods
of molecular genetics.

The results allow conducting a comparative analysis of
the contribution of genetic and environmental factors to the
structure of the associations between different language
competencies only for the subgroup of twins whose mothers
have a high ES. On average, in 33 cases for which phenotypic,

genotypic and environmental correlations were calculated, a
fifth (21.90 %) of individual differences in correlated subtests
finds explanation in their mutual variation, with an average of
39.19 % of their mutual variability attributable to the effect of
a shared genetic factor. Environmental influences explain only
about 7.67 %.

Comparison of intra-individual and intra-pair cross-
correlations between different subtests done in the MZ sample
allowed tomake a preliminary conclusion: the insignificant
contribution of the environmental component of phenotypic
correlations between Ht subtests can be explained by the
influence of the family environment. In this light and bearing in
mind the tendency to individualize the development-oriented
environment shown by mothers with high ES, it is necessary
to explain negative environmental correlations witnessed in
some cases. For example, the highest negative environment
correlation r' = -0.953 is observed between the subtests
Word formation and Imitation of grammatical structures. With
the moderate positive phenotypic correlation (r = 0.333) and
significant positive genetic correlation (rg =0.596), environmental
influences yield directly opposite results in the development of
both abilities. Slight differences between intra-individual and
intra-pair cross-correlations between these subtests indicate
that we are dealing with the general environment influences that
lead to diametrically opposite phenotypic indicators of these
abilities. At the same time, a moderate phenotypic relationship
remains between the scores of the two considered subtests.

Therefore, we state that individualization of educational
influences in families where mothers have high ES boosts
children's language skills development, promotes growth
of structural cohesion of the characteristics of language
competence, ups the role of the genotypic factor and lowers
the influence of the family environment in explanations of the
nature of this structural cohesion.

CONCLUSIONS

High ES of a mother is a factor in boosting child's language
competence that works through creation of a more individualized
development-oriented environment (in the context of our twin
research: for each twin in a pair, regardless of zygosity status).
Higher educational status of mothers means better structural
integrity of the aspects of language competence, which is
substantially backed by the increased contribution of genetic
factors governing language skills. At that, general, mostly
family-related, environmental factors make a significantly
smaller contribution to the close associations between the
aspects of the child's language competence.

The aim of our pilot study was achieved. The conclusions
drawn are preliminary. There is a need to conduct studies with
larger sample sizes, compiled on the basis of more accurate
criteria that take into account all nuances of the family's
socioeconomic status. To overcome the limitations inherent
in the twin method, it is necessary to conduct research using
other psychogenetic methods. Such an approach would allow
a generalized analysis that incorporates data on different
types of pairs of relatives, as well as application of some more
complex genetic and mathematical methods. The results of
research efforts as described above would form the basis for
molecular genetic studies of etiology of individual differences in
language competencies.
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disorders. In this article we discuss the efficiency of the following tests used to comprehensively assess the effects of ionizing
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IR mutagenicity integrated assessment tests
The Ames test

The Ames test makes use of histidine auxotrophic strains of
Salmonella typhimuium, which, when exposed to mutagens,
can reverse to prototrophy. The improved version of the Ames
test is now available: along with the well-studied mutations
that cause the need for histidine, the salmonella genome has
received a deletion in one of the repair genes (uvrB-bio), which
has increased the sensitivity of these bacteria to mutagens.
Also, an rfa mutation has been introduced into the genome of
the test strains, blocking synthesis of the lipopolysaccharide
capsule and thus increasing cell permeability. Some test strains
of Salmonella typhimurium carry plasmid pKM 101 that contains
genes increasing sensitivity of cells to agents enhancing DNA
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recombination and inducing SOS mutagenesis. This plasmid
also makes the cells of test strains resistant to ampicillin used
as a marker for the presence of the plasmid [1].

