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The Uniqgue Genome of the Virus and Alternative Strategies

for its Realization

O. P. Zhirnov

The genome of some RNA-containing viruses comprises ambipolar
genes that are arranged in stacks (one above the other) encoding
proteins in opposite directions. Ambipolar genes provide a new
approach for developing viral diversity when virions possessing
an identical genome may differ in its expression scheme (strategy)
and have distinct types of progeny virions varying in the genomic
RNA polarity and the composition of proteins expressed by posi-
tive- or negative-sense genes, the so-called ambipolar virions. So
far, this pathway of viral genome expression remains hypothetical
and hidden from us, like the dark side of the Moon, and deserves
a detailed study.
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EGFR Suppression Inhibits the Sphere
Formation of MCF7 Cells Overexpressing

D. D. Novak, O. S. Troitskaya, A. A. Nushtaeva, M. V. Zhilnikova, V. A. Richter,

The epidermal growth factor receptor (EGFR) is an oncogenic tyrosine ki-
nase that is involved in tumor initiation and progression. EGFR transgene
expression in the human breast adenocarcinoma cell line MCF7 (MCF7-EGFR)
stimulates the 3D spheroid-like growth. The primary focus of the present
work was to investigate whether EGFR inhibition could affect the assembly
of spheroids or lead to the destruction of pre-existing spheroids. The suppres-
sion of EGFR mRNA with siRNA was found to reduce the sphere formation,

whereas treating the pre-existing spheroids had no such effect. Authors have

Analysis of the cetuximab
effect on the structure of the
MCF7-EGFR spheroids

demonstrated that N-cadherin is involved in the EGFR-dependent formation
of MCF7-EGFR spheroids. Accordingly, MCF7-EGFR spheroids can be consid-
ered a suitable model for studying aggressive hormone-positive breast tumors.

Search for Inhibitors of Mycobacterium tuberculosis Transketolase
in a Series of Sulfo-Substituted Compounds

I. V. Gushchina, D. K. Nilov, T. A. Shcherbakova, S. M. Baldin,

V.K. Svedas

As a result of the computer screening of a library of sulfo-sub-
stituted compounds, molecules capable of binding to the active
site of transketolase from Mycobacterium tuberculosis were identi-
fied. An experimental verification of the inhibitory activity of the
most promising compound, STK045765, against a highly purified
recombinant enzyme preparation was carried out. It was shown
that the STK045765 molecule competes for the binding site of the
pyrophosphate group of the thiamine diphosphate cofactor and, at
micromolar concentrations, is able to suppress the activity of my-
cobacterial transketolase. The discovered furansulfonate scaffold
may serve as the basis for the creation of anti-tuberculosis drugs.
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ABSTRACT Connectivity is the coordinated activity of the neuronal networks responsible for brain functions;
it is detected based on functional magnetic resonance imaging signals that depend on the oxygen level in the
blood (blood oxygen level-dependent (BOLD) signals) supplying the brain. The BOLD signal is only indirect-
ly related to the underlying neuronal activity; therefore, it remains an open question whether connectivity
and changes in it are only manifestations of normal and pathological states of the brain or they are, to some
extent, the causes of these states. The creation of chemogenetic receptors activated by synthetic drugs (de-
signer receptors exclusively activated by designer drugs, DREADDs), which, depending on the receptor type,
either facilitate or, on the contrary, inhibit the neuronal response to received physiological stimuli, makes it
possible to assess brain connectivity in the light of controlled neuronal activity. Evidence suggests that con-
nectivity is based on neuronal activity and is a manifestation of connections between brain regions that in-
tegrate sensory, cognitive, and motor functions. Chemogenetic modulation of the activity of various groups
and types of neurons changes the connectivity of the brain and its complex functions. Chemogenetics can
be useful in reconfiguring the pathological mechanisms of nervous and mental diseases. The initiated inte-
gration, based on the whole-brain connectome from molecular-cellular, neuronal, and synaptic processes to
higher nervous activity and behavior, has the potential to significantly increase the fundamental and applied
value of this branch of neuroscience.

KEYWORDS brain connectivity, functional magnetic resonance imaging, chemogenetics, neuronal activity, be-
havior.

ABBREVIATIONS BOLD - blood oxygen level-dependent fMRI signal; CaMKII — calcium—calmodulin-depend-
ent protein kinase II; CEN — central executive network; CNO - clozapine N-oxide; DREADD - designer re-
ceptors exclusively activated by designer drugs; DMN - default mode network; GABA — gamma-aminobutyric
acid; Gq — activating guanine nucleotide-binding protein; fMRI — functional magnetic resonance imaging;
rs-fMRI — functional magnetic resonance imaging at rest; hM3D(Gq) — activating chemogenetic receptor;
hM4D(Gi) — inhibitory chemogenetic receptor; hSyn — human synapsin promoter; KORD — inhibitory che-
mogenetic receptor; LC — locus coeruleus; mCherry — red fluorescent protein; NE — norepinephrine; PFC —
prefrontal cortex; rAVV — recombinant adeno-associated virus; SN — salience network.

INTRODUCTION munologic, molecular and genetic regulators [1-8], but

One of the main goals in neurobiology is to establish
the relationship between the brain neuronal activity
and the higher nervous system functions, including
normal and pathological cognitive and psycho-emo-
tional states. Recent experimental and clinical data
demonstrate a significant contribution of not only
neurotransmitter, neuroendocrine, neurotrophic, im-
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also interaction between brain structures (connectiv-
ity [9-15]), which is the coordinated activity of the
neuronal networks responsible for one of the brain
functions, to the mechanisms underlying brain func-
tions. For instance, this is evidenced by the observed
relations between the activity of neuronal networks
and attention [16, 15], memory [11, 17], as well as oth-
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er many behavioral and psychological manifestations.
[18—20]. A direct or indirect effect a group of neurons
has on another group is called effective activity.

The increased interest in brain connectivity is due
to the promise of intravital non-invasive registration
of its manifestations using functional magnetic reso-
nance imaging (fMRI). This tool makes it possible to
receive blood oxygen level-dependent (BOLD) sig-
nals from the blood supplying the brain. The local
blood oxygenation level and, thus, the intensity of the
BOLD signal, are believed to correspond to the gen-
eral neuronal activity in the structure. The correlation
between low-frequency fluctuations in BOLD signals
from distant brain regions at rest, as well as upon
brain activation by either sensory stimulation or phar-
macological load is considered a measure of the con-
nectivity between the structures [12].

Despite an increase in the number of studies in
this field of neuroscience, the question of whether
connectivity and its disorders are either one of the
manifestations of normal or pathological states of the
brain, or the causes of these states, remains open. In
order to answer this question, one should distinguish
the causal relationships between these states and con-
nectivity from random correlations between them.
Experimental effects triggering a functional brain re-
sponse (behavioral, vegetative, and other responses)
and changes in the connectivity accompanying them
are not sufficient to establish a causal relationship be-
tween them. Both induced responses and changes in
connectivity can be independent manifestations of the
state resulting from the exposure. Specific physiologi-
cal interventions changing neuronal activity and, pre-
sumably, connectivity, which is based on this activity,
are required. The majority of these effects are not
applicable to humans. For this reason, experiments
are conducted on animals [21].

Chemogenetic methods, which have only recently
come to the fore [22], have significantly improved our
ability to study brain functions. These methods make
it possible to control the activity of specific neurons
using synthetic receptors; e.g., receptors to guanine
nucleotide-binding proteins (G) and ligand-gated ion
channels. Among these, designer receptors exclusively
activated by designer drugs (DREADD) seem prom-
ising. Leveraging these receptors either facilitates or,
on the contrary, inhibits the neuronal response to the
natural physiological stimuli received, depending on
the receptor type. At the same time, they do not im-
pose the activity of the effect external to the brain
and neuron. Therefore, they make it possible to take
the most objective look at the neuronal network or-
ganization of brain functions in the light of neuronal
activity modulation. The description and systematiza-

tion of the available data on this issue are the goal of
this study.

DESIGNER RECEPTORS EXCLUSIVELY

ACTIVATED BY DESIGNER DRUGS

DREADD is the most popular chemogenetic approach
used to study the regulation of various aspects of
brain activity by neuronal networks in experimental
animals [22—-28]. In addition to solving fundamental
science tasks, chemogenetics can potentially become
useful for restructuring the pathological mechanisms
of nervous and mental diseases and regulate them us-
ing designer drugs [29]. DREADDs interact with ex-
ogenous synthetic ligands, which are inert to natural
body receptors. The activity of neurons expressing
these synthetic receptors can either be enhanced or
inhibited, depending on the type of the receptor used.
DREADD variants and the features of their expres-
sion by the viral vectors and transgenes used in ex-
periments for assessing their chemogenetic effects on
brain connectivity are presented below.

Two DREADD variants based on the human
muscarinic acetylcholine receptors (hM3D(Gq)
and hM4D(Gi)) are widely used. To create
DREADD-hM3D(Gq), which enhances the neuronal
response to physiological stimuli upon interaction
with the synthetic ligand clozapine N-oxide (CNO),
a metabotropic type 3 acetylcholine receptor, cou-
pled with the activating guanine nucleotide-binding
protein Gq, was used. The functional effect of these
receptors is considered to be due to an increase
in neuronal sensitivity to the stimulation resulting
from neuron membrane depolarization. DREADD-
hM4D(Gi) inhibiting activation of a cell with these
receptors upon interaction with CNO was developed
using a modified type 4 metabotropic acetylcholine
receptor, coupled to the inhibitory guanine nucleo-
tide-binding protein (Gi). Receptor hM4D(Gi) is con-
sidered to decrease neuronal excitation though cell
hyperpolarization. In addition to acetylcholine re-
ceptors, the kappa-opioid receptor, coupled with the
inhibitory guanine nucleotide-binding Gi (KORD),
which inhibits cell activity upon interaction with its
pharmacologically inert ligand salvinorin b, was used
[30]. Chemogenetic inhibition/inactivation in exper-
imental neurobehavioral neuroscience is often re-
ferred to as chemogenetic silencing. DREADDs en-
ter the brain either as part of a transgene, whose
expression in the structure of interest is achieved
by crossing specific mouse lines [31], or as part of a
vector, which is usually based on an adeno-associated
virus [24-28]. Stereotaxic administration of the viral
vector provides its localization in the brain struc-
ture of interest, while the promoter governing the
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expression ensures the presence of the DREADD in
the desired type (or types) of cells.

DREADDs are well expressed in the central ner-
vous system cells as part of viral vectors or trans-
genes and can be used for reversible activation and
inhibition of target cells upon systemic administration
of the ligands to these receptors or direct injection of
these ligands into the brain. High expression level in
the brain is provided by promoters nonselective to the
neuron type, such as cytomegalovirus [32] and human
synapsin (hSyn) promoters [31-36]. The use of pro-
moters that are active only in certain neurons, such as
CaMKII, which is active in glutamatergic pyramidal
neurons [31, 37], promoters specific to GABAergic in-
terneurons synthesizing parvalbumin and expressing
prodynorphin or proenkephalin [31], as well as seroto-
nergic- [38], noradrenergic-specific, and dopamine-re-
sponding neurons [39—-41], makes it possible to study
the effect of a change in the activity of a certain neu-
ron type and subtype on brain connectivity.

CONNECTIVITY

Functional connectivity is determined based on the
correlation between BOLD signals measured in dif-
ferent brain regions by functional magnetic resonance
imaging (fMRI). The signal registered in the absence
of external stimuli is considered resting-state fMRI
(rs-fMRI). BOLD signals associated with task perfor-
mance are called responses; e.g., in tactile fMRI used
in limb stimulation [42]. Spatial maps showing the in-
trinsic functional network organization of the brain
are obtained based on these signals [43].

Each network consists of groups of neurons that
are located in different structures of the brain but
respond in a coordinated way, with changes in their
activity depending on the external and/or inter-
nal stimuli. For instance, the default mode network
(DMN) is responsible for cogitation and self-reflec-
tion, which are independent of external stimuli in
a healthy brain. Inhibition of its activity improves
the performance of tasks requiring attention [9].
The DMN core includes the posterior medial and
the parietal brain cortices, as well as separate zones
of the temporal and frontal lobes [44]. The salience
network (SN) fosters attention to important events; it
perceives and responds to signals related to homeo-
stasis [45]. The main SN structures are anterior in-
sula, the anterior cingulate cortex, and ventral stria-
tum. The central executive network (CEN) operates
with working memory information; it is responsible
for making decisions in goal-informed behavior. Its
centers are the dorsolateral prefrontal and the pos-
terior lateral parietal cortices. These and other large-
scale networks that were first identified in humans
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[46] demonstrate pronounced homology with similar
networks in monkeys and rodents [47, 48].

The activity of the functional connectivity net-
works assessed by rs-fMRI correlates well with cog-
nitive abilities and behavior [49], as well as changes
in the brain excitation level [10, 50]. It is of practical
importance that rs-fMRI signals in patients with men-
tal [13, 20, 51, 52] and neurodegenerative [53] diseases
clearly differ in functional connectivity from those
of a healthy human brain. Despite the fact that they
make it possible to use rs-fMRI for disease diagnosis
[54], the results related to these differences are usu-
ally difficult to interpret, since the BOLD signal is
only weakly and indirectly related to the underlying
neuronal activity.

For this reason, the right approaches to identify-
ing any possible relation between regional function-
al connectivity and direct indicators of neuron acti-
vation, neurotransmitter release, and metabolism in
brain cells are currently being sought. In order to
do this, it is necessary to induce changes in neuronal
activity and register either the rs-fMRI or positron-
emission tomography (PET) signals. The latter meth-
od is attempted much less frequently than rs-fMRI,
since it requires the use of positron-emitting radioiso-
topes, such as 18F-fluorodeoxyglucose (18-FDG) [55].
Transcranial magnetic stimulation used in humans in-
deed affects DMN connectivity [56]. However, chang-
es in the activity of neurons beyond the scope of its
normal patterns affect network structure and func-
tion. In this regard, only modulation within the natu-
ral range can be used to assess the effect of neuronal
activity on the connectivity [57]. The chemogenetic
approach is the most suitable among the others (phar-
macological, electrophysiological, magnetic field ex-
posure-based, and optogenetic methods) when seek-
ing to alter neuronal activity. This approach mainly
facilitates or, on the contrary, inhibits the neuronal
response to natural physiological stimuli. Some vari-
ants of these methods were given specific names by
the authors. For instance, the method including the
DREADD approach and 18F-fluorodeoxyglucose im-
aging by PET is called DREADD-assisted metabolic
mapping [55]. The combination of DREADD and rs-
fMRI to study changes in spontaneous neuronal activ-
ity is called chemo-fMRI [38].

It should be noted that activation of nodal neu-
rons affects even distant regions of the brain. For in-
stance, chemogenetic stimulation of neurons express-
ing the D1 dopamine receptor in the dorsal striatum
of only one hemisphere activates electrophysiological
responses in the medial thalamus, nucleus accumbens,
and both hemisphere cortices in mice [41]. Inhibition
of neuronal activity in nodal regions can also elicit a
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spiking nature of propagation that goes beyond the
connections with the node and affects other neuronal
networks [35].

The bulk of the experimental data available to date,
which are to be discussed below, indicate a change in
the connectivity upon chemogenetic modulation of the
activity of different groups and types of brain neu-
rons.

MODULATION OF NEURONAL ACTIVITY

NON-SPECIFIC TO NEURONAL TYPE

Currently, a number of laboratories use chemogenetic
modulation of neuronal activity non-selective to the
neuron type, in combination with fMRI [34-39, 58], to
study the responses of the neuronal network connec-
tivity in laboratory animals.

The mammalian brain is a complex system, and a
change in neuronal activity even in one region can
lead to large-scale effects on its many functions. For
instance, chemogenetic inactivation of all types of
neurons expressed under the hSyn DREADD-hM4D
promoter, which inhibits the activity of the neurons
in the amygdala, a subcortical region with broad con-
nections in the cortex, disrupted the amygdalocortical
fMRI connectivity and the distribution of corticocorti-
cal connections between functional brain networks in
rhesus macaques [33]. A higher number of DREADD-
transfected cells in the amygdala was associated with
a more pronounced disruption of the functional con-
nectivity between this structure and monosynaptically
connected, as well as non-directly connected, brain
regions. The combination of communication contacts
through the monosynaptic and polysynaptic pathways
explains to a large extent the correlational structure
of endogenous brain activity and many of the changes
in it resulting from a decrease in amygdala activity.
These results indicate a structural basis for neuronal
activity and a possible relation between neuropathol-
ogy and neurophysiological changes in regions distant
from the presumptive focus [33].

The DMN is the main network in the mammali-
an brain. However, the functional role of the nodes
in this network and the mechanisms underlying the
connection between its structure and the behavior
it regulates remain unclear. To gather information
on these issues, chemogenetic inactivation of the key
DMN node, namely the dorsal anterior cingulate cor-
tex, was used, in combination with rs-fMRI and be-
havioral testing in awake rats [34]. The authors called
this method the hemo-rsfMRI-behavior approach.
Inhibition of the activity of the dorsal anterior cingu-
late cortex using DREADD-hM4Di, expressed under
the hSyn promoter, significantly deactivated the neu-
rons in the prelimbic and dorsal cortices of the middle

cingulate gyrus and induced multidirectional changes
in connectivity between DMN nodes. The changes in
the connectivity correlated with the animal’s behav-
ior: anxiety and motor activity in the home cage were
noted. The results indicate that DMN activity in both
rodents and humans is aligned with behavior [34].

Chemogenetic activation of the mesolimbic and me-
socortical pathways, which are projections of the ven-
tral tegmental area to the nucleus accumbens and
medial prefrontal cortex (PFC), respectively, induced
BOLD responses not only in DREADD-expressing re-
gions, but also in neuronal networks distant from the
sites of the chemogenetic vector injections not ex-
pressing DREADD [36]. The neurochemical nature
of these pathways is apparently heterogeneous. This
conclusion is based on the fact that the hSyn promot-
er, which is nonselective to the neuron type, was used
for DREADD-hM3D(Gq) expression, while projections
from the ventral tegmental region to the nucleus ac-
cumbens release dopamine, glutamate, GABA, the
brain-derived neurotrophic factor, and other signal-
ing molecules [59]. The duration of the brain activity
corresponded to the onset of the behavioral response:
motor hyperactivity in animals with chemogenetical-
ly induced mesolimbic pathway. This activation spe-
cifically increased neuronal activity, while functional
connectivity measured by rs-FMRI remained stable.
Positive and negative BOLD signals clearly showed
simultaneous activation of the ventral pallidum and
deactivation of the pars reticulata of the substantia
nigra, respectively, by demonstrating coordinated re-
versely directed changes in the activity of different
areas of the neuronal network after the stimulation
of specific midbrain projection neurons [36]. It should
be noted that, in contrast to Roelofs et al. [36], who
noted the stability of the functional connectivity in
chemogenetic activation of subcortical pathways, oth-
er authors mentioned in the present review observed
changes in functional connectivity upon chemogenetic
modulation of the activity of different neurons in var-
ious brain structures.

Acute chemogenetic inhibition of PFC neurons by
DREADD-hM4D(Gi) under the nonselective hSyn
promoter enhanced fMRI connectivity between this
region and its direct thalamocortical targets. PFC in-
hibition increased the power of low-frequency oscil-
lations by reducing the discharge activity of neurons,
which was unrelated in phase to slow the rhythms.
This led to an increase in coherence between the slow
and d-bands of the electroencephalogram rhythms be-
tween the regions demonstrating fMRI overconnectiv-
ity. Apparently, cortex inactivation can increase fMRI
connectivity through the enhancement of slow oscilla-
tory processes [31].

VOL. 15 Ne 2 (57) 2023 | ACTA NATURAE | 7
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Simultaneous chemogenetic reactivation of a set of
many of the neuron ensembles involved in the forma-
tion of the memory engrams responsible for threat
processing and associated with increased expression
of the early response gene c-fos in these conditions,
which are functionally associated, in particular, with
hippocampus and amygdala neurons, yielded a more
effective behavioral engram, compared to the reacti-
vation of only one ensemble, and reproduced the fear
factor caused by the threatening situation more fully.
These results show that connectivity of distant struc-
tures is a natural occurrence in the implementation of
complex brain functions [60].

Chemogenetic inhibition of connectivity as relates
to the orbitofrontal cortex and the rostromedial cau-
date nucleus in rhesus macaques through a contralat-
eral expression of the inhibitory DREADD hM4Di in
these brain structures disrupted the capacity to ad-
equately capture the food reward value [32]. In these
experiments, DREADD expression was enabled by
the cytomegalovirus promoter and the disrupted con-
nectivity could not have been due to a decrease in the
activity of any particular type of neurons or glial cells
[61]. Nevertheless, it is clear that connectivity in the
orbitofrontal cortex and rostromedial caudate nucleus
is likely crucial in the formation of motivated behav-
ior based on the integration of external stimuli with
the internal drive of monkeys [32].

In addition to nonselective modulation of neuronal
activity, changes in the activity of any particular type
of neurons also affected connectivity and, apparently,
the manifestation of the higher brain functions con-
troled by it.

MODULATION OF NEURONAL ACTIVITY IN

MONOAMINERGIC NEUROTRANSMISSION

Chemogenetic-induced tonic activation of noradren-
ergic norepinephrine (NE) neurons in the locus coer-
uleus (LC) in the pontine region of the mouse brain
led to a reduction in its blood supply and glucose
uptake because of these neurons. What is more, it
also increased the synchronous low-frequency fMRI
activity in the frontal cortex of the DMN, which is
significantly distant from the LC. LC-NE activation
induced NE release, enhanced neuronal calcium sig-
nals, and decreased blood supply into the anterior
cingulate cortex. LC-NE stimulation also enhanced
functional connectivity in the frontal DMN and, ap-
parently, boosted the behavior associated with this
brain network [40]. LC activation in humans is asso-
ciated with a shift in connectivity amongst the brain
networks in favor of processing of the most relevant
information [62]. A possible causal relationship with-
in this association was analyzed in mice by using
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chemogenetic activation of LC coupled with rs-fMRI
[39]. This approach is called chemo-connectomics. LC
activation was found to rapidly interrupt current be-
havior and significantly increase brain-wide connec-
tivity, with the most pronounced effects being not-
ed in the salience and amygdala networks. Changes
in functional connectivity correlated with the lev-
els of the alpha-1- and beta-1-adrenergic receptor
transcripts in the brain, while functional network
connectivity correlated with NE metabolism within
the brain structures. It is likely that these changes
in large-scale network connectivity affect the opti-
mization of neuronal information processing, which
is significant in increasing vigilance and detecting
threats [39].

Chemogenetic activation of neurons expressing do-
pamine D1 receptors in the mouse left dorsal striatum
increased the fractional amplitude of low-frequency
fluctuations (fALFF) in the medial thalamus, nucleus
accumbens, and the cortexes of both hemispheres. In
addition, gamma-band local field potentials were in-
creased in the stimulated striatum and the cortices of
both hemispheres [41].

Serotonin-producing neurons abundantly innervate
brain regions through their extended projections [63].
The use of chemo-fMRI to identify any possible ef-
fect of serotonergic neurotransmission on regional
and global functional activity showed that endogenous
stimulation of serotonin-producing neurons did not
affect global brain activity but caused regional acti-
vation of a series of primary target regions encom-
passing the cortico-hippocampal and ventral striatal
areas. At the same time, the pharmacological increase
in serotonin levels led to widespread fMRI deacti-
vation in the brain, which probably is an indication
of a combined contribution of central and perivas-
cular constrictive effects. These results identify the
main functional targets of endogenous serotonergic
stimulation and suggest a possible causal relationship
between serotonergic neuron activation and regional
fMRI signals [38].

MODULATION OF THE ACTIVITY OF PYRAMIDAL
NEURONS AND INTERNEURONS

Chemogenetic stimulation of the bed nucle-
us of the stria terminalis expressing the vesicu-
lar y-aminobutyric acid (GABA) transporter using
DREADD-hM3Dq prompted anxiety-like behavior
and resulted in long-term depression in glutamater-
gic neurotransmission, indicating changes in synaptic
plasticity. Metabolic mapping of whole-brain activity
after such exposure revealed enhanced activity within
the ventral midbrain structures, including the ventral
tegmental area, and hindbrain structures such as the
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LC and the parabrachial nucleus. The activity of these
brain nuclei is associated with anxiety-like behavior.
The use of microfluidics profiling of the receptor sys-
tem of individual neurons in the bed nucleus of the
stria terminalis expressing the vesicular GABA trans-
porter showed that stimulation of the Gq-coupled
type 2c serotonin receptor is responsible for anxiety-
like behavior [64].

DREADD modulation combined with 18F-FDG-
PET imaging called DREADD-assisted metabol-
ic mapping (DREAMM) made it possible to create
whole-brain metabolic maps of animals under condi-
tions of free behavior [65]. This method was used to
demonstrate the association of various corticolimbic
networks with specific manifestations during inhibi-
tion of the activity of prodynorphin- and proenkeph-
alin-expressing inhibitory GABAergic medium spiny
neurons in the nucleus accumbens shell [65], which
are associated with neuropsychiatric disorders.

Decreased activity of glutamatergic neurons in the
right anterior cingulate cortex in mice due to the ef-
fect of the inhibitory kappa-opioid receptor DREADD
(KORD) expressed under the CaMKII promoter re-
sulted in a reduced fMRI BOLD signal in this brain
region and increased the fMRI BOLD signal in the
brain regions of both hemispheres associated with the
anterior cingulate cortex. Changes in neuronal activ-
ity were observed in functional networks, including
connections with the sensory cortex, thalamus, ba-
solateral amygdala, and globus pallidus (s. pallidum).
These regions are responsible for attention, working
memory, fear, and reward, respectively. This modula-
tion of neuronal activity was accompanied by a de-
crease in intra- and interhemispheric functional con-
nectivity [58].

Chemogenetic excitation of the main glutamatergic
pyramidal neurons expressing activating DREADD-
hM3D(Gq) under the CaMKII promoter and inhi-
bition of parvalbumin-expressing GABAergic in-
terneurons in the PFC weakened the connection
between the latter and DMN cortical projections.
Both types of exposure increased the local excita-
tion rate and shifted the local field potential (LFP)
power towards higher frequencies, while effectively
reversing the electrophysiological effects of the in-
hibitory DREADD-hM4D(Gi) expressed in the cortex
under the nonselective hSyn promoter. Stimulation
of pyramidal neurons suppressed slow- and delta-
band LFP activity more effectively than interneuron
inhibition. The functional overconnectivity observed
in these experiments is assumed to be due to both
an increased excitation-to-inhibition ratio in the PFC
and a nonspecific functional decrease in the activity
of GABAergic neurons [31].

Chemogenetic activation of the glutamatergic neu-
rons of the paraventricular hypothalamic nucleus ex-
pressing the rAVV-CaMKIIa-hM3Dg-mCherry vector
increased BOLD signals measured by chemo-fMRI
and functional connectivity between paraventricular
and olfactory nuclei, the cingulate cortex, the para-
ventricular thalamic nucleus, the periaqueductal gray
nucleus, and the hippocampus after CNO administra-
tion to rats [66].

NEURONAL ACTIVITY MODULATES
BEHAVIOR THROUGH CONNECTIVITY
The results of recent experiments similar to the ones
described above allow one to consider specific che-
mogenetically induced changes in connectivity not
only as concomitant signs of higher nervous activity
dysfunction, but also as a likely cause of the disor-
der. For instance, an association between corticolim-
bic networks and specific behavior manifestations
was found upon inhibition of the activity of inhibito-
ry GABAergic medium spiny neurons. Levorotatory
behavior was increased in prodynorphin-expressing
neurons, and dextrorotatory behavior was enhanced
in proenkephalin-expressing neurons. Inhibition of
neuronal activity in awake state and under anesthesia
changed the activity of different neuronal networks
[65]. Chemogenetic inactivation of the interaction be-
tween the orbitofrontal and rhinal cortices using hM-
4Di-DREADD reduced the ability of monkeys to dis-
criminate among expected rewards in a behavioral
experiment [67]. Chemogenetic impairment in the
connectivity of the orbitofrontal cortex and the ros-
tromedial region of the caudate nucleus changed the
formation of motivated behavior due to a combination
of external stimuli with the internal drive of mon-
keys [32]. Inhibition of activity in the dorsal anterior
cingulate cortex using DREADD-hM4D(Gi) expressed
under hSyn significantly decreased the activity of the
neurons in the prelimbic and dorsal cortices of the
middle cingulate gyrus and induced multidirection-
al changes in the connectivity between DMN nodes.
These changes correlated with animal behavior: anx-
iety and motor activity in the home cage were noted.
It is apparent that DMN activity in both rodents and
humans is coordinated with behavior manifestations
[34]. Chemogenetic activation of LC-NE induced NE
release, enhanced neuronal calcium signals, and de-
creased blood supply to the anterior cingulate cortex.
LC-NE activation also enhanced functional connec-
tivity in the frontal DMN and, as a consequence, pro-
moted a behavior response associated with this brain
network [40].

Both contralateral and bilateral, but not ipsilateral,
chemogenetic inactivation of predominantly gluta-
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Neuronal
activity

Membrane

Fig. 1. Schematic presentation of the multilevel organization of brain functions in mammals. (A) — molecular and cellu-

lar processes, genes, proteins, cell membrane with proteins (as an example, the chemogenetic activating hM3D (Gq)
receptor is presented schematically), and electrophysiological activity of the neuron. (B) — neuronal network ensembles
of neurons interconnected through contacts, which form the basis of the structural and functional organization of the
brain. (C) — large-scale brain networks, each of which emerged during evolution based on neuronal ensembles, which
are presented schematically in (B), for predominant performance of certain adaptive functions by each of them. Pictures
of the apical surface of the human brain show three large-scale networks: the default mode network (DMN), the cen-
tral executive network (CEN), and the salience network (SN). The most important sections of each of the networks are
shaded. Apparently, the interactions of DMN, CEN, SN, as well as a number of other large-scale brain networks, ensure

cognitive and behavioral manifestations in an individual (D)

matergic neurons in two structures (dorsal hippo-
campus and PFC) impaired learning in rats in the
W-maze. These results indicate that the connectivity
of the dorsal hippocampus and PFC plays a key role
in spatial learning and memory [68]. The combined
use of chemogenetic inactivation of the activity of
the primary somatosensory cortex using tactile fMRI
revealed a link between neuronal activity, connectiv-
ity, and behavior in macaques. Focal chemogenetic
silencing of the functionally identified hand region
in the somatosensory cortex impaired grasping. The
same inhibition also attenuated the fMRI signal in-
duced by hand stimulation both at the local silencing
site and anatomically and/or functionally connected
downstream network underlying the induced grasp-
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ing behavior disorder. In addition, inhibition of the
hand region unexpectedly disinhibited foot repre-
sentation, with concomitant behavioral hypersensiti-
zation [42].

CONCLUSION

Connectivity is the manifestation of natural connec-
tions between brain regions that selectively inte-
grate sensory, cognitive, and motor activation. These
connections are rooted in brain evolution [69], and
their individual features take shape during ontog-
eny [70]. The genetic component substantially con-
tributes to the formation of individual connectome
features. The majority of the 19 various neuropsy-
chiatric and idiopathic conditions studied in more
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than 30,000 individuals had specific connectome pro-
files that correlated with the genomic and transcrip-
tomic features of these conditions [71]. Genes play
an important role in the formation of functionally
important and metabolically costly interactions be-
tween the nodal regions of the connectomes. These
regions share transcriptional activity patterns owing
to the similarity of their metabolic and cytoarchitec-
tonic features. The genes involved in the formation
and maintenance of synapses and axons are impor-
tant for establishing connections between different
brain regions; in particular, the transcriptome fea-
tures of the nodal centers of neural networks are
determined by the metabolic needs of these centers
[72, 73]. It should be noted that DREADD activation
alters gene expression. For instance, chemogenetic
activation of the glutamatergic neurons of the su-
perior colliculus significantly changed the transcrip-
tome of this structure towards the predominance
of neurotrophic processes [74]. Thirteen defects in
nervous system development, neurological and men-
tal disorders, whose predictors are molecular genetic
and biochemical disorders, were found to be associ-
ated with the structural and anatomical patterns of
cortical anomalies affecting the main brain network
architecture; this indicates a likely mutual enhance-
ment of the negative contributions of local molecular
and global connectome mechanisms to the patholo-

gy [73].

Many studies and reviews have discussed the vari-
ability of gene expression patterns in the brain in
one psycho-emotional state, up to almost complete
discrepancy between different mouse lines [76].
Therefore, one of the ways to clarify the structure
and function of the mechanisms underlying these
conditions may be to analyze the brain parameters
that are more closely related to psycho-emotional reg-
ulation, such as connectivity, which is also regulated
by gene expression [8]. The results available to date,
including the ones discussed in the current review,
provide sufficient evidence of this.

In addition, identification of the biological meaning
of the connectome requires not only its analysis data,
but also the results of studies in related science fields
such as anatomy, physiology, molecular genetics, and
behavior analysis. Information regarding intracellu-
lar and cell properties, synapse plasticity, and the ef-
fects of neuromodulators on cells and synapses is of
the utmost importance. Such data will make it easier
to map out the entire pathway of connnectivity, from
molecular and cellular, neuronal and synaptic process-
es to higher nervous activity and behavior based on
the connectome (Fig. 1). ®

This work was supported by the Russian Foundation
for Basic Research (project No. 20-015-00129) and
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Dedicated to the 130th anniversary of Dmitry Ivanovsky’s discovery

of the virus kingdom as a new form of biological life.

ABSTRACT The genome of some RNA-containing viruses comprises ambipolar genes that are arranged in
stacks (one above the other) encoding proteins in opposite directions. Ambipolar genes provide a new ap-
proach for developing viral diversity when virions possessing an identical genome may differ in its expres-
sion scheme (strategy) and have distinct types of progeny virions varying in the genomic RNA polarity and
the composition of proteins expressed by positive- or negative-sense genes, the so-called ambipolar virions.
So far, this pathway of viral genome expression remains hypothetical and hidden from us, like the dark side

of the Moon, and deserves a detailed study.

KEYWORDS virus diversity, genome strategy, ambisense genes, virus classification.

years ago, the outstanding Russian
scientist D.I. Ivanovsky reported hav-
ing discovered a new form of biologi-

cal life, the so-called “contagium vivum fixum” [1, 2],
which was later classified into a separate kingdom of
viruses [3, 4]. According to the current International
Committee on the Taxonomy of Viruses (ICTV)
Release (https://ictv.global/taxonomy), the virus do-
main comprises six superkingdoms (realms), 65 or-
ders, 233 families, 2,606 genera, and more than 10,000
viral variants (strains) [5].

According to the well-known classification by
D. Baltimore [6], which is based on the characteris-
tics of the genomic nucleic acid (NA) and the strat-
egy for its expression in an infected cell, viruses are
divided into seven genetic classes: I. Double-stranded
DNA viruses; II. Single-stranded (+)-sense DNA vi-
ruses; III. Double-stranded RNA viruses; IV. Single-
stranded (+)-sense RNA viruses; V. Single-stranded
(—)-sense RNA viruses; VI. Single-stranded (+)-sense
RNA viruses with a DNA intermediate in their life
cycle; and VII. Double-stranded DNA viruses with an
RNA intermediate. This classification is based on the
concept of positive-sense viral mRNAs; i.e., RNA mol-
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ecules translated by cellular ribosomes to form viral
proteins [7, 8]. Contrarywise, negative-sense RNAs en-
code and translate proteins through the intermediate
synthesis of a complementary (positive-sense) mRNA
strand. In genomic viral DNAs, a strand identical to
the translated (+)-mRNA molecule is designated as a
positive-sense strand, whereas a strand complementa-
ry to mRNA is designated as a negative-sense strand.

Differences in the viral genome structure and vari-
ations in the patterns of its expression in an infected
cell (i.e., strategies for viral genome expression) un-
derlie virus diversity, pantropic adaptation of viruses
to various organisms such as bacteria, fungi, plants,
fish, and animals, in particular humans, and ensure
the global spread of viruses on Earth, and possibly in
space and other planets [6].