In the study [2] researchers used the Ames test to assess
the effect of X-ray computed tomography (at a standard
dose range from 4.4 to 74.5 mQGy) on bacterial viability, as
well as genotoxic effects of irradiation. The mutant strain of
S. typhimurium TA 100 his G46, rfa, uvr-, pkm 101, bio was
used to evaluate mutagenicity. Toxicity was evaluated using the
same mutant strain based on its survival rates observed in the
experimental (irradiated) samples as compared to the controls.
The irradiated samples had the number of colony-forming units
(CFU) decreased approximately 5-fold.

The same bacterial model (S. typhimurium TA 100) was used
to compare toxic and mutagenic effects of three different X-ray
diagnostic procedures on X-ray machines [3]. The obtained
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data suggest that, in the context of the Ames test, X-ray
diagnostic imaging, except for the procedures performed on
digital low-dose devices, produces toxic and weak mutagenic
effects on the bacteria.

We believe that further search for the new test objects that
can serve as a model system in toxicity and mutagenicity tests
is a promising path from the viewpoint of assessing radiation
safety of X-ray diagnostic regimes and methods.

IR integrated assessment tests based on quantification of
stable and unstable chromosome aberrations

Unstable aberrations of lymphocyte chromosomes.
Micronuclear test

The micronuclear test performed using peripheral blood cells
(erythrocytes, lymphocytes, buccal cells) allows detection
of structural changes (aberrations) in chromosomes.
Chromosome aberrations result from DNA rupture. Micronuclei
are small DNA-containing formations that consist of acentric
fragments of chromosomes devoid of centromeres or
chromosomes stagnating at the anaphase or telophase stages.
At the telophase stage, these fragments can join the nuclei of
daughter cells or form single or multiple micronuclei in the cells'
cytoplasm [4].

Petrashova et al. [5] studied samples of peripheral blood
lymphocytes and buccal epithelium of miners working
underground where radon concentration is high. Using the
micronuclear test, the researchers revealed an increased (1.6—
1.7 times) number of binucleated lymphocytes with micronuclei
in the blood samples of miners who had been working for
20-40 years as compared to those with less work experience.
Analysis of buccal epithelial cells showed that there were
almost 2 times as many karyolysed cells and 20 times as many
as binucleated cells in the experimental group as opposed to
the control group. These results may point to the effect ionizing
radiation produces on cytokinesis, which, when disrupted, can
lead to the appearance of multinucleated cells.

Unstable aberrations of chromosomes of peripheral blood
lymphocytes (formation of dicentrics, acentric fragments and
centric rings) help to estimate the level of ionizing radiation
during radiological examinations of patients and screening of
people who have been exposed to radiation [6]. Quantitative
indicators of unstable aberrations, the so-called "biological"
doses, provide information about the effect of radiation on the
human body and reveal individual radiosensitivity of a person.
This allows a more accurate assessment of possible early and
long-term effects of irradiation. Even when exposed to the
lowest doses of ionizing radiation (1 mGy or less, typical for
X-ray examinations of the chest, esophagus and stomach),
peripheral blood lymphocytes of the examined individuals
show an increase in the level of chromosome aberrations [7].
Indicators of the "biological" dose reflecting low-dose irradiation
are the subject of active discussions [8, 9]. A higher level of
chromosome aberrations in peripheral blood lymphocytes may
signal pathological processes in the human body even in the
absence of clinical manifestations.

E. A. Demina [10] believes it expedient to apply biological
(cytogenetic) dosimetry methods to estimate radiation doses
received during X-ray screening. The researcher proposes
registering radiation-induced chromosome aberrations in the
peripheral blood lymphocytes in vivo and in vitro following
an X-ray examination; the in vitro analysis can be performed
in flasks with donor blood placed on the patient over the
exposed areas. Such a control setting allows getting dosimetry

data by modeling irradiation conditions and using a tissue
equivalent. In their studies [11], the researchers demonstrated
the effectiveness of such modeling applied to chest X-ray and
mammography.