The genetic diversity of viruses, which underlies
the Baltimore classification, was considered as fol-
lows: one unique viral genome develops one genome
strategy; i.e., one genome has one replication scheme
and directs the formation of one structural and func-
tional class of virions (i.e., one type of virus reproduc-
tion). This implies a uniform and unified process for
the synthesis of viral particles (virions) within one
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Fig. 1. Localization of ambipolar genes in the RNA genome of the influenza A virus and coronavirus and the formation of
ambipolar virions. (A) Scheme of gene coding in the influenza virus genome segment NS in the A / Aichi/2 /68 (H3N2)
model. The influenza virus has a negative-sense genome that encodes three proteins: negative-sense NS1 and NEP and
the positive-sense stacking protein NSP8. The canonical pathway strategy for segment 8 (NS) is shown. This pathway

is realized through synthesis of the NS1 and NEP proteins, formation of classical enveloped virions containing the PB1,
PB2, PA, HA, NP, NA, M1, and M2 proteins, and a possible alternative pathway with the formation of the non-canonical
(ambipolar) NSP8 protein and similar ambipolar proteins of positive-sense genes, found in the PB1, PB2, PA, NP, M, and
NS segments (NSP1—-NSP8 proteins, respectively, according to the numbering of RNA segments in the viral genome).
Non-canonical ambipolar virions decorated with NSP1-NSP8 proteins have not yet been found and remain hypotheti-
cal in nature (dotted arrow). (B) Scheme of gene coding in the RNA genome of coronavirus in the SARS-CoV2 model.
Coronavirus has a positive-sense genome encoding five major structural (S1,/52, N, E, M) and 16 (nsp 1—16) accessory
non-structural polypeptides. The classical pathway of positive-sense strategy leads to the formation of classical envel-
oped virions containing the S1/S2, N, E, and M proteins (solid arrow). The negative genome direction (3' - 5') en-
codes extended open reading frames in complimentary positive polarity (5’ = 3') RNA molecules possessing all essential
elements, such as the initiator AUG, Kozak element, IRES, and stop codons. These translational frames (genes) are
designated as negative gene proteins (NGPs), and the most extended NGPs, NGP1-NGP5, have a molecular weight

in the range of 7—20 kDa [17]. The dash arrow shows an alternative pathway of genome strategy with the formation of
non-canonical (ambipolar) virions. The double arrow shows proteins and the direction of their coding in the genome.
Ambipolar NGP1-NGP5 polypeptides are synthetized through the formation of a subgenomic (—)-mRNA and its transla-
tion (pathway ), and also through translation of a full-length complementary genomic (—)-cRNA (pathway II)

viral genus (or family) [7, 8]. However, our discovery
of unique genes in the genome of RNA viruses which
are arranged according to the stacking principle (the
so-called gene stacking) and encode proteins in oppo-
site (ambipolar) directions, indicates the possibility of
several alternative strategies for genome implemen-
tation in one virus, which leads to different structural
classes of viral particles.

In 2007, we analyzed the negative-sense genome
of influenza A viruses (orthomyxovirus family) and
found extended open reading frames (ORFs) that, un-
like the canonical influenza virus genes (PB1, PB2, PA,
HA, NP, NA, M, NS) with negative coding polarity in
the genomic RNA in the 3’ = 5’ direction, had addi-
tional positive coding polarity (in the 5’ = 3’ direction
of the genomic molecule) (Fig. 1A). The peculiarity

of these ambipolar genes was their localization in ge-
nome regions overlapping the corresponding classical
negative-sense genes; the so-called stacking arrange-
ment [9—14]. Later, in 2019, we identified extended
open reading frames with a negative encoding di-
rection (3’ = 5’) in the positive-sense RNA genome of
coronaviruses [15—18] (Fig. 1B). The ambipolar genes
identified in the genomes of orthomyxo- and corona-
viruses were found to be characterized by the pres-
ence of all the functional elements necessary for ex-
pression of these genetic frameworks as translational
genes [19, 20]: ATG start codons (or an alternative
CUG codon), translational stop codons [21], canonical
initiation Kozak sequences in the initiation codon site
(Kozak element [22]), and the presence of internal ri-
bosome entry sites (IRESs) [23] possessing a typical
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secondary structure in the ambipolar gene start site.
Computer analysis of algorithms of the viral genome
primary structure revealed various structural and
functional domains in the predicted protein products
of ambipolar genes, in particular transmembrane ele-
ments of ion channel proteins, structural domains of
ubiquitin dehydrogenase, and several domains typical
of the proteins involved in immunity and inflamma-
tion regulation [9, 14, 18].

Today, the genome of one virus species (genus) is
believed to have one strategy that determines the
formation of viral particles of a certain (canonical)
structure and a characteristic range of hosts. The dis-
covery of ambipolar stacking genes in the genomes
of RNA viruses suggests the existence of alternative
strategies in the genome of one virus species (genus)
whose expression pathways may (1) provide the syn-
thesis of several structural and functional classes of
virions that differ in both their protein composition
and the structural form (polarity) of genomic RNA
and/or (2) develop several different strategies for vi-
rus replication and its pathogenesis in an infected
macroorganism. The presence of several strategies in
one viral genome provides a reserve of viral adaptive
properties, which may be considered as a pathway (or
modification) of genetic bet-hedging (i.e., genetic res-
cue of viruses).

The multiple strategies of the genome in one vi-
rus species (genus) and the expression schemes of its
classical and alternative strategies are shown in Fig. 2
for the influenza virus and coronavirus models. The
influenza virus comprising genomic (—)-RNA is char-
acterized by the possibility of both a classical pathway
of genome implementation (pathway I, central arrow
in Fig. 2A) and alternative strategies (Fig. 2, II-V).
Implementation of alternative genome strategies may
lead to the formation of ambipolar virions that may
contain both classical proteins (PB1, PA, PB2, HA, NA,
NP, M1, M2) and additional proteins—products of the
ambipolar genes NSP1-NSP8 (NSP — Negative Strand
Protein) of appropriate genomic RNA segments
(F1g. 2A). Expression of the classic coronavirus strat-
egy also leads to the formation of virions containing
the canonical (+)-RNA genome and classical structur-
al proteins: N (nucleocapsid protein), S (surface glyco-
protein), E (membrane protein), and M (internal ma-
trix protein) and a number of auxiliary non-structural
regulatory proteins (nspl-nspl6) that support viral
replication in target cells and suppression of the host’s
immune response. However, the products of the main
ambipolar genes NGP1-NGP)5 (negative gene pro-
teins [17]), which may form a new structural class of
virions (the so-called ambipolar virions; Fig. 2B, dot-
ted arrow), escape the attention of researchers. So far,
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Fig. 2. Alternative strategies of the influenza virus nega-
tive-sense genome and the formation of ambipolar virions.
The diagram illustrates the alternative strategies of the
viral genome using the influenza virus (A) and coronavi-
rus (B) genome models and is applicable to other viruses
(pneumo-, paramyxo-, rhabdo-, filoviruses, etc.) possess-
ing a negative-sense RNA genome (—R). Genome strate-
gy is outlined as a viral genome replication pathway lead-
ing to the formation of canonical viral particles of a given
structure and composition, both in terms of viral genome
polarity and protein composition of the viral envelope.
Three alternative strategies possible for one unique viral
genome are shown. Currently, pathway 1 is considered as
canonical, while four other strategies remain hypothetical.
Probably, in a given biochemical context of infected cells,
strategies ll-V may be implemented, when full-length
genomic RNA chains ((+)R and (+ )R) are packaged by
proteins of distinct compositions (denoted by different
symbols (1,,4,1), including proteins of ambipolar genes. In
this case, different virion types may have different enve-
lope structures with /without cellular lipids, the so-called
enveloped and non-enveloped virions. Genetic realization
of viral genome replication is performed by RNA-depend-
ent polymerase that can be included in the virion and pro-
vide the beginning of viral replication in the target cell. (+)
R, (-)R, and (% )R are three possible variants of a progeny
virion genomic RNA with a single-stranded positive /neg-
ative sense and double-stranded structure, respectively.
Possible pathways to alter the genome expression strate-
gy in one species of virus are shown by dotted arrows and
labels (lI-V); the classical pathway of the negative-sense
strategy for the influenza virus is shown by the main arrow
(1), respectively. A targeted search for the virions of the
indicated non-canonical structural classes lI-V is required
to pinpoint strategies IlI-V

these proteins encoded by open ambipolar genes have
not been found in infected cells. A possible reason lies
in either the minor level of their synthesis or their
strictly selective expression only in specialized body
cells containing the unique factors necessary for the
expression of these viral stacking genes under certain
conditions of the intracellular and/or surrounding ex-
tracellular environment. At the same time, there are
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indirect approaches to observe ambipolar gene ex-
pression in an infected macroorganism. Animals in-
fected with the influenza A virus were found to de-
velop clones of cytotoxic lymphocytes that recognize
specific peptide domains of the influenza virus ambi-
polar proteins, in particular the NSP8 protein encoded
by the ambipolar NSP8 gene of the influenza A virus
NS segment [24-26].

We may posit that these non-canonical proteins are
able to decorate the viral genome from a new class
of viral particles performing unique regulatory func-
tions, and altering the virus behavior in an infected
organism; e.g., switching from productive virus in-
fection to a latent persistent (low reproductive) viral
infection process. Furthermore, there may be an al-
ternative when a genome molecule becomes an RNA
chain complementary (ambipolar replica) to the ca-
nonical virus genome: the coronavirus (—)RNA or in-
fluenza virus (+)RNA (Fig. 2). Thus, ambipolar viral
particles may contain both ambipolar proteins and
ambipolar genomic RNA replicas, providing an alter-
native pathway for the viral genome strategy. As a
result, one unique viral genome may be implemented
in several, alternative strategies — with or without in-
volvement of ambipolar genes — and viruses may pos-
sess several possible life pathways, depending on the
context of the surrounding cellular processes. This
idea is illustrated in Fig. 2. This multivariant mecha-
nism of a unique viral genome strategy may be con-
sidered as a way of bet-hedging by viruses, which
promotes the establishment of alternative ways of
virus replication and the creation of reserve adaptive
potentials for viruses of various families. In this as-
pect, RNA viruses may be similar to DNA viruses and
RNA-containing retroviral (virus-like) transposons
that have a dual-track lifestyle: as a DNA provirus
and a mature virus, respectively, which determines
the vertical (a viral genome DNA copy integrated into
the cell genome) and horizontal (mature virions) ways
of their existence in the host, depending on the prop-
agation environment and the range of hosts [27-29].

The ambipolar genes of viruses are endowed with
high evolution stability. In particular, in the natural
population of highly variable influenza viruses, these
genes have been observed in the genome with all
the necessary regulatory elements for more than 100
years, despite a noticeable population variability in
both canonical and identified ambipolar genes with
a characteristic high dN/dS coefficient that indicates
pronounced immunological pressure from the host
macroorganism in nature [14]. The evolutionary sta-
bility of ambipolar genes in the natural population
of viruses emphasizes the vital role of these genes
for the virus and, therefore, resistance to natural re-

strictive selection. The presence of ambipolar genes
in the genome of RNA-containing viruses provides
a new pathway for the formation of viral diversity,
when virions possessing an identical genome may
vary in the expression scheme (strategy) of the ge-
nome and have different replication pathways that
provide variations both in the composition of the
proteins expressed by “positive” or “negative” genes
(the so-called ambipolar virions) and in genome
polarity [17]. Alternative genome strategies and a
change in the profile of synthesized proteins and the
viral envelope give the virus additional opportunities
to adapt to a new host and extend a host’s range of
viruses. In this case, a virus can not only use differ-
ent strategies to express its genome, but also change
these strategies depending on the host, which is il-
lustrated in Fig. 2 (dotted arrows). So far, these path-
ways of multiple expression strategy of the viral ge-
nome remain as hypothetical and enigmatic as the
“dark side of the Moon.” Experimental verification
of this crystal-ball reading exercise will enable us to
evaluate the possible existence of ambipolar classes
of stealth virions hidden from the eye of researchers.
To date, mature protein products encoded by iden-
tified ambipolar viral genes in an infected organism
have not yet been detected. But this does not mean
that expression of these viral stacking genes is not
implemented in nature. Identification of the expres-
sion of these genes requires a targeted search using
original approaches and highly sensitive methods for
identifying proteins in various organs and the specif-
ic cells of an infected host macroorganism. It is pos-
sible that the unraveling of alternative strategies of
viral genomes may be important for understanding
virus evolution and the pathogenesis of viral infec-
tions, as was the case in covid-2019 when long-term
and severe complications of the viral infection could
develop due to the formation of ambipolar virions
hidden from the attention of researchers and medi-
cal practitioners.

Obviously, the ambipolar stacking of genes found
in RNA viruses provides the virus with, first, an en-
hanced information capacity of the genome. Second,
it underlies the linked (reciprocal) evolution of viral
genes when mutations in one gene generate changes
in a stacking gene and, thus, represent a kind of ge-
netic synteny. Third, the protein products of stacked
genes may be functionally linked and have a prede-
termined structural correspondence to each other,
which remains a hypothetical and requires experi-
mental evidence [14, 17]. The gene-stacking trait dis-
tinguishes these viruses from the known four genera
of ambipolar viruses (tospo-, phlebo-, arena-, and bun-
yaviruses), in which ambipolar genes are located sepa-
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Fig. 3. Schematic diagram of the bipolar (ambisense) strategy of the arenavirus genome (Arenaviridae family;
Mammarenavirus genus). The arenavirus genome (lymphocytic choriomeningitis virus (LCMV); ac.n. AY847350;
AY847351) is used. The family combines pathogens of severe human hemorrhagic fevers (Lassa, Lujo, Machupo, Junin,
Chapare, Guanarito, Sabia, etc.). The arenavirus genome contains four genes that encode: (A) polymerase protein

(L, 110 kDa) and non-structural multifunctional protein (Z, 11 kDa); (B) nucleocapsid protein (N, 55 kDa) and surface gly-
coprotein (GPC; 90 kDa) [31]. Coding of the L and N genes has negative polarity, and that of the GPC and Z genes has
opposite (positive) polarity. All four genes are uncoupled in the arenavirus genome and do not overlap, and expression
of each of the genes in infected cells requires the synthesis of individual 5'-capped mRNAs

rately in the genome, without overlapping with other
genes, and function as the main genes that drive the
synthesis of the major structural and regulatory viral
proteins [30]. This strategy of the viral genome with
separated ambisense genes devoid of stacking local-
ization is shown in Fig. 3 using an arenavirus model
(Arenaviridae family, Mammalovirus genus). In this
regard, the difference in stacking allows us to con-
sider two major groups of ambipolar viruses. To date,
the following division seems logical: in the first group
of viruses (influenza viruses, coronaviruses) with gene
stacking in the viral genome, pathways of ambipolar
genome strategies may have an alternative (optional)
character, while in viruses lacking gene stacking (to-
spo-, phlebo-, arena-, and bunyaviruses), the imple-

mentation of the ambisense genome strategy should
be considered as an obligatory (mandatory) reality for
virus replication. Further targeted search for the ex-
pression pathways of alternative genome strategies in
one viral species and identification of a hypothetical
class of ambipolar virions will answer the question of
the existence of this type of viral life diversity and
its role in the evolution of viruses of various genera.
This knowledge will come handy in the development
of new vaccines and antiviral drugs and add to our
understanding of the molecular basis of viral disease
pathogenesis. ®

The author is grateful to A.I. Chernyshova
for assistance in preparing this article.
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ABSTRACT Gene replacement therapies are novel therapeutic approaches that seek to tackle hereditary diseas-
es caused by a congenital deficiency in a particular gene, when a functional copy of a gene can be delivered
to the cells and tissues using various delivery systems. To do this, viral particles carrying a functional copy of
the gene of interest and various nonviral gene delivery systems, including liposomes, nanoparticles, etc., can
be used. In this review, we discuss the state of current knowledge regarding the molecular mechanisms and
types of genetic mutations that lead to cystic fibrosis and highlight recent developments in gene therapy that
can be leveraged to correct these mutations and to restore the physiological function of the carrier protein
transporting sodium and chlorine ions in the airway epithelial cells. Restoration of carrier protein expres-
sion could lead to the normalization of ion and water transport across the membrane and induce a decrease
in the viscosity of airway surface fluid, which is one of the pathological manifestations of this disease. This
review also summarizes recently published preclinical and clinical data for various gene therapies to allow
one to make some conclusions about future prospects for gene therapy in cystic fibrosis treatment.
KEYWORDS gene therapy, cystic fibrosis, CFTR, viral vector, nanoparticles.

ABBREVIATIONS CFTR - cystic fibrosis transmembrane conductance regulator; NBD — nucleotide-bind-
ing domain; TM - transmembrane; MCC — mucociliary clearance; CT — clinical trials; Ad — Adenovirus;
AAV - Adeno-Associated Virus; LV — Lentivirus; LNP — Liposomal NanoParticles; FDA — Food and Drug

Administration.

INTRODUCTION

Mucoviscidosis or cystic fibrosis (CF) is a rather com-
mon monogenic disease. CF is a congenital system-
ic disease caused by the mutated gene coding for
the CF transmembrane conductance regulator pro-
tein (CFTR) [1]. The molecular pathogenetic mecha-
nism of the disease is based on the dysfunction or to-
tal absence of the CFTR-encoded carrier protein that
transports sodium and chlorine ions. This ion channel
ensures normal functioning of epithelial cells in the
lungs, intestines, pancreas, and some other organs.
CFTR regulates sodium and chlorine ion transport
across the membrane, as well as water exchange in
secretory the epithelial cells in the respiratory, gas-
trointestinal, hepatobiliary, and reproductive systems
[2, 3]. Impairment of the protein’s function causes a
severe progressive pathology that clinically manifests
itself in pulmonary (respiratory failure), pancreatic,
and hepatic lesions (sometimes as severe as cirrhosis),
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as well as increased electrolyte content in the perspi-
ratory secretion.

There are several forms of CF: 75-80% of cases
are accounted for by a mixed pulmonary/intestinal
form of CF; pulmonary CF is diagnosed in 15-20%
of cases; and intestinal CF, in 5% of cases. Mixed CF
is considered the most severe form of the disease,
because it combines clinical signs of both the pulmo-
nary and intestinal forms. In addition, one could ar-
gue for recognition of relatively rare forms, such as
meconium ileus (15—20% of cases), anemic edematous
CF, cirrhotic CF, and others. However, these classifi-
cations are mostly made for the sake of discussion,
since a major respiratory tract lesion is often ac-
companied by digestive disorders. The same is true
for the intestinal form of CF; i.e., intestinal lesions
are often accompanied by bronchopulmonary lesions.
The main complications associated with CF include
pulmonary and gastric hemorrhages, intestinal ob-
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Fig. 1. Schematic representation of a CFTR protein in the closed (left) and open (right) positions. TM — the transmem-
brane domains that form a channel for chloride ions transport. NSD1 and NSD2 — intracellular nucleotide-binding domains
1 and 2. R — the regulatory domain that contains phosphorylation sites (P). Channel activation requires the presence of a
phosphoric acid residue on the regulatory domain. NSD1 and NSD2 bind and hydrolyze ATP, resulting in the opening of
the channel through interaction with transmembrane domains [7]

struction, bronchial hyperresponsiveness, edemas,
abscesses, pneumo- and pyopneumothorax, pulmo-
nary heart disease, maxillary sinusitis, liver cirrhosis,
rectal prolapse, developmental impairments, sterility,
diabetes mellitus, etc. [2].

According to the statistical data, about 650 new-
borns in Russia are diagnosed with CF every year
[4], while the worldwide number is one diagnosis per
2,000-5,000 healthy newborns. The total number of
CF cases in the United States and Europe is about
70,000 [5]. The disease affects males and females
equally. Children are usually diagnosed with CF in
their first years of life, because lesions to the affect-
ed organs (especially lungs and intestines) are clear-
ly visible even at the early stages. Patients show
multiple impairments in various systems, including
the respiratory, digestive, locomotor, nervous, car-
diovascular systems, etc. Exocrine pancreatic insuf-
ficiency (ductal dysfunction) is observed in 85-90%
of cases. The average life expectancy for CF patients
may be 30—-40 years, with their quality of life direct-
ly depending on the scope of the specialized medical
care they receive and the availability of symptomatic
treatment. Despite that, up to 90% of CF patients die
from pulmonary infections and associated complica-
tions [3].

Since CF is caused by a CFTR gene mutation, the
disease is not fully reversible through the currently
available methods. Until recently, CF management re-
mained confined to symptomatic treatment; i.e., mu-
cus thinning (mucolytics), bronchiectasis therapy, an-
ti-inflammatory therapy, antibacterial therapy, and
enzyme replacement therapy (in intestinal CF). All
these therapies fail to increase the life expectancy
of patients and only manage to temporarily improve
their quality of life [6]. The development of CFTR
modulator drugs (Vertex Pharmaceuticals) for patho-
genetic therapy has significantly increased the life ex-
pectancy of CF patients, but the cause of the disease
still could not be eliminated, and patients are con-
demned to expensive life-long therapy.

On the other hand, the use of gene therapy aimed
at restoring the function of the CFTR gene in epithe-
lial cells offers new opportunities in the management
of CF and other severe hereditary diseases, where
gene therapy has already proved to be safe and effi-
cacious. Rapid developments in genome editing tech-
nology leave us hopeful for the development of etio-
tropic therapy, making it possible to correct the CFTR
mutation causing mucoviscidosis and, through that,
improve the quality of life and life expectancy of CF
patients.
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MOLECULAR-GENETIC MECHANISMS

OF CF DEVELOPMENT

CFTR is a transmembrane protein localized on the
apical surface of epithelial cells. ATP binding of this
protein changes its conformation inside the channel
protein ensuring extracellular transport of Cl™ ions. In
turn, the termination of ATP hydrolysis leads to chan-
nel closing (Fig. 1).

It is known that maintaining normal osmotic pres-
sure and fluid circulation in the intercellular space
requires the presence of sodium and chlorine ions
near the outer membrane. In addition, a controlled
continuous flux of chlorine ions across the membrane
is a necessary condition for proper functioning of
epithelial cells in the lungs, intestines, sweat glands,
and other organs. Impairment of the transmembrane
transport of chlorine ions changes transmembrane
conductance for water molecules and, as a result,
causes dehydration and increased viscosity of the se-
cretion. This is what determines the organs primarily
affected by CF: a thick viscous secretion is formed on
the epithelial surface and blocks bronchopulmonary
airways and glandular lumens, which interferes with
the normal functioning of the respective organs [2].

Secretion and absorption are two opposite pro-
cesses associated with the transport of the electro-
lytes regulating the viscoelastic properties of the lig-
uid component of exocrine secretions. According to
available data, electrolyte transport dysfunctions in
CF occur both at the level of salt absorption and at
the level of fluid absorption and secretion, which are
mediated by anions [8]. A decrease in chlorine ion
content in the intercellular space activates the epi-
thelial sodium channel (ENaC), which increases the
Na content in the cell (Fig. 2). It, in turn, boosts the
absorption of Cl- ions and water and causes abnor-
malities in transepithelial electrical potential differ-
ence. As a result, the volume of fluid on the airway
surface decreases, its viscosity increases significantly,
and the clearance rate on the ciliated epithelial sur-
face is sharply reduced (Fig. 2). Such processes in the
lungs lead to dehydration of the airways and, subse-
quently, a reduction in the cleansing effect of epithe-
lial cilia and mucosa in general. What is more, mucus
congestion also favors the rapid development of infec-
tions [9].

The produced secretion is a polymeric mesh con-
sisting of O-glycosylated glycoproteins (mucins) se-
creted as threads, forming a porous structure [11, 12].
The viscoelastic properties of the secretion and its
structure under normal physiological conditions are
specifically adapted to trap and remove inhaled par-
ticles and bacteria. Increased secretion viscosity in
CF causes mucin plaques and a reduction in pore size
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Fig. 2. In healthy individuals (left), the thickness of the air-
ways mucosal layer (ASL, airway surface liquid) is a result
of the normal functioning of the CFTR and ENaC channels.
MCC — mucociliary clearance that is the airway clear-
ance rate due to mucus movement (in um/sec). In cystic
fibrosis (right), due to a defective CFTR, a decrease in the
number of chloride ions leads to excessive transport of so-
dium ions resulting in dehydration of the airway epithelium
surface, increased secretion viscosity, and compression of
the cilia. Weak secretion mobility triggers an inflammatory
reaction, and it is also an ideal environment for the repro-
duction of pathogenic microorganisms [9, 10]

from 0.2—1 pym to under 0.1 ym. As a result, neu-
trophils acting as the first line of immune defense
against bacteria are unable to migrate through the
mucus. At the same time, the bacterial macrocolonies
formed on the thick mucus are especially resistant
to the immune response and antibiotics, which fur-
ther complicates the therapy [13]. Chronic infections
caused by unrestricted proliferation of bacteria on
the airway surface are considered the main cause of
death in CF [14].

CFTR GENE MUTATIONS

CF is an autosomal recessive disease caused by mu-
tations in the CFTR gene identified in 1989 by a re-
search team headed by Lap-Chee Tsui [15, 16]. The
CFTR gene is localized on chromosome 7 and con-
sists of 27 exons and codes for a protein composed of
1,480 amino acid residues. Over 2,000 mutations in the
CFTR gene have currently been described, and the
list is updated on a regular basis, but only 250-300 of
these mutations have pathological consequences, and
among those only 20 are relatively common (over 0.1%
of patients) [17]. Five classes of mutations (seven, ac-
cording to some authors) are identified based on the
associated defects (Fig. 3). Class I-III (severe) muta-
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Fig. 3. Types of CFTR mutations and therapies approved by the FDA for the treatment of the conditions associated with
these mutations. CF patients may have more than one mutation. Fig. adapted from [23]

tions are associated with a fundamental CFTR dys-
function; and class IV-V (mild) mutations, with the
residual function of the CFTR protein [18]. Various
mutations in the CFTR gene may impair the synthe-
sis, processing, stability, and functioning of the CFTR
protein, as well as its intracellular transport from the
endoplasmic reticulum to the Golgi complex and deg-
radation, which leads to a variety of phenotypic mani-
festations [19].

Class I mutations

Class I mutations (G542X, W1282X, R553X, 2143delT,
1677delTA) are observed in about 10% of CF pa-
tients. If the gene includes this type of mutation,

then the CFTR protein is not synthesized at all or
its shortened variant is synthesized and degraded.
This class of mutations includes nonsense mutations,
frameshift mutations, and splicing site mutations
causing the generation of a stop codon, premature
termination of protein synthesis, and production of
an enzyme that can no longer function as the initial-
ly synthesized protein [19].

Class II mutations

Class II missense mutations (del F508, del I 507, N1303
K, S541 I, S549 R) are considered the most common
in CF patients. Among those, F508del, i.e., deletion
of phenylalanine residue in position 508, occurs most
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often. About 70% of patients have mutations in both
copies of the CFTR gene (homozygous), and 90% of
patients have at least one mutant allele [20]. The most
severe course of the disease affects homozygous pa-
tients, while heterozygous CFTR-F508del with one
healthy copy of the gene show no signs of the disease.

The F508del mutation causes errors in protein fold-
ing and its further processing, which is why most
mutant molecules are unable to reach the cellular
membrane and are destroyed. It should be noted that
about 1% of these molecules still manage to reach the
cellular surface, but since the mutation impairs the
mobility of the domains associated with opening and
closing of the channel, protein effectiveness remains
very low [21]. On top of that, the protein is removed
from the surface and destroyed in a matter of several
minutes [22].

Class III mutations

Class III missense mutations (G551 D, G1224 E, S1255
P) affecting the regulation of ion channel opening
are observed in about 4-5% of CF patients. Proteins
with this mutation reach the apical membrane, but
conductance and permeability of the channel are im-
paired. Here, the conversion of the glycine residue
in position 551 of NBDI1 into aspartic acid (G551D) is
the most common mutation. This mutation leaves the
channel closed most of the time [19, 21].

Class IV mutations

Class IV mutations are the rarest ones (about 1.7%).
These mutations (R117H, R334W, R347P) reduce chlo-
rine ion transport through the open CFTR channel [9]
and convert positively charged arginine residues in
the CFTR channel into noncharged residues (presum-
ably, the presence of positive charges in the channel
is required for Cl™ ion transport). These mutations in
CF patients are usually associated with a mild course
of the disease, often without pulmonary or pancreat-
ic signs.

Class V=VI mutations

In some cases, clinicians also identify class V-VI mu-
tations, where the functional CFTR protein is pro-
duced, but its synthesis is inhibited and it is quickly
removed from the cellular surface, which leads to
insufficient content of the protein. These mutations
are associated with a relatively mild course of the
disease [17].

PATHOGENETIC THERAPY OF CYSTIC FIBROSIS

At present, the FDA (Food and Drug Administration)
has approved a CF therapy using small molecules
maintaining the normal functioning of chlorine
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channels (CFTR modulators). The Drugs Kalydeco
(VX-770), Orkambi (VX-809), and Symdeco (VX-661)
are being developed by the U.S.-based compa-
ny Vertex Pharmaceuticals (Fig. 3). Kalydeco (iva-
caftor) is approved in the United States, Canada, and
the EU for managing CF patients aged above 6—12
months with one out of 10 CFTR gene mutations
(Gb51D, S1255P, G178R, S549N, G1244E, S1251N,
G1349D, S549R, G551S, or R117H). Orkambi (luma-
caftor + ivacaftor) is used for managing patients
above 12 years of age with two copies of the F508del
mutation in the CFTR gene. Symdeco (tezakaftor +
ivacaftor) is intended for patients above 6 years of
age. The screening in bronchial epithelial cells in
homozygous CFTR-F508del patients has shown that
Symdeco combined with ivacaftor increases chloride
transport to 15.7% of its adequate value. These are
very expensive drugs (priced at least RUB 1 million
for 1 package) that only act as supportive therapy
and do not lead to complete recovery. Nevertheless,
this therapy has brought about significant progress,
since with it the average life expectancy of CF pa-
tients has more than doubled.

GENE THERAPY OF CF

The discovery of CFTR modulators that can correct
the functioning of the defective protein has had a
positive effect on life expectancy and quality of life
and given hope to many CF patients. However, about
10% of patients are unresponsive to CFTR modulators
because CFTR is not synthesized at all or is only syn-
thesized in low quantities. In addition, clinical trials
(CT) show that 10-20% of CF patients have individual
intolerance to modulator drugs [24].

This taken into account, new approaches to CF
management are being developed, including the ones
using gene therapy methods to deliver nucleic acids
to the affected cells to address the primary (genetic)
cause of the pathology and, through that, mitigate
the course of the disease. Even though multiple or-
gans are affected by the CF, lungs are the main tar-
get of the gene therapy, since 90-95% of deaths from
the disease are due to severe pulmonary lesions. The
key strategy in CF gene therapy is to ensure that the
CFTR gene is delivered to the airway epithelial cells.
Here, the delivery method should be selected taking
into account the significantly reduced efficacy of aero-
sol administration due to the thick secretion in the
bronchioles. The latter also imposes additional restric-
tions on the gene therapy, since the vector should not
only ensure the effective expression of the functional
CFTR protein but should also penetrate submucosal
glandular cells and the superficial mucosal epithelium
covered by the thick secretion [2].
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Table 1. Selected CTs of CF gene therapy’

CFTR delivery method Administration method Clinical trials Reference
. .. . . . . NCT00004779
Adenovirus (Ad) Nasal administration, endobronchial administration NCT00004287 [26-29]
. . Mazxillary gland administration, nasal NCT00073463
LsEme-ResbiiEs vins (A administration, endobronchial administration NCT00004533 [ei=2]
Lentivirus (LV) Intranasal administration (perfusion) Preparation stage [33]
NCT01621867
Nanoparticles (liposomes), Aerosol administration (nebulizer), NCT00789867 [34-38]
synthetic polymers intranasal administration NCT00004471
NCT00004806
Single-stranded antisense Intranasal administration NCT02564354 [39]
RNA-oligonucleotide (QR-010) NCT02532764

"All CTs are completed.

CTs of gene therapy drugs, where the genes of
interest are delivered to nasal and bronchial airway
epithelium in CF patients using both viral and non-
viral systems, have been taking place since 1993. So
far, over 27 CTs of gene therapy in CF involving over
600 patients have been completed but none of them
has shown significant success for one reason or an-
other (Table 1).

It should be noted that continuous renewal of air-
way epithelium necessitates repeated delivery of the
gene of interest, which restricts the use of viral vec-
tor systems, because the repeated administration of-
ten triggers an immune response resulting in vec-
tor elimination. In addition, the lack of adequate in
vivo models for testing the efficacy of new vectors
also hinders the progress in the research. Therefore,
despite the initial enthusiasm, there is still no FDA-
approved gene therapy for CF [25]. Nevertheless, ad-
vances in vector development, better understanding
of various vector serotypes, and development of new
in vivo CF models has sustained the search for more
effective CF gene therapy [5].

Gene delivery using adenoviral (Ad) vectors

The first CTs of CF gene therapy were aimed at us-
ing Ad to deliver a healthy copy of a gene into airway
epithelial cells (Table 1). Two CTs using first-genera-

tion Ad have been completed [26—28, 40, 41]. But de-
spite the efficacy of the approach in cell models and
in vivo, the CT results raised the issue of the ques-
tionable safety of the vectors for humans. Congenital
and cellular immunity hindered the long-term effect
of Ad-based vectors: observations showed increased
alveolar inflammation, accompanied by an increase in
serotype-specific neutralizing antibodies, which ren-
dered the repeated administration of viral particles
ineffective [23].

In later designs, the gene was delivered using an
improved Ad platform in the form of a helper-de-
pendent adenovirus (HD-Ad) devoid of viral genes,
which made it possible to neuter the T cell response
to the viral protein that was a feature of the first-
generation Ad vectors. Nevertheless, the adaptive
immune response of CD8" T cells with HD-Ad epi-
tope presentation by dendritic cells remained pres-
ent [42].

HD-Ad was used in the lungs in combination with
lysophosphatidylcholine (LPC) with the intention to
destroy the thick secretion layer and ensure better
access to the basolateral cell surface for infection.
This strategy resulted in lengthier gene expression in
vivo compared to the first-generation Ad and demon-
strated effective gene delivery to the airways in mice,
pigs, and ferrets [43, 44].
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A possible modification of the Ad platform is to
use piggyBac transposons with their cut-and-paste
mechanism for gene transfer. Transposase-mediated
piggyBac insertion in the recombinant Ad produced a
hybrid vector piggyBac/Ad, which made it possible to
effectively express the gene of interest in the lungs
of pigs [45].

Another approach to CF therapy, which is yet to
be studied in detail, is the use of genome editing
tools TALEN (Transcription Activator-Like Effector
Nucleases) and CRISPR (Clustered Regulatory
Interspaced Short Palindromic Repeats)/Cas9. These
relatively recent molecular methods of genome edit-
ing have already proved their efficacy and reliability
[46]. The relative safety and significant capsid size of
HD-Ad vectors (36 kbp) make it possible to transfer
several constructs at the same time, which allows for
the use of site-specific nucleases for targeted inser-
tion of a delivered gene at a desired locus. This spe-
cific insertion of a healthy gene copy is advantageous
compared to the correction of the mutated protein,
because here CF therapy no longer depends on the
CFTR mutation type. An example of this approach is
presented in Xia et al. [47], where an expression cas-
sette with the CFTR gene was inserted at the AAVSI
locus in vitro using a HD-Ad vector simultaneously
carrying the TALEN nuclease. Expression of CFTR
mRNA and restored protein function were observed
in the cells transduced by the vector with this ex-
pression cassette [47]. A similar approach with an
HD-Ad vector for precise delivery of CRISPR/Cas9
and a DNA copy at the GGTA1 locus in the genome
of airway epithelial cells was used in vitro and in
vivo in pigs. It transpired that the transduced cells
expressed functional CFTR at mRNA and at the pro-
tein levels both in in vitro and in in vivo models. An
engineered cell line CFTR” of pig epithelium was
developed for CFTR protein expression assessment
after transduction with CRISPR/Cas9. Measurement
of CFTR channel activity in the transduced CFTR”
cells showed restoration of the anion transport func-
tion [48, 49]. These data allow us to anticipate a new
nuclease-based approach to CF gene therapy in the
near future.

Gene delivery using adeno-associated

viral (AAV) vectors

Replacement of a mutated CFTR protein gene with
its functional copy turned out to be a rather com-
plex undertaking, and following the failure with
first-generation Ad vectors the search for alterna-
tive approaches in gene delivery to target cells was
initiated. The reports from the CTs using the AAV2
vector (Table 1) showed that introduction of the vec-
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tor into the lungs of CF patients did not cause signif-
icant side-effects, but the efficacy was disappointing,
since none of the CTs demonstrated significant CFTR
expression or correction of pathological CF manifes-
tations. The lack of success could be explained by the
insufficient efficacy of gene insertion (possibly due to
the inability of viral particles to penetrate the thick
secretion layer in the airways), insufficient promoter
strength in the expression cassette, or immune re-
sponse of the host to the introduction of the viral vec-
tor [50]. Hence the recent efforts to improve the tro-
pism of AAV vectors, identify new serotypes, new
promoters, new methods to enhance the expression of
the target protein and its persistence in the lungs, as
well as new approaches to immunogenicity reduction.
At the same time, new in vivo models, including pigs
[51], sheep [52], ferrets [563], and mice [54], were being
developed, which, along with the conventional in vitro
tests in human epithelial cells, would make it possible
to carry out more effective preclinical trials for the
CF gene therapy.