The idea of using such control techniques seems interesting,
but we believe it is not the optimal solution to reduce the risk
of overexposure. Firstly, the control procedure takes place
simultaneously with the radiographic examination of the patient.
Data obtained during simultaneous irradiation of patient’s and
donor’s blood cells may indicate overexposure (given a dose-
effect calibration curve is available), but the patient will already
have received the high dose. Secondly, the radiosensitivity of
the control sample may differ from that of the irradiated patient,
being either more radiosensitive or radioresistant. Thirdly, such
control of X-ray diagnostic equipment is absolutely important for
assessing the degree of radiation hazard that X-ray examinations
expose patients to. However, we believe this problem requires
models with a standard response to IR. Moreover, tests of X-ray
diagnostic equipment that make use of these models should be
conducted before the actual examination of the patient. Such
an approach can stimulate solutions aimed at minimizing the
radiation dose received during maintenance of X-ray machines
and, more importantly, support the development of low-dose
X-ray techniques, prompt introduction of technical innovations
enabling further modernization of X-ray machines, elaborated
to reduce radiation doses received by patients and personnel.

Cytogenetic methods based on the analysis of unstable
aberrations frequency (dicentrics, acentrics and centric rings)
are used for estimating the effect of irradiation on biological
tissue and IR dosimetry [12]. Being a classical method,
quantification of unstable aberrations of peripheral blood
lymphocytes still has a number of limitations; however, it is
often used in the examination of people exposed to IR.

Stable chromosome aberrations in blood lymphocytes.
The FISH method

Stable chromosome aberrations include symmetrical
translocations, insertions and inversions. Their frequency
remains almost the same for a long time after irradiation: months
or even years. Cell proliferation does not lead to elimination of
aberrations of this type, cells do not die and, therefore, continue
to divide. The frequency of translocations can be analyzed
using G-banding. To increase the informative value of the
method, each chromosome is analyzed. However, it is a time-
consuming process that requires highly-qualified specialists,
even when automatic karyotyping is available. That is why
FISH (fluorescent in situ hybridization) is the method of choice
when it comes to analyzing the frequency of translocations.
It is believed that FISH allows quick and reliable detection of
aberrations frequency and can be used to construct dose-
effect calibration curves for symmetric translocations.

The analysis of stable aberrations observed in patients who
had undergone radiotherapy and in those who had suffered
the atomic bombardment in Hiroshima [13] proved that stable
translocations persist for long periods of time. The frequency of
symmetrical translocations in such patients is about 90-95 %,
it has not changed for decades and correlates with the received
doses of radiation. Thus, the analysis of translocations is a
viable way to perform retrospective assessments of IR doses.

Advantages and disadvantages of tests

To sum up, currently all types of integrated assessment are
used of the effects produced by IR on living beings. Speaking
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of humans, the methods also allow determining the severity of
exposure. However, none of the tests is perfect. For example,
it takes time for a phenotype to fix in the species’ offspring;
therefore, mutations that trigger phenotypical changes cannot
be assessed immediately. Nevertheless, integrated assessment
of the IR effect is performed on plants and small animals.
Methods based on the unstable chromosome aberrations, in
particular, the micronuclear test, are non-specific, since not
only IR but also various toxins induce formation of micronuclei,
although the number of micronuclei may be indicative of the
severity of radiation damage after the exposure. Methods that
estimate the number of dicentrics, acentrics and centric rings
have flaws of their own, which we discussed above and can
be used for early assessment in the case of a single acute
exposure event given that irradiation was relatively uniform.
The most common assessment method is based on stable
aberrations. It is convenient due to the prolonged persistence
of aberrations. Both G-banding and FISH are used to identify
stable aberrations. However, differential staining is incapable
of detecting additional threads attached to the chromosome,
the absence of a thread or its malposition if the length of the
thread is less than 3-5% of the chromosome's length [14].
Besides, G-banding is labor-intensive and requires highly-
qualified specialists. The FISH method is used more widely,
has a high resolution, but is labor-intensive and requires special
equipment and reagents.

Relevance of application of genetic toxicology methods
to X-ray diagnostic imaging and endovascular treatment
using modern dose-contributing radiation technologies

In our opinion, a number of important points related to the use
of X-rays in medical diagnosis should be noted. The number of
medical X-ray procedures is growing [15], the average individual
and collective radiation doses received during chest and
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