For example, the AAV virus with high airway ep-
ithelial tropism was selected based on in vivo ex-
periments in pigs [51]. Improved AAV2H22 capsid
based on AAV2 with five-point mutations made spe-
cific infection of airway epithelium in pigs 240 times
as effective. One of the key parameters indicating
phenotypic efficacy of the therapy is Cl transport.
Introduction of AAV2H22-CFTR into the airways of
CFTR-null pigs lacking a functional CFTR gene re-
sulted in CFTR expression in epithelial cells, restora-
tion of anion transport, and normalization of the pH of
the secretion on the airway surface and its bactericide
properties [51].

Gene expression efficacy was also increased using
the AAV vector including the CFTRDR gene of the
shortened protein driven by a short cytomegalovi-
rus promoter CMV173. Transduction of organoids by
AAV-CFTRDR resulted in restored CFTR function. In
addition, changes in the potential difference on the
epithelial cell membrane in nasal airways were re-
corded, which was an indication of the restoration of
the normal phenotype in mice carrying the most com-
mon CF mutation, AF508 [54]. The problem of the lim-
ited size of the genetic construct packed in AAV2 may
be solved by developing a short synthetic promoter
[55] or obtaining a CFTR gene with partial deletion of
the regulatory domain [56].

In addition, a new chimeric vector, AAV2/HBoV1,
obtained by pseudotyping the AAV2 genome into a
capsid of human bocavirus, HBoV1, infecting human
airways and characterized by high tropism for the
apical surface of airway epithelial cells in humans was
tested [57]. The capsid size was increased as a result,
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which made it possible to use a stronger promoter
and a complete CFTR gene [58]. The ability of rAAV2/
HBoV1 to transduce pulmonary epithelial cells in fer-
rets (Mustela putorius furo) made it possible to create
in vivo models for preclinical trials [53].

Testing of nine characterized AAV vector sero-
types in the epithelial cells and lungs of mice re-
sulted in identification of the AAV6 vector with
the highest tropism for pulmonary epithelial cells
in mice and humans [59, 60]. It transpired that the
transduction efficiency of AAV6 in the airway epi-
thelial cells of mice reached 80% and that its im-
munogenicity was lower than that of the AAV2 vec-
tors, which makes AAV6 a preferable vector for gene
therapy of CF and other pulmonary diseases [61].
To further boost the transduction efficiency of the
AAV6 vector in epithelial cells, a point mutation was
introduced into the gene coding for an atypical ami-
no acid residue, F129, usually present in the capsid
protein. The resulting AAV6.2 vector showed higher
transduction efficiency in both the airway cells of
mice and HAEC (human airway epithelial cells) cul-
tures. Stable expression of the transgene intranasally
administered (2 X 10" viral particles) to macaques
for 72 days was observed [59]. The advantage of the
AAV6 vector in penetrating mucus obtained from
CF patients was also shown in the new mouse model
most accurately mimicking the pulmonary patho-
physiology in obstructive pulmonary diseases. The
point mutation in the capsid protein seems to point
to the potential mechanism used to avoid AAV6 ad-
hesion to the polymeric mesh representing the mu-
cus in CF and prompting the attack against other
AAV vector serotypes [62].

It should be noted that only a few pharmaceutical
companies are currently involved in the development
of AAV-based CF gene therapy. According to Abeona
Therapeutics [63], preclinical trials of ABO401, a
new-generation capsid AAV204 developed by the
company and carrying a functional copy of the hu-
man mini-CFTR gene, show that the product effec-
tively restores the main phenotypic attribute of CF,
i.e., chlorine channel functioning, in in vitro and in
vivo models. In addition, AAV204 more specifically
targets pulmonary cells and also transduces bron-
chial and nasal epithelial cells in CF patients (CFTR
expression rate 3-5 times higher compared to the
AAV6 vector).

In addition, Spiro-2101 by Spirovant Sciences, de-
signed for CF therapy was certified by the FDA as
an orphan drug in 2020, which allowed the company
to accelerate its clinical trials and take the drug to
the market. Spiro-2101 also includes a new AAV cap-
sid with improved tropism for airway epithelial cells

for the delivery of a functional copy of the CFTR
gene.

Gene delivery using lentiviral vectors
Lentivirus-based vectors are widely used in gene
therapy as well. Their beneficial aspects include low
immunogenicity, ability to infect various cell types
and integrate consistently into the genome to ensure
long-term expression and preservation of the gene
in cell division. Nevertheless, it should be mentioned
that consistent integration into the genome may lead
to insertional mutagenesis and, as a result, a risk of
tumor transformation (oncogenesis) [64]. All existing
approaches to CF therapy using lentiviral vectors (LV)
are currently undergoing preclinical trials, but recent
advances in the application of improved lentiviral vec-
tors in various CTs have shown that they are safe to
use in CF therapy [65].

Studies into the primary epithelial cultures of CF
patients and animal models have shown the long-term
phenotype correction and low immunogenicity car-
ried by lentiviral vectors. In particular, the restoration
of CFTR channel functioning in the airways of pigs
after transduction with the feline immunodeficiency
virus (FIV) pseudotyped with the GP64 protein to
ensure apical tropism for HAE-ALI (human airway
epithelium cultured on an air-liquid interface) cells
was demonstrated in in vivo experiments. A signifi-
cant increase in Cltransepithelial transport and nor-
malization of the pH of the tracheal surface fluid and
its bactericide properties were observed two weeks
after FIV-CFTR aerosol administration into the nose
and lungs [66].

Another experimental design involved the simian
immunodeficiency virus (SIV) pseudotyped with the
Sendai virus fusion protein (F), hemagglutinin, and
neuraminidase (HN). Preclinical trials showed that
CFTR gene transfer into the lungs using this vector
ensured more efficient transduction of human bron-
chial epithelial cells and the pulmonary epithelium of
mice in vivo compared to nonviral transfer and did
not trigger any immune response [33].

In 2017, Alton et al. analyzed the results of several
preclinical trials to select the most promising vector
type for initiation and planning of the first-in-man
CT using lentiviral transfer of the CFTR gene. A len-
tivirus vector rSIV.F/HN ensuring the expression of
functional CFTR with efficacy of 90—-100% in clinical-
ly relevant delivery devices was considered the lead
candidate. These data support the idea of using this
vector in the first CT in CF patients [33]. Yet the CT
has not been initiated, probably a clue that the vector
requires additional preclinical trials and proof of effi-
ciency as a CF gene therapy.
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Non-viral gene delivery using liposomes

and polymeric nanoparticles

The benefits of liposomal gene transfer include sim-
plicity in scaling up the final formulation of the prod-
uct and a size suitable for large DNA molecules. In
2015, one of the largest CTs, where pGM169/GL67A
liposomes were used for CFTR delivery, showed that
the product was safe in CF [67]. Safety with repeat-
ed administrations of the product was confirmed in
a later CT using pGM169/GL67A liposomes. It was
shown for the first time that gene therapy is capable
of slowing down the deterioration of the pulmonary
function in CF patients but that the relief was still in-
sufficient for researchers to recognize the therapy as
efficient [34].

In recent years, research efforts have been directed
toward increasing efficiency in liposome-based gene
delivery (Fig. 4). In particular, it was discovered that
the use of clinically relevant liposomal nanoparticles
(LNP) for the packaging and delivery of chemically
modified CFTR (cmCFTR) mRNA into the bronchial
epithelial cells of CF patients increased the quantity
of the CFTR localized on the membrane and restored
the function of chlorine channels [68].

In addition, intranasal administration of
LNP-cmCFTR resulted in restored Cltransport
in the airway epithelium of CFTR-KO mice for 14
days. CFTR functional activity reached its peak on
the 3rd day after transfection, which was supported
by a restoration of Clflux to 55% of that in healthy
mice. These results are comparable in efficiency with
Ivacaftor (CFTR modulator) and support the idea
of using LNP-cmCFTR to correct for CF and other
monogenic diseases [68].

There are also a number of polymer-based meth-
ods, including dense polyethylene glycol (PEG) coat-
ing of particles to ensure that they penetrate the
thick mucus layer in vitro and, thus, increase trans-
fection efficiency in the lungs of mice in vivo [69].
Also of interest is the use of biodegradable triplex-
forming peptide nucleic acids (PNA) binding to ge-
nomic DNA and forming PNA/DNA/PNA triplex-
es that can stimulate the restoration of endogenous
DNA. Delivery of these complexes, along with the
corrective gene, results in site-specific gene correc-
tion [70]. In this case, introduction of the donor DNA
in vivo into nasal sinuses and the lungs of homo-
zygous AF508del mice caused significant mutation
correction in airway epithelium and mitigated the
course of the disease [71].

In addition, the first attempt at systemic introduc-
tion of the improved polymeric nanoparticles PNA
LNP carrying DNA-editing agents and characterized
by higher cell permeability and efficiency of mutation
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Fig. 4. LNP-cmCFTR delivery. Fig. adapted from [68]

correction was described. I/V administration of these
particles led to a more adequate biodistribution, with
particles accumulating in the airways and gastrointes-
tinal tracts of mice, and CFTR functions in epithelial
cells fully restored. This was the first successful case
of systemic introduction of nanoparticles as CF gene
therapy [72].

Antisense oligonucleotides

It is known that oligonucleotides and their com-
plexes have been used as therapeutic molecules for
the restoration of DNA modifications (DNA repair)
[73]. These oligomers, including RNA- and/or DNA-
nucleotides, are used for site-specific repair of defec-
tive DNA.

Recently, ProQR Therapeutics have completed two
CTs looking into the possibility of RNA-mediated
CFTR gene correction. Intranasal administration of
single-stranded antisense RNA (eluforsen, QR-010)
designed for specific binding to the F508del domain in
mRNA and the restoration of CFTR function in air-
way epithelium was used in the CTs. Preliminary in
vitro and in vivo studies in mice showed that QR-010
was able to quickly diffuse through the CF-like se-
cretion, presumably due to its small size and negative
charge. QR-010 remained stable even when combined
with conventional CF therapies and under bacterial
infection. On top of that, positive changes in chlo-
ride transport were observed [74—77]. The CT results
showed that QR-010 restored the CFTR function in
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homozygous CFTR-F508del patients: A clinically sig-
nificant improvement in the CFTR function, demon-
strated by stabilization of the Cl and Na transport pa-
rameters, was observed after three intranasal doses
for 4 weeks Cl and Na [78].

CONCLUSIONS

Using preclinical models and clinical trials in CF,
it has been shown that some advances have al-
ready been made in the use of gene therapy meth-
ods for the delivery of functional CFTR gene cop-
ies. Nevertheless, the problem of inefficient CFTR
gene delivery to bronchopulmonary airway epithe-
lial cells still stands. No optimal approach has yet
been found to ensure protein expression in epitheli-
al cells in the quantities required for a pronounced
therapeutic effect. It should be taken into account

that viral delivery of genetic material may natural-
ly trigger an immune response to the viral capsid
upon repeated administration and, thus, a reduced
therapeutic effect, while non-viral carriers possess
enough permeability to penetrate a thick mucus
layer. Despite the fact that there currently are no
FDA-approved CF gene therapies, the critical fac-
tors that hobble therapeutic efficiency have already
been identified and efforts have been initiated to
overcome them. Based on the data available, more
efficient delivery methods will appear, efficiency in
the penetration through the thick secretion layer
will increase, and the immune response to thera-
py will be minimized. The rapid developments in
gene engineering technology of recent years pro-
vide hope that etiotropic CF therapy will become a
reality in the near future. ®
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ABSTRACT Our genome consists not only of protein-coding DNA, but also of the non-coding part that plays a
very important role in the regulation of all cellular processes. A part of the non-coding genome comes with
non-coding RNAs (ncRNAs), and disruption of the functional activity of these RNAs may be associated with
oncogenesis in various cancer types. There exist two types of ncRNAs: small and long non-coding RNAs,
which are classified according to their transcript length. Long non-coding metastasis-associated lung adeno-
carcinoma transcript 1, MALAT1 RNA (NEAT?2), is a long non-coding RNA of particular interest. The afore-
mentioned transcript takes part in the regulation of numerous cellular processes and pathogenesis of differ-
ent malignant tumors, including breast tumors. This review focuses on experimental and clinical studies into
the role of MALAT1 in carcinogenesis and the progression of breast cancer.

KEYWORDS MALAT1, NEAT?2, breast cancer, long non-coding RNAs, carcinogenesis.

ABBREVIATIONS snRNA - small nuclear RNA; BC - breast cancer; TNBC - triple-negative breast cancer;
EMT - epithelial-mesenchymal transition; Asv-MALAT1 — small variant MALAT1; ER1 — estrogen receptor 1;
MALAT1 - metastasis-associated lung adenocarcinoma transcript 1; mascRNA — MALAT1-associated small
cytoplasmic RNA; MMTV-PyMT — mouse mammary tumor virus-polyomavirus middle T-antigen; ncRNA -

non-coding RNA; sh-MALAT1 - short hairpin RNA; siFALAT1 — MALAT1 small interfering RNA.

INTRODUCTION

Breast cancer (BC) remains one of the most common
malignant tumors affecting women [1]. Breast cancer
is highly heterogeneous, which makes it different in
how sensitive it is to therapy, its prognosis and risk
of metastatic spread and recurrence, thus, reducing
treatment effectiveness. Therefore, personalized pre-
operative therapy moves to the forefront in breast
cancer patients [2]. Molecular markers for breast can-
cer such as tumor cell membrane receptors, the p53
protein, antigen Ki-67, the BRCA1 and BRCAZ2 genes,
various microRNAs, etc. are currently well-under-
stood, which allows one to classify tumors and pre-
dict treatment outcome [3]. Five molecular biological
subtypes of breast cancer are recognized today: ER*
luminal A breast cancer (HER2-negative, low Ki-67
expression (< 20%), and high progesterone receptor
(PR) level (= 20%)); HER2-negative luminal B breast
cancer: ER*, HER2-, one of the following factors is
present: high Ki-67 expression (= 30%) or low PR lev-
el (< 20%); HER2-positive luminal B breast cancer:
ER-positive, HER2-positive, any level of Ki-67 expres-
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sion, any PR level; HER2": HER2*, ER- and PR, any
level of Ki-67 expression; and triple negative breast
cancer (TNBC): ER, PR, HER2 [4]. However, almost
no target is effective in triple-negative breast cancer.

The advances in genome sequencing technology
have revealed that, along with protein-coding RNAs,
the human genome encodes nontranslating (non-cod-
ing) RNAs (ncRNAs) constituting most of the genome
(~ 98%) [5]. Non-coding RNAs are involved in genet-
ic and epigenetic regulation; therefore, their func-
tions and participation in tumor progression are being
currently vigorously studied [6]. ncRNAs are subdi-
vided into small (micro-) and long non-coding RNAs
(miRNAs and IncRNAs, respectively). Long non-cod-
ing RNAs, which perform many different functions
in the cell and take part in various processes, are of
particular interest [6, 7]. The functions of 2% of In-
cRNAs have been identified thus far. There are three
categories of functions performed by IncRNAs. They
act as signaling molecules, regulate transcription by
participating in the assembly of RNA polymerases in
the enhancer domain, initiate RNA cleavage, and are
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Fig. 1. Scheme of the synthesis of MALAT1 long non-coding RNA in a cell

associated with pluripotency and cellular reprogram-
ming. IncRNAs act as miRNA traps or guides bind-
ing proteins and delivering them to the regions where
they become involved in the trans- and cis-regulation
of gene expression by binding to DNA:RNA heterodu-
plexes or RNA:DNA:DNA triplexes and interact with
Polycomb group and Trithorax group proteins, thus
preventing them from performing histone modifica-
tion and exerting any degree of epigenetic regulation
and chromatin remodeling. IncRNAs initiate the as-
sembly of the RNA complexes that act as protein as-
sembly sites and control the protein function under
stress conditions [6, 8—12]. MALAT1 RNA associated
with metastatic lung adenocarcinoma is one of the in-
teresting IncRNAs [13].

MALAT1 LONG NON-CODING RNA

MALAT1 RNA was first discovered when studying
gene expression in metastatic non-small cell lung can-
cer (NSCLC) [13]. MALATI, also known as NEAT2

(nuclear-enriched abundant transcript 2), resides in
the nucleoplasm in nuclear speckles (structures per-
forming various functions, the main one being the reg-
ulation of pre-mRNA splicing and transcription) [14].
The intronless MALAT1 gene localized in the 11q13.1
locus encodes the ~ 8700-nt-long transcript [15, 16].
The MALATI1 gene is located in a region character-
ized by a high density of genes with very high syn-
thetic evolutionary conservation [17]. Thus, a unique
feature of MALATI is that its nucleotide sequence is
conserved (in vertebrates, the overall conservation of
the 3’-terminal sequence is > 50% and 80%) [18]. The
MALAT1 transcript usually has a long half-life: it re-
mains stable for 16 h in human B cells and for 9-12 h
in tumor cells [19]. The half-life of MALAT1 is longer
than that of other IncRNAs, probably because of the
triple helical structure present on its 3’-end [20].
MALATI1 is transcribed by RNA polymerase II
from the long arm of human chromosome 11 (11q13)
(Fig. 1). Formation of this IncRNA depends on tRNA
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Fig. 2. The main functions of MALAT1 long non-coding RNA

processing that produces two non-coding RNAs from
the same locus, which reside in different subcellular
compartments and perform different functions [21].
The RNase P endonuclease recognizes this tRNA-like
structure and cleaves it to simultaneously generate
the mature 3-end of the MALATI long transcript and
the 5-end of the tRNA-like small RNA. Additional
enzymes, which are involved in tRNA biogenesis, in-
cluding RNase Z and the CCA-adding enzyme, then
process small RNA to form the 61-nt-long mature
transcript known as mascRNA (MALAT1-associated
small cytoplasmic RNA). Once the MALAT1 primary
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in acell

transcript is processed, mascRNA is exported to the
cytoplasm while the long transcript remains in the
nucleus in the form of nuclear speckles [22].
MALAT1 long non-coding RNA accumulates in the
nucleus, where it plays a crucial role in cancer pro-
gression and the formation of nuclear paraspeckles.
MALATI1 has many different functions (Fig. 2): it
(1) acts as a nuclear scaffold at the speckle periphery
for trans-acting protein factors such as SR proteins,
leading to the modulation of pre-splicing and alterna-
tive splicing; (2) is involved in the post-transcriptional
regulation of the genes associated with cellular motil-
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ity [23]; and (3) participates in the regulation of many
processes, together with microRNAs [24-27], as well
as in epigenetic regulation; e.g.,, MALAT1 binds to the
promoter of the EEF1A1 gene encoding eukaryotic
translation elongation factor 1 alpha 1 (EEF1Al), re-
sulting in the methylation of histone H3 [28].

Not only does MALAT1 play a regulatory role,
but it also participates in various signaling pathways
(e.g., in the TGF-B/Smad and p53 pathways) [11, 29].
Interestingly, MALAT1 can bind to other ncRNAs and
pre-mRNAs, mostly exclusively through mediator
proteins, and bind to chromatin exclusively within the
region of actively spliced genes [14].

Alternative splicing is also worth mentioning:
changes to it are increasingly often recognized as a
potential pathogenic mechanism of carcinogenesis.
Alternative splicing is the post-transcriptional mech-
anism that enhances the transcriptome complexity
by expressing many of the different mRNAs of in-
dividual genes, thus potentially generating different
protein isoforms [30]. The screening of the Database
of Expressed Sequence Tags (dbEST) undertaken by
Meseure et al. discovered Asv-MALAT1 (the small
variant MALAT1 transcript), which was the main
product of the alternative splicing of MALAT1. Breast
tumors are mostly characterized by low Asv-MALAT1
expression levels [31].

THE ROLE OF MALAT1 IN BREAST CARCINOGENESIS

It is exciting to study the role played by MALAT1 in
carcinogenesis, because this RNA is involved in the
regulation of numerous cellular processes. Thus, ex-
pression of the MALAT1 transcript is unstable in pa-
tients with different types of cancer and in tumors of
different localizations [32]. MALAT1 was first found
to be involved in carcinogenesis in patients with non-
small cell lung cancer and was shown to be associated
with a higher risk of metastatic disease and unfavora-
ble outcome in patients with squamous cell cancer
and adenocarcinoma of the lung [13]. Weber et al. [33]
suggested that the serum level of MALATI in lung
cancer patients could be a potential biomarker for
this disease. Moreover, MALAT1 overexpression is
observed in human hepatocellular carcinoma, breast
cancer, pancreatic cancer, and colorectal cancer cells
[32]; it is also involved in the expression regulation
of some genes associated with metastatic ability [10,
34] and tumor progression in breast cancer patients
[27]. According to Liu et al. [35], MALAT1 expres-
sion is positively correlated with metastatic lung can-
cer and negatively correlated with disease progno-
sis; it is an important prognostic marker for patients
with NSCLC. The data on MALAT1 involvement in
tumor processes have aroused a keen interest in stud-

ying the oncogenic role of MALAT1 and its involve-
ment in metastatic breast tumor. Thus, it has been
established that MALAT1 plays a critically important
role in the regulation of transcription and the cell cy-
cle, epigenetic regulation, as well as in the inflamma-
tion and metastatic processes in tumor (Fig. 2) [36].
MALAT1 affects the initiation and progression of tu-
mors of various localizations, including laryngeal can-
cer, cancer of the laryngopharynx, as well as thyroid,
esophageal, lung, liver, and ovarian cancers [37—40].
Therefore, MALATI1 is among the key factors con-
tributing to the regulation of the molecular pathways
that lead to phenotypic manifestations of cancer [16].
Below, the role of MALATI1 in breast cancer will be
discussed in more detail.

In vitro studies

The mechanisms causing cell migration and invasion
and research into the metastatic cascade in breast
cancer patients are of significant interest. Many stud-
ies have confirmed that MALAT1 is involved in the
regulation of cells’ migration and invasion ability.
MALAT1 was previously reported to regulate the pro-
liferation of cervical and gastric cancer cells, as well
as their cisplatin resistance through the PI3SK/Akt
pathway [41, 42]. The epithelial-mesenchymal tran-
sition (EMT) of tumor cells is one of the first steps
in metastatic spread [43]. Xu et al. [23] studied the
role of MALAT1 in EMT in breast cancer patients
and found that MALAT1 promotes in vitro migration
and invasion of breast cancer cells (MDA-MB-231,
MDA-MB-453, MCF10A, SK-BR-3, and BT549); the
lower MALAT1 expression level is associated with
metastatic breast cancer; i.e., MALATI1 acts as an
EMT inducer by activating the PI3K-Akt pathway
[23]. Similar findings were also made by Wu et al.
[44], who demonstrated that the PI3K/Akt pathway
mediating FOXO1 binding to the MALAT1 promoter
can be the mechanism through which MALAT1 induc-
es EMT and reduces the trastuzumab sensitivity of
HER2* breast cancer cells [44]. A distinctive feature
of this study was that MALAT1 expression was eval-
uated in seven breast cancer cell lines that included
cell lines of the ER*/HER2-, ER*/HER2*, ER/HER2",
and TNBC subtypes. Among these cell lines, the high-
est MALAT1 expression level was detected in met-
astatic triple-negative breast cancer cells and tras-
tuzumab-resistant HER2* cells [44]. Cell cultures of
triple-negative breast cancer (MDA-MB-231, primary
TNBC cells, Hs578T, and HCC1806) were character-
ized by lower MALAT1 levels compared to ER* cells
(MCF-7, primary ER* tumor cells, and T-47D) [27, 45,
46]. It was found that metastasis-associated MALAT1
overexpression can be negatively correlated with the
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expression of the Nisch product, a tumor suppressor
protein whose expression is downregulated in breast
cancer patients [47]. In 231-GFP-Nisch cell cultures
(MDA-MB-231 with Nisch overexpression), Nisch ex-
pression levels are associated with the MALAT1 ex-
pression levels: knockout of the Nisch gene transcript
in these cells increases their proliferation and migra-
tion [47].

Zhang et al. [48] showed that tumor cells secrete
MALAT1I in recipient cells in order to regulate the
proliferation of receptor cells in the tumor microenvi-
ronment. MALAT1 expression levels in breast cancer
cells are significant: MDA-MB-231 exosomes substan-
tially increase the proliferation of MDA-MB-231 and
ZR-75-1 cells; however, exosomes from MDA-MB-231
cells treated with MALAT1-siRNA (small interfering
RNA or siRNA targeting MALATI1) reduce cell pro-
liferation in breast cancer patients. Earlier, Jin et al.
[45] showed that MALATI1 in TNBC cells suppresses
cells’ proliferation and invasion ability and triggers
apoptosis, which is achieved through reverse regu-
lation of the miR-1 RNA transcriptome and its tar-
get protein promoting epithelial-mesenchymal transi-
tion, Slug [45]. The mechanism of functioning of this
process has been described more thoroughly for the
MDA-MB-231 and MCF-7 cultures, using the plasmid
transfection method. MALAT1 overexpression en-
hances cells’ migration and invasion ability by binding
to miR-1 and reducing the level of Cdc42, the protein
involved in EMT [26]. Furthermore, it was revealed
using siMALAT1-mediated inhibition of MALATI and,
conversely, by inserting the MALAT1 overexpression
vector into a breast cancer cell line that MALAT1 ex-
pression directly affects the expression of miR-124, a
microRNA associated with the suppression of breast
cancer progression and that MALAT1 overexpression
suppresses the inhibitory effect of miR-124 on breast
tumor growth, thus increasing its size [25].

For the culture of 4T14T1 cells, the highly meta-
static breast cancer cell line derived from spontane-
ous mammary tumor in BALB/c mice, Li et al. [49]
discovered a new mechanism through which MALAT1
could participate in the regulation of EMT in mam-
mary tumors. The transcript was shown to exhib-
it pro-inflammatory activity and be able to regulate
the lipopolysaccharide-induced inflammation and cel-
lular EMT. An antisense transcript of the MALATI
gene, transcribed from the opposite strand and named
TALAM]1, was also discovered [50]. Having conducted
their own study based on this discovery, Gomes et
al. showed that overexpression of these transcripts is
typical of breast cancer cell lines and that there ex-
ists a positive correlation between their expression
levels in the studied cell lines. MALAT1 and TALAM]1
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work together: TALAMI1 mediates MALAT1 activity
in the presence of TGF-f3 cytokine [51], a well-known
EMT inducer. Nevertheless, it is rather difficult to as-
sess the effect of MALAT1 on cells’ metastatic abil-
ity, since different authors have provided different
descriptions of this mechanism. The main reasons for
the lack of consistency in the data on MALAT1 ac-
tivity are still to be identified. Differences in the re-
sults obtained for tumor cell cultures can probably
be assigned to the features of protein expression in
different types of cells, as well as to the fact that
the MALAT1 transcript forms complexes with differ-
ent proteins, thus causing opposite effects [47]. Other
plausible explanations include the use of cell lines
having different genetic backgrounds or differences
in culture conditions.

It is notable that the effect of MALATI1 on cell
function was uncovered in studies using the A549
lung cancer cell line. A549 cells were transfected with
MALATI1 siRNA1 and MALAT1 siRNA2; the con-
trol cells were transfected with control siRNA1l and
siRNA2, respectively. MALAT1 knockdown by siRNA
reduced MALAT1 levels by 70-80%, which signifi-
cantly affected cell motility (this parameter decreased
compared to that in the cells transfected with control
siRNA). In addition, MALAT1 knockdown reduced the
cell migration rate. However, no effect on cell prolif-
eration was observed [52].

In vivo studies using model objects

The in vivo functions of MALATI1 have mainly been
studied by xenotransplantation of human tumors or
cell cultures into thymus-deficient mice. The in vit-
ro studies in cell cultures and studies using tumor
xenografts have revealed the contradictory effects of
MALATI on tumor cell growth and invasion. Targeted
inactivation of the MALATI1 gene in a breast cancer
model in transgenic mice without altering the expres-
sion of neighboring genes was shown to promote lung
metastasis, and this phenotype can be reversed by ge-
netic insertion of MALAT1. Identically, MALAT1 knock-
out in human breast cancer cells confers metastatic
ability, which is eliminated by MALATI re-expression
[53]. Furthermore, MALAT1 stimulates mammary tu-
mor growth: transfecting siMALAT1 into MDA-MB-231
and ZR-75-1 cell cultures suppressed the prolifera-
tion ability of cells, whereas subcutaneous injection
of transfected tumor cells to mice also reduced tumor
growth rate and size [48)]. According to the results ob-
tained for cell cultures (MALAT1 knockdown resulted
in inhibition of the proliferation and invasion ability
and triggered apoptosis in TNBC cell cultures), Jin et
al. [45] subcutaneously injected MALAT1 knockout tu-
mor xenografts to mice and obtained similar results:
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tumor growth was inhibited; tumor size decreased,
MALATI1 hypoexpression triggered apoptosis of tumor
cells and reduced their proliferation rate and the num-
ber of Ki-67-positive cells in the tumor. In a model of
xenografts with siMALAT1, an influenced miR-124 in-
hibitor and miR-124+ inhibitor showed that MALAT1
overexpression is associated with CDK4 expression and
cell proliferation, all controlled by the CDK4/E2F1 sig-
naling pathway in breast cancer [25]. It is also worth
noting that Yang et al. developed a mouse tumor xen-
ograft model for detecting the MALAT1 function in
HER2" breast cancer: MALAT1 expression was sig-
nificantly upregulated in HER2* breast cancer both in
cells and in tissues. MALAT1 silencing suppressed the
proliferation of HER2* breast cancer cells. The results
seemed to suggest that MALAT1 could be a potential
biomarker and a therapeutic target in HER2" breast
cancer [54].

Several studies have addressed the feasibility of
targeting MALAT1 in order to improve the treatment
of malignant neoplasms. Research into RNA thera-
py currently allows one to design RNA-based ther-
apeutics, namely, antisense oligonucleotides (ASOs),
which are small sequences complementary to mRNA
carrying information about the protein under study,
which can inhibit its synthesis [55]. Examination of
the role of MALATI in breast cancer progression in
the MMTV (mouse mammary tumor virus)-PyMT
model showed that MALATI1 knockdown subcuta-
neously delivered ASO and reduced the metastasis
rate. MALAT1 knockdown (20-80%) was achieved in
mice injected with MALAT1-specific ASO1 or ASO2
compared to control mice that received the scram-
bled ASO (ScASO) control. The tumor growth rate
was also reduced by 50% in mice in the experimental
group compared to that in control mice injected with
ScASO [56].

In vivo studies in breast cancer patients

The published data suggest that MALAT1 utilizes dif-
ferent mechanisms for different molecular subtypes
of breast cancer [2]. MALAT1 expression is upregu-
lated in patients with TNBC, and those with elevat-
ed MALAT1 expression levels have a poor overall
survival chance. Thus, Samir et al. investigated not
only MALAT1 IncRNA, but also the X-inactive specif-
ic transcript (XIST). They successfully demonstrated
that although miR-182-5p exhibited oncogenic activi-
ty, XIST had a preponderant effect on the regulation
of the PD-L1 signaling pathway by inhibiting the on-
cogenic function of MALAT1 [57]. This fact can ex-
plain the findings obtained by Xiping et al. showing
that MALAT1 suppression downregulates PD-L1 ex-
pression. This study demonstrated that MALAT1 gene

editing can efficiently suppress the proliferation and
invasion ability of triple negative and HER2* breast
cancer cells [2]. MALATI1 expression levels are much
higher in TNBC samples than they are in HER2*
breast cancer samples. Lin et al. [32] showed that the
downregulated or absent expression of MALATI is
typical mostly of normal tissue, while MALAT1 over-
expression is characteristic of breast, pancreatic, liver,
lung, colorectal, and prostate cancers. MALAT1 mRNA
expression proved also significantly upregulated in
breast cancer tissues. These results are consistent with
the findings made in earlier studies demonstrating
that MALAT1 IncRNA can also promote cell prolif-
eration and invasion in TNBC and lung cancer [57].
It follows from these data that MALAT1 can be used
as a promising biomarker in the clinical diagnosis and
prognosis of aggressive breast cancer tumors. In other
words, it is clear that MALAT1 activation plays a cru-
cial role in breast carcinogenesis. However, it is inter-
esting to note that the serum levels of MALAT1 can
also be a potential diagnostic oncomarker of breast
cancer. In their in vitro study, Miao et al. showed that
suppression of MALAT1 IncRNA significantly inhibit-
ed the proliferation, migration, and invasion of breast
cancer cells, induced apoptosis and G1l-phase cell cycle
arrest, which has also been repeatedly shown in other
independent studies. Furthermore, the serum level of
MALATI in breast cancer patients was significantly
higher than in patients having benign breast condi-
tions (p < 0.001) [58].

On the other hand, when analyzing the RNA se-
quencing data (The Cancer Genome Atlas), Kim en-
countered the lowest MALAT1 expression levels in
more aggressive tumors; MALAT1 expression in
breast cancer cells was lower than that in normal tis-
sue. This finding contradicted the results reported in
other studies: in most cases, overexpression of the
MALAT1 transcript in breast cancer cells compared
to normal tissue was observed [25, 28, 45, 46, 59—61].
Kim et al. used the CRISPR-Cas9 genome editing
tool to achieve MALATI1 knockout and observed an
increased metastasis rate. Such differences in the re-
sults most probably had to do with the differences

in the approaches used to obtain MALAT1 knock-
down mice. Thus, according to the published data,
MALATI1 overexpression is observed in the tumors
of the ER+ and PR+ subtypes, as well as TNBC [27,
31, 46, 62]. Comparison of the expression levels of the
transcript in TNBC and HER2-enriched breast can-
cer cells revealed MALAT1 overexpression in triple-
negative cancer cells, which may be an indication that
MALAT1 expression is correlated with the metastatic
ability and that the differences are associated with
the mediated participation of MALAT1 in different
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cellular processes [2]. MALAT1 overexpression is be-
lieved to be associated with poor tumor differentia-
tion and resistance to hormone therapy [59, 62], while
low expression might be associated with the relatively
high five-year overall survival rate of breast cancer
patients [63].

CLINICAL SIGNIFICANCE OF MALAT1

Not only is MALAT1 usually overexpressed in differ-
ent types of cancer, but it also frequently undergoes
mutation. Some researchers have reported a high fre-
quency of mutations in the MALAT1 locus (e.g., trans-
location in MALATI in renal cell carcinoma and gas-
troblastoma cells is established) [17]. Today, there are
very few studies focusing on the association between
MALAT1 mutations and breast cancer progression and
the clinicopathological parameters of the tumor; so, it
remains an open question whether this gene is a driv-
er gene in breast carcinogenesis or not [64]. Kandoth
et al. reported a low rate (1.1%) of MALATI1 mutations
in breast cancer patients compared to other types of
malignancies [31, 65]. However, the genome-wide as-
sociation study of tumors collected from breast can-
cer patients conducted by Nik-Zainal et al. revealed
a high rate of MALATI mutations (single nucleotide
substitutions, insertions, and deletions), but it still re-
mained unclear whether these mutations were driver
mutations or resulted from the high tumor mutation
burden in this genomic region [66].

MALAT1 was shown to belong to the group
of genes of the luminal B breast cancer subtype:
MALATI1 mutations are associated with such clini-
copathologic parameters as a high tumor grade and
high Ki-67 expression level. MALAT1 deletions and
high frequency of insertion and deletion mutations
(that most likely had arisen during transcription)
were also observed in patients with the luminal sub-
types of breast cancer [67]. This study also mentioned
that MALAT1 mutations were unrelated to changes
in gene expression levels; they probably had arisen
during transcription as well [64]. The probability of
activating the oncogenic effect of MALATI1 on cells
can hardly be associated with gene amplification. This
conclusion was drawn by Meseure et al., since the
MALATI1 gene resides in the chromosome locus that
is rarely amplified [31]. According to our data [68], the
frequency of deletions in the locus where MALAT1
resides in luminal B breast tumors amounts to 18%.
Amplification at the 11q13.1 locus was observed in
10% of patients; in the vast majority of cases (72%),
tumor cells had a normal copy number at this locus
[68].

Furthermore, the MALAT1 IncRNA rs619586 poly-
morphism was shown to be associated with the re-
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sponse to platinum-based chemotherapy [69]. In the
dominant genotypic model, the presence of the wild-
type genotype (A/A) was found to be associated with
a high chance of responding to chemotherapy by pa-
tients with non-small cell lung cancer (OR 0.60; 95%
CI 0.36-0.97; p = 0.04), especially by patients younger
than 57 years (OR 0.49; 95% CI 0.24-0.98; p = 0.04),
males (OR 0.53; 95% CI 0.31-0.92; p = 0.02), smok-
ers (OR 0.46; 95% CI 0.24-0.89; p = 0.02), and pa-
tients with squamous cell carcinoma of the lung
(OR 0.24; 95% CI 0.10-0.60; p < 0.001) [69].

MALAT1 as a prognostic factor

According to the data reported previously, MALAT1
can be used as a promising biomarker in the clini-
cal diagnosis and prognosis of aggressive breast can-
cer. Findings on the MALAT1 expression level can
be a prognostic factor. An analysis of the data re-
ported in 14 studies revealed that MALATI1 overex-
pression was associated with poor patient survival
(HR = 1.95; 95% CI 1.57-2.41; p < 0.001) [48, 70, 71].
The low relapse-free survival rates associated with
MALATI1 overexpression were also characteristic of
patients with the ER-negative profile of tumor ex-
pression (HR = 2.83; 95% CI 1.02-7.83; p = 0.045) and
for the group of patients having the luminal sub-
types of breast cancer (ER+) and receiving tamox-
ifen therapy (HR = 2.56; 95% CI 1.04-6.0; p = 0.034)
[62]. Similar results were obtained for patients with
the TNBC and HER2* subtypes of breast cancer hav-
ing no lymphatic metastases; elevated MALAT1 levels
correlated with a worse prognosis [27]. Elbasateeny
et al. [72] arrived at a conclusion that not all TNBC
patients have a poor prognosis; patients negative for
one of the MALAT1 and BACH]1, or both, have a sat-
isfactory prognosis and so can be managed by breast
oncoplastic conserving surgery. These data can ex-
plain the inconclusiveness of the findings obtained
in independent studies. Later, Wang et al. conduct-
ed a meta-analysis, with special emphasis placed on
metastatic spread, and showed that MALAT1 over-
expression is associated with poor disease prognosis.
The relapse-free survival of breast cancer patients
with upregulated expression of this gene was lower in
95% of cases (HR = 1.97; 95% CI 1.25-3.09; p = 0.003),
and no association between MALATI1 expression and
lymphatic metastasis was detected (OR = 1.32; 95%
CI 0.34-5.21) [73]. However, for the TNBC and HER2"*
breast cancer samples, Xiping et al. revealed a posi-
tive correlation between the increased expression lev-
el of the MALATI transcript and the number of met-
astatic lymph nodes, as well as an inverse relationship
between its expression level and the relapse-free
survival rate of patients with the HER2* subtype of
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breast cancer [2]. A different effect was reported for
the metastasis-free survival rate of breast cancer pa-
tients: the decreased MALAT1 expression in these
patients was associated with worse survival rates
(HR = 0.81; 95% CI 0.67-0.99, p = 0.0420; HR = 0.65;
95% CI, p = 0.005) [23]. However, in this case, the con-
clusion was based on experimental results demon-
strating that MALAT1 acts as an EMT inducer in
breast cancer patients by activating the PI3K-Akt
pathway. Therefore, there is no direct evidence of cor-
relations between a low MALATI1 expression level
and a worse prognosis.

In addition, a recent meta-analysis showed that
high MALAT1 expression levels are associated with
the PR+ tumor profile (95% CI 1.18-1.82; p = 0.0006)
and, moreover, with decreased immune cell infiltra-
tion into the tumor, which may be one of the reasons
for the poor survival prognosis in breast cancer pa-
tients with MALAT1 overexpression [71]. Finally, we
would like to mention that Meseure et al. showed that
both the expression level of the full-length MALAT1
transcript and the expression level of the alternative-
ly spliced MALAT1 transcript (Asv-MALAT1) carry-
ing two deletions can be used as prognostic factors:
Asv-MALAT1 hypoexpression in the tumor was ob-
served in 19% of cases and was positively correlated
with a large tumor size, ER-negative, PR-negative,
triple-negative subtypes of breast cancer, and a poor
metastasis-free survival chance [31]. Hence, it is fair
to assume that alterations in gene expression affect
the direction of tumor progression.

Importantly, MALAT1 is also a prognostic mark-
er in human tumors of other localizations. Thus, ac-
cording to the results of a study of prostate cancer
cells resistant to enzalutamide (an antiandrogen used
in prostate cancer treatment), the MALATI1/AR-v7
axis (androgen receptor splice variant 7, AR) can be
a promising therapeutic marker. The relationship be-
tween the expression of AR-v7, which contributes to
the development of enzalutamide resistance, and the
MALATI1 expression has been emphasized [74]. The
expression levels of both genes in EnzR-PCa cells
(the enzalutamide-resistant cell line) were higher
than those in drug-susceptible cells. Administration
of MALAT1 siRNA and/or ASC-J9 (5-hydroxy-1,7-
bis(3,4-dimethoxyphenyl)-1,4,6-heptatrien-3-one) sup-

pressed the progression of EnzR-PCa tumor cells. AR
was shown to bind to androgen response elements
(AREs) on the MALAT1 promoter. This interaction
was inhibited in the presence of enzalutamide, thus
boosting the activity of the MALATI1 promoter. In
turn, MALAT1-siRNA inhibited AR-v7 expression
[74].

Hence, the MALAT1 expression level can be used
as a prognostic factor in breast cancer. The revealed
patterns give grounds for inferring that MALATI In-
cRNA may indeed be a good predictive marker for
selecting this treatment option.

CONCLUSIONS

An analysis of the role of IncRNAs in the carcinogen-
esis of different types of tumors appears to be impor-
tant, since new data on the principles of action of long
non-coding RNAs would reveal the role played by the
non-coding part of the genome in tumor pathogenesis,
as well as supplement our knowledge about potential
prognostic markers in cancer; breast cancer in partic-
ular. The metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), which was recently discov-
ered during a study of the mechanisms of metasta-
sis in lung cancer, is of interest. This RNA is involved
in numerous cellular processes such as transcription,
splicing, metastatic spread, cell proliferation, etc. It
can be inferred from a number of studies that a high
level of this transcript is a marker of a poor survival
likelihood for breast cancer patients and it can also be
involved in the regulation of the mechanisms of EMT,
invasion, and metastatic spread. For this reason, col-
lecting data on this ncRNA is important in the search
for more efficient methods to diagnose and treat ma-
lignant breast tumors. Further research into the func-
tions of MALAT1 will allow one to understand the
key mechanisms of tumor neoplasm initiation and
progression. @
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ABSTRACT Tumor cells have the capacity to create an adenosine-rich immunosuppressive environment, which
can interfere with antitumor immunotherapy. Approaches are currently being developed with a view to sup-
pressing the production of adenosine or its signals. Such approaches include the use of antibodies to inhibit
CD39, CD73, and adenosine-receptor antagonists. However, the abundance of enzymatic pathways that control
the ATP-adenosine balance, as well as the still poorly understood intracellular adenosine regulation, makes
the hoped-for success unlikely. In the present study, the enzyme adenosine kinase (ADK) needed to convert
adenosine to adenosine monophosphate, thereby regulating its levels, was investigated. To do so, peripheral
blood samples from patients with colorectal cancer (CRC) (n = 31) were collected with blood samples from
healthy donors (n = 17) used as controls. ADK gene expression levels and those of its long (ADK-L) and
short (ADK-S) isoforms were measured. The relationship between the levels of ADK gene expression and that
of CD39, CD73, and A2aR genes was analyzed. It turned out that in the group of CRC patients (stages III-IV),
the level of ADK-L, mRNA was lower (p < 0.0011) when compared to that of the control. For the first time, an
average correlation was found between the level of expression of CD39 and ADK-S (r = -0.468 at p = 0.043)
and between CD73 and ADK-L (r = 0.518 at p = 0.0232) in CRC patients. Flow cytometry was used to assess
the content of CD39/CD73-expressing CD8*, CD4* and Treg lymphocytes, as well as their relationship with
the level of ADK gene expression in CRC patients. But no significant correlations were found.

KEYWORDS adenosine kinase, ADK-S, ADK-L, CD39, CD73, CD8" T cells, CD4* T cells, Treg cells, colorectal
cancer.

ABBREVIATIONS ADK - adenosine kinase; ADK-L — long isoform of ADK; ADK-S — short isoform of ADK;
CD39 — ecto-nucleoside triphosphate diphosphohydrolase, ENTPD1; CD73 — ecto-5’-nucleotidase, 5’NT;
A2aR - adenosine receptor A2a; CRC — colorectal cancer.

INTRODUCTION

The role of extracellular adenosine in the tumor mi-
croenvironment has been sufficiently researched [1].
Adenosine can regulate the innate and adaptive im-
mune responses [2] by inhibiting the activity of the
effector component and stimulating the immunosup-
pressive component. Thus, extracellular adenosine
acts as a barrier for antitumor immunotherapy. The
therapeutic potential of enzyme blockade, specifical-
ly that of the ectonucleotidases CD39 (ectonucleoside
triphosphate diphosphohydrolase, ENTPD1) and CD73
(ecto-5’-nucleotidase, 5’NT) involved in ATP break-
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down to adenosine and inhibition of adenosine recep-
tors (primarily A2a) was demonstrated in preclinical
trials and is now being tested in oncological patients
in clinical trials I/IT [3]. However, the hoped-for effica-
cy, based on preclinical trials, is yet to be achieved [4].

Numerous pathways controlling the ATP-adenosine
balance still remain understudied. Approaches to the
blockade of the adenosine signaling pathway are usu-
ally developed with little attention paid to the intra-
cellular adenosine regulation. Aside from the “classi-
cal” extracellular adenosine synthesis pathway from
ATP by ectonucleotidases CD39-CD73, recent discus-
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sions have tended to focus on the role of the alterna-
tive pathway involving extracellular nicotinamide ad-
enine dinucleotide (NAD") in cancer progression [5];
so, a study into other adenosine metabolism compo-
nents in developing tumors seems relevant.

The adenosine content is regulated by adenosine-
converting enzymes; i.e., adenosine kinase (ADK) and
adenosine deaminase [6, 7]. ADK adds a phosphoric
acid residue to adenosine and converts it into AMP.
Adenosine deaminase removes amino groups from
adenosine molecules, with inosine as a by-product. On
top of that, the adenosine level may be regulated by
the way it is delivered to the extracellular space by
bidirectional nucleotide transporters.

Of special interest here is adenosine kinase regu-
lating the availability of adenosine while also being
involved in complex homeostatic and metabolic net-
works [8]. The balance between adenosine and ADK
is strictly maintained in healthy cells, while changes
in enzyme expression lead to various degrees of acti-
vation of adenosine receptors, which often determines
the role of ADK in the development of the pathology
[9]. Apart from purine metabolism, ADK is also in-
volved in the regulation of transmethylation. A rela-
tionship between ADK expression and DNA methyla-
tion has also been demonstrated. The use of specific
ADK inhibitors may reduce the global DNA meth-
ylation level in HeLa cells in a dose-dependent fash-
ion [10]. Human ADK is represented by two isoforms
with different molecular masses and, presumably,
functions. The short isoform ADK-S localized in the
cytoplasm ensures routine metabolic removal of ade-
nosine under normal conditions by means of its phos-
phorylation into AMP. The key function of ADK-S is
to regulate the level of extracellular tissue adenos-
ine. The long isoform ADK-L localized in nuclei has
a direct biochemical link to S-adenosylmethionine-
dependent transmethylation pathway-controlling DNA
and histone methylation. High levels and degree of
activity of ADK-L are associated with increased glob-
al DNA methylation [1].

The role of ADK in carcinogenesis is poorly stud-
ied. The available data [10—15] suggests that there is a
potential role for ADK in the development of colorec-
tal cancer (CRC) [14], as well as breast [15] and liver
cancer [12]. Other evidence of possible ADK involve-
ment in tumor development includes the relationship
between ADK and angiogenic activity and cellular
proliferation during ontogenesis, as well as the chang-
es in ADK expression in tumor tissue and its associa-
tion with epigenetic regulation [8].

CRC is a common malignant disease and a ma-
jor cause of cancer-related deaths. The adenosinergic
pathway closely related to adaptive immunity sup-

pression plays a significant part in CRC pathogen-
esis [16]. However, the relationship between ADK and
immune mechanisms in CRC has not been proper-
ly studied. Given that, the goal of the present pa-
per was to study the mRNA levels in ADK, ADK-L,
and ADK-S and their relationship to the contents of
CD39/CD73-expressing T cells in the peripheral blood
of CRC patients.

EXPERIMENT

The test material included vein blood samples col-
lected into tubes with K3EDTA. In the present study,
31 blood samples from patients with colon adenocar-
cinoma 65 * 12.4 years were analyzed. All patients
were diagnosed through clinical investigations with
histological confirmation. Their clinical characteris-
tics are presented in Table 1. The inclusion criteria
were age of over 18 and large colon cancer as a con-
firmed diagnosis. The exclusion criteria were neoad-
juvant therapy administration and reports of autoim-
mune and inflammatory diseases in the recent three
months. We also analyzed 17 blood samples from
healthy donors of comparable age (56.10 = 17.70) as
the controls. The study was carried out in compliance
with the requirements of the Declaration of Helsinki
and approved by the Medical Ethics Committee of
the Ministry of Healthcare and Social Development
of the Republic of Karelia and Petrozavodsk State
University (protocol No. 25 dated February 12, 2013).
All participants gave their informed consent in writ-
ing prior to inclusion in the study.

Table 1. Patient characteristics

Parameter CRC patients | Healthy donors
Sample size 31 17
M 11 (35.5%) 6 (35.3%)
Sex
F 20 (64.5%) 11 (64.7%)
Median age (min—max)| 65.0 (45-78) 55.0 (28-79)

1-2 16 (51.6%)

CRC stage -
3-4 15 (48.3%)
G1 3 (9.7%)
Tumor grade G2 23 (74.2%) -
G3 5 (16.1%)
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Table 2. The nucleotide sequences of the primers used in this study

Primer’ = 3’
Gene
Forward Reverse

ADK TTACTACGAGCAGAATGAGCAG TGGCAGCAGCAAGATTAGC
ADK-L TGTAGAGCCAAAGTGGGGTG GCCTCCACCTTCAGCTTTTTG
ADK-S AAGCAGTTGCTGTGGTACCTG AGCAGAGGATTTCCCATTCCA
A2AR CTTGGGTTCTGAGGAAGCAG CAGCAGCTCCTGAACCCTAG
CD39 AGCAGCTGAAATATGCTGGC GAGACAGTATCTGCCGAAGTCC
CD73 ATTGCAAAGTGGTTCAAAGTCA ACACTTGGCCAGTAAAATAGGG
GAPDH GGTGGTCTCCTCTGACTTCAACAG GTTGCTGTAGCCAAATTCGTTGT

Gene expression analysis

The total RNA was isolated from the blood us-
ing TRIzol LS reagent (ThermoFisher Scientific,
the United States), DNA contamination was removed,
and the samples were treated with DNase I (Lucigen,
the United States). The quantity and quality of the ob-
tained RNA was assessed using SmartSpec Plus spec-
trophotometer (Bio-Rad, the United States). Synthesis
of ¢cDNA was performed using random hexaprimers
and reverse transcriptase MMLV (Evrogen, Russia).
Amplification of the cDNA and analysis of the amplifi-
cation products with real-time PCR was run using the
master mix with a SYBR Green I intercalating dye
(Evrogen, Russia), in accordance with the manufactur-
er’s manual on the iCycler amplifier with an iQ5 opti-
cal system (Bio-Rad, the United States), in duplicates
with no template control. Expression of the genes of
interest was normalized to the expression of the refer-
ence gene GAPDH. The primers used for the expres-
sion assessment of the genes ADK, ADK-L, ADK-S,
A2AR, CD39, and CD73 (Syntol, Russia) are presented
in Table 2. The optimal annealing temperature was de-
termined by temperature gradient setup. The protocol
for ADK, ADK-L, and ADK-S was as follows: cDNA
denaturation for 5 min, at 95°C; 40 cycles: denatur-
ation at 95°C, 30 s; annealing at 61°C, 30 s; elongation
at 72°C, 30 s. The protocol for A2AR, CD39, and CD73
was as follows: cDNA denaturation for 5 min, at 95°C;
40 cycles: denaturation at 95°C, 30 s; annealing at 64°C,
30 s; elongation at 72°C, 30 s. PCR specificity was con-
trolled by analyzing melting curves. Relative gene ex-
pression levels were calculated using the 2-24¢* method,
where Ct is the threshold cycle and ACt is the differ-
ence between the threshold cycle values for the refer-
ence and target genes. The total gene expression level
was calculated with respect to the control (healthy do-
nors), with the expression level of each gene of inter-
est in the control taken as 1. The data are presented in
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per-unit notation and calculated as the mean value *
standard error (M = SE).

Flow cytometry

The whole blood samples were stained with antibod-
ies and incubated for 20 min at room temperature in
the dark in accordance with the manufacturer’s pro-
tocol. RBCs were lysed by BD FACS Lysing Solution
(BD Biosciences, the United States). In the present
study, the following monoclonal antibodies were used:
CD3-PC5 (UCHT1 clone), CD4-FITC (OKT4 clone),
CD4-PC7 (OKT4 clone), CD8-PC7 (RPA-T8 clone),
CD25-PC5 (BC96 clone), CD127-PC7 (EBIORDRb5
clone), CD73-PE (AD2 clone), CD39-PE (EBIOA1
clone), CD39-FITC (EBIOA1 clone) (eBioscience, the
United States), as well as the respective isotype con-
trols. All events were acquired using a Cytomics
FC500 cytometer (Beckman Coulter, the United
States). At least 30,000 events per sample were ana-
lyzed in the lymphocyte gate based on forward and
side scatter. The data were presented as M = SD.

Statistical analysis

The statistical processing and parameter calculation
were performed using the GraphPad Prism v.7 soft-
ware. The significance of the differences between the
quantitative parameters was calculated using the non-
parametric Mann—Whitney test. The differences were
considered significant at p < 0.05. The correlation be-
tween parameters was estimated using Spearman’s
test.

RESULTS

Expression level of adenosine kinase mRNA

in the peripheral blood in CRC patients

The data on ADK gene expression in CRC tissue are
available in the literature [14], but it is yet to be stud-
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ied how the ADK gene and its isoforms are expressed
in the peripheral blood of CRC patients and how
it is related to the clinical signs of the disease. We
have estimated the relative content of mRNA of the
ADK gene and its isoforms in the peripheral blood of
CRC patients. The comparison of CRC patients with
healthy donors showed a reduced ADK-L mRNA lev-
el (p = 0.002) in CRC. No differences from the con-
trol group were observed in the mRNA contents for
the ADK gene and ADK-S isoform. Blood samples
from patients with CRC stages III-IV showed re-
duced ADK-L mRNA levels (p < 0.001) as compared
to healthy donors (Fig. 1). Meanwhile, no significant
differences were observed in ADK-L mRNA levels
between patients at early stages (I-II) and the con-
trol group. Finally, mRNA contents for the ADK gene
and ADK-S isoform in the blood samples of CRC pa-
tients at both early and late stages were close to those
in healthy donors.

In this study, the relationship between the mRNA
levels of the gene of interest and the clinical signs of
the disease was analyzed. A moderate negative cor-
relation was established between the ADK-L mRNA
content and tumor size (T2-T4), with a value of 0.508
at p = 0.038. However, no significant correlation was
found between the ADK-L mRNA level and the dis-
ease stage. The differences in the ADK mRNA levels
in CRC patients with and without distant metasta-
ses (M0-M1) or metastases to regional lymph nodes
(NO-N2) were not statistically significant.

The extracellular adenosine level is regulated by
the enzyme network, with the CD39 and CD73 ec-
tonucleotidases playing a major part in carcinogen-
esis [17]. It has been demonstrated that the periph-
eral blood of CRC patients shows an increased CD39
mRNA level, whereas the CD73 mRNA level remains
the same as that in healthy donors [18]. We have ana-
lyzed the relationship between the relative expres-
sion of the genes CD39, CD73, and A2AR and the
expression of the ADK gene and its isoforms in the
peripheral blood of CRC patients. This has yielded
new data on a correlation between gene expression
levels: a negative correlation appears to exist between
the ADK-S and CD39 mRNA levels. A positive cor-
relation was identified between the ADK-L and CD73
mRNA levels (Table 3).

Relationship between the ADK gene expression
level and CD39%/CD73* T cell content

The established relationship between the mRNA lev-
els for the ADK and CD39/CD73 ectonucleotidases
in the peripheral blood implies that there is a rela-
tionship between ADK and CD39/CD73 expressing
immune cells. The balance between CD8* and CD4"
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Fig. 1. Changes in the relative level of mRNA of the ADK,
ADK-S, ADK-L genes in the peripheral blood leukocytes
of CRC patients if compared to healthy donors. The rela-
tive level of control mRNA was taken as 1. The normaliza-
tion was performed according to GAPDH-gene mRNA

Table 3. Correlation coefficient values between mRNA
levels for the ADK gene and its isoforms ADK-S and ADK-L
and mRNA levels for the CD39, CD73, and A2AR genes in
CRC patients

mRNA ADK ADK-S ADK-L
level
Ty p g P Ty p
A2AR -0.284 0.21 0.02 0.9346 | 0.406 | 0.0843
CD39 -0.038 | 0.097 | -0.468 | 0.043 | -0.329 | 0.168
CD73 -0.033 | 0.889 | -0.16 | 0.511 | 0.518 | 0.0232

Note. Statistically significant parameters are highlighted in
bold.

effector T cells and immunosuppressive regulato-
ry T cells (Treg) is the key parameter of the antitu-
mor immune response. Similarly to many other cells,
these lymphocytes are sensitive to the adenosine ef-
fect primarily mediated by the A2aR adenosine re-
ceptor and may be involved in adenosine production
through the expression of the CD39 and/or CD73 on
their surfaces [3]. To probe for a relationship between
the ADK expression level and the number of T cells
involved in adenosine generation, the relative contents
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of CD39%/CD73* effector T cells (CD4* T helpers and
CD8* cytotoxic cells) and suppressive Treg cells were
analyzed in CRC patients (n = 20) and healthy donors
(n = 17) (Fig. 2).

CD39-positive cells prevailed in Treg cells in both
healthy donors and CRC patients, whereas CD73 ex-
pression was more characteristic of CD8" T cells
(Fig. 3). The same observations have been made by
other authors [19]. Since the population of CD4" ef-
fector T cells includes 3—5% of Treg cells character-
ized by increased CD25 expression, the CD4*CD257"
phenotype was analyzed to exclude the contribution
of Treg cells to CD39/CD73 expression by T helpers.

It was discovered that about 64% of all Treg cells
in the blood of CRC patients were CD39", which
was at significant variance with the Treg cell fre-
quency in the blood of healthy donors (p = 0.0008),
where CD39* cells only accounted for 42% of all Treg
cells. Significant differences were also observed for
CD4*CD39* T helpers (p = 0.037). The population of
CD8" T cells in CRC patients showed a reduced fre-
quency of CD73-positive cells (p = 0.024). The fre-
quency of CD73* Treg cells, CD73"CD4* T cells, and
CD39*CD8* T cells in CRC patients was no different
from the control.

To estimate the correlation between ADK and the
CD39*/CD73* T cell frequency, we analyzed the pos-
sible relationships between the mRNA levels for ADK
the gene and its isoforms ADK-L and ADK-S and the
frequency of CD39/CD73-expressing T cells in the pe-
ripheral blood of CRC patients: no statistically signifi-
cant correlations were found (Table 4).

DISCUSSION

The adenosinergic pathway has gained in interest as
a promising target for antitumor therapy. The key ac-
tors in this pathway — CD39/CD73/A2aR — show in-
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Fig. 2. CD39* and CD73* T cells frequency in the periph-
eral blood samples of CRC patients and healthy donors

creased expression levels and activity in tumor tissue
and are often associated with clinical signs of the dis-
ease and unfavorable prognosis in some cancer types
[17]. Clinical trials produced a preliminary optimal
safety profile for the A2aR and CD73 blockers and
showed an increased overall response rate to them
[4, 20]. Nevertheless, the positive results achieved
through both monotherapy and combination therapy
fell mostly below the expectations engendered by the
pre-clinical trials. This is an indication that we need a

Table 4. Correlation coefficient values between mRNA levels for the ADK gene and its isoforms ADK-S and ADK-L and
relative contents of CD39* and CD73"* T cells in the blood of CRC patients

ADK ADK-S ADK-L
T cells
T p T p i P

CD8*CD73* 0.107 0.840 0.178 0.713 -0.036 0.951

CD8* CD39* 0.033 0.948 -0.217 0.581 0.126 0.295
CD4*'CD257=CD73" -0.217 0.581 -0.300 0.437 0.393 0.295
CD4*CD257"CD39* -0.021 0.929 0.255 0.278 0.002 0.995
CD4'CD25*CD127-CD73* -0.381 0.359 -0.381 0.360 0.256 0.549
CD4*CD25*CD127-CD39* 0.051 0.827 0.278 0.235 -0.151 0.522
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Fig. 3. An example of CD39 and CD73 expression distribution histograms on the surface of CD8* and CD4* T cells in

a healthy donor. The X-axis shows the fluorescence intensity of FITC and PE fluorochromes conjugated with antibod-
ies against CD39 and CD73, respectively. The Y-axis shows the number of events in the lymphocyte gates. On the
right, under the horizontal line, the cells expressing CD39 /CD73 are marked; on the left are cells that are negative for

CD39/CD73 expression

more refined patient selection process or need to use
biomarkers to better predict and optimize therapy re-
sults [4, 20].

The ADK enzyme regulates the adenosine level
by converting it into AMP. We currently lack a clear
understanding of the role of ADK in tumor devel-
opment. Earlier papers show increased ADK gene
expression levels [14] and enzymatic activity [21] in
tumor tissue of CRC patients compared to healthy
tissue. On the other hand, liver cancer patients show
lower ADK protein levels compared to healthy tis-
sue. In addition, a decrease in the ADK level in the
liver resulted in higher sensitivity to the acute toxic
effects of the carcinogen (diethylnitrosamine) in the
experimental model [12]. Inhibition of tumor cell pro-

liferation and induction of apoptosis after ADK in-
hibitor treatment, particularly in the colorectal can-
cer cell line HT-29, have been described in a series
of experimental papers [22]. Information on the role
of ADK isoforms in carcinogenesis is rather scarce.
For instance, Shamloo et al. [15] have pointed to a
more significant role for the long ADK isoform in
breast cancer. The events caused by the respective
gene knockdown point toward an involvement of this
isoform in mitogenesis, carcinogenesis, and tumor cell
invasion. ADK expression in peripheral blood and the
relationship between ADK and the activation of the
key lymphocyte populations associated with the anti-
tumor immune response (CD8"/CD4* T cells and Treg
cells) in CRC patients remains poorly studied.
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The results obtained in the present study confirm
the changes in ADK expression in CRC pathogenesis.
According to the published data, tumor tissue shows
a local increase in ADK activation, possibly due to ad-
enosine accumulation in the tumor microenvironment
and its active metabolism. On the other hand, a de-
crease in the ADK-L mRNA level was observed in the
peripheral blood in the group of patients with CRC
stage III-IV compared with healthy donors, an in-
verse relationship was uncovered between the ADK-L
mRNA levels in cancer patients with tumor extent
T2-T4, and the ADK-S levels remained unchanged
when compared to the controls.

It has been established that some leukocytes pop-
ulations express CD39/CD73 ectonucleotidases and
may be involved in adenosine generation [23], which
may lead to immune suppression and tumor growth,
particularly in CRC [3, 24]. In this study, we have dis-
covered significant correlations between CD39 and
the ADK-S mRNA levels in the peripheral blood
(r = -0.468 at p = 0.043), as well as CD73 and the
ADK-L mRNA levels (r = 0.518 at p = 0.0232) in CRC
patients. Apart from that, no correlation has been
found between the expression level of the ADK gene
and its isoforms and the changes in the expression
levels of the gene coding for the A2aA adenosine re-
ceptor, whose activation on lymphocytes boosts im-
mune suppression.

In this paper, for the first time, the relationship be-
tween the frequency of the key effector and suppres-
sive lymphocyte populations expressing CD39/CD73
on their surfaces and the changes in the ADK ex-
pression levels in CRC patients has been analyzed.
The analysis of CD4* and CD8" T cells, as well as
Treg cell, frequency in the peripheral blood showed

that the changes in the CD39" T cell frequency were
most significant in CRC (Table 3). For the first time,
we have analyzed the relationship between the CD39"*
and CD73* T cell frequency and mRNA levels for the
ADK gene and its isoforms in the peripheral blood of
CRC patients: No significant correlations were found.

It is currently recognized as a fact that not only
T cells can carry CD39 and CD73 ectonucleotidas-
es on their surfaces, but also neutrophils, which are
the most common leukocytes in the peripheral blood,
B cells, monocytes, and endothelial cells [22, 25]. In
this study, RNA for expression analysis was isolated
from the whole blood. It is possible that identification
of a relationship between the parameters of inter-
est will require a more in-depth assessment with the
use of a mononuclear cell fraction (lymphocytes and
monocytes) as test material for gene expression anal-
ysis and increased sample size.

CONCLUSIONS

The data obtained in this study and available in the
literature show changes in the ADK expression levels
in CRC pathogenesis. The relationship between the
expression of long and short ADK isoforms and the
expression of the CD39/CD73 ectonucleotidases in-
volved in extracellular adenosine generation has been
determined. It is indicated that the ADK-L mRNA
level shows promise as a CRC biomarker. However,
no correlation between the expression levels of the
ADK gene and its isoforms ADK-L and ADK-S and
the contents of CD39/CD73-expressing T cells in the
peripheral blood of CRC patients has been found. @

This research was supported by the Russian Science
Foundation (project No. 21-75-00013).
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ABSTRACT Developing liver disease treatments, in which fibrosis is a key pathogenetic link, still remains an
urgent problem in hepatology. In the present study, the level of mmp-9 mRNA expression and the number
of FAP*, a-SMA*, CD45" cells were analyzed at nine time points of fibrosis and cirrhosis. It was found that
in the case of liver fibrosis, the choice of the optimal reference gene depended on the stage of fibrogenesis.
When studying the specific stages rather than the entire process in a long-term experiment, it was shown
that choosing an optimal reference gene has to be done additionally. In this case, the mmp-9 mRNA expres-
sion level should be considered as a marker of liver fibrosis initiation and development but not as that of
cirrhosis progression. In the liver, two morphologically heterogeneous populations of myofibroblasts were
simultaneously identified as able to synthesize various types of immunohistochemical markers. It was found
that the FAP+ cells were the main contributor to the development of portal fibrosis and the initial stages of
bridging fibrosis. In the selected experimental model, fibrosis initiation and the development stages preceding

parenchyma restructuring were accompanied by a low level of inflammation.
KEYWORDS rats, liver, mmp-9 mRNA, immunohistochemistry, FAP*, a-SMA*, CD45" cells.
ABBREVIATIONS HSCs — stellate cells; PFs — portal fibroblasts; TAA — thioacetamide; RT-PCR — real-time pol-

ymerase chain reaction.

INTRODUCTION

The MMP-9 protein, also known as type IV colla-
genase (gelatinase B), belongs to a large family of ma-
trix zinc-dependent proteinases (MMPs). Almost all
members of this family play an important role in liver
regeneration and in the control over the number of
extracellular matrix proteins. They also participate in
fibrosis, cirrhosis, carcinogenesis, and other process-
es [1]. Many years of studying the molecular mecha-
nisms of liver fibrosis development have made it clear
that the MMP-2 and MMP-9 proteins are involved in
this pathological process at almost all stages and per-
form a key function in its progression [2, 3]. At the
same time, the number of MMPs in blood plasma is
a marker of fibrosis and some therapeutic approaches
are aimed at MMP-9 as a specific target [4-7].

Some researchers have noted an increase in the
expression of the MMP-9 protein and corresponding
mRNA in the presence of progressing liver fibrosis,
while the etiological factors causing fibrosis are not
that important. An increase in MMP-9 expression has
been observed in toxic damage to the liver, as well
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as in the presence of viral hepatitis [8, 9]. As fibrosis
develops, an increase in the specific amount of con-
nective tissue occurs and, in some cases, a correlation
between this process with an increase in the level of
mmp-9 mRNA has been reported. In normal condi-
tions, it is metalloproteinase that stands responsible
for the degradation of connective tissue, collagen re-
newal, and maintenance of the optimal level of extra-
cellular matrix proteins [10, 11]. However, the relation-
ship between an increased level of mmp-9 mRNA and
the progression of liver fibrosis has yet to be stud-
ied [1-3]. In addition, existing experimental animal
models have been designed to investigate specific key
positions that are rather far apart from each other
(norm, fibrosis and cirrhosis, or fibrogenesis) and they
are usually studied within a relatively short time pe-
riod. These limitations may cause the models to miss
the important details relative to mmp-9 level dynam-
ics [8—11].

Stellate cells (HSCs) are considered to be the main
cell population synthesizing the intercellular sub-
stance in liver pathologies. In the scientific litera-
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ture, they are known under different names, such
as fat-accumulating cells, lipocytes, perisinusoid cells,
hepatic stellate cells, Ito cells, and pericytes [12—-15].
Under physiological conditions, HSCs are localized in
the perisinusoidal space; they regulate the blood flow
in the sinusoids, functioning as pericytes, and possess
low proliferative capacity and the ability to secrete
collagens [13, 15]. Liver lesions of predominantly vi-
ral and toxic etiology stimulate HSC activation and
transdifferentiation into a myofibroblastic phenotype,
with an overexpression of a-SMA [12, 14—16]. The ac-
tivation and transdifferentiation processes are not yet
fully understood, which is why an effective antifibrot-
ic therapy has not yet been developed. The source of
resting and activated HSCs has also not been estab-
lished yet. Their pool is assumed to be replenished by
bone marrow cells, but it cannot be ruled out that this
is a self-sustaining cell population [12, 16—18].

These are resident portal fibroblasts (PFs) that are
considered to be the source of myofibroblasts in cho-
lestatic liver diseases [13], but their role in the de-
velopment of cholestatic fibrosis remains debatable.
In the studies using Col-GFP and Mdr2/mice, PFs
served as the source of myofibroblasts at the initial
stages of cholestatic fibrogenesis, whose further pro-
gression led to HSC transdifferentiation into a fibro-
genic phenotype [16]. Other authors note that choles-
tatic fibrosis is accompanied by simultaneous PF and
HSC activation [16—18].

For the purposes of this study, we had hypothe-
sized that the increase in the level of mmp-9 mRNA
might be associated with the rate of connective tissue
formation in fibrogenesis; so, the objective of our in-
vestigation was to probe for new data on the level of
mmp-9 mRNA expression and fibrogenic cell popula-
tion at different stages of toxic liver fibrosis.

EXPERIMENT

The design of the experiment was approved at a
meeting of the Commission on Bioethics and Humane
Treatment of Laboratory Animals of Vitebsk State
Order of Peoples’ Friendship Medical University
(Minutes No. 6 of 01/03/2019) and involved mature
male Wistar rats weighing 190-210 g. Liver fibrosis
and cirrhosis were modeled by chronic intoxication
with thioacetamide (TAA; Acros Organics). A freshly
prepared TAA solution was administered intragastri-
cally through a tube at a dose of 200 mg/kg of body
weight twice a week for 17 weeks. The rats compris-
ing the control group (n = 12) received TAA-free
water in the same volume. The animals were rand-
omized into 8 groups (n = 12 in each) depending on
TAA exposure duration: 3 weeks (Group 1), 5 weeks
(Group 2), 7 weeks (Group 3), 9 weeks (Group 4),

11 weeks (Group 5), 13 weeks (Group 6), 15 weeks
(Group 7), and 17 weeks (Group 8).

Applied histological and morphometric methods
After guillotine decapitation under short-term ether
anesthesia, samples of 5—10 mm in diameter were
taken from the large left lobe of rat liver to be fixed
for 24 h in a 10% neutral formalin phosphate buffer
solution (Biovitrum, Russia). The fixed material was
embedded in paraffin using an STP-120 spin tissue
processor (Thermo Fisher Scientific, Germany) and an
EC350 modular paraffin embedding center (Thermo
Fisher Scientific). From each animal, one preparation
was obtained for each staining method and using an
HM340E rotary microtome (MICROM, Laborgerate
GmbH, Germany). An average of 3—4 sections with a
thickness of 4 uM were prepared and placed on glass
slides. To get the overview histological preparations,
the liver sections were stained with hematoxylin and
eosin; and to identify connective tissue, they were
stained as per Mallory in an HMS70 staining machine
(Thermo Fisher Scientific) [19].

Immunohistochemical study was performed on
paraffin sections [20]. Such markers as rabbit poly-
clonal antibodies FAP (FAP-alpha, FAP prolyl endo-
peptidase, dilution 1 : 100) were applied for activated
PFs; activated HSC - mouse monoclonal antibodies
(alpha-SMA, ASTA2, dilution 1 : 1000) for a-SMA,
and hematopoietic stem cells for rabbit polyclonal an-
tibodies (CD45, dilution 1 : 200). The antibodies were
manufactured by Wuman Elabscience Biotechnology
Incorporated Company, catalog number E-AB-32870
(FAP), E-AB-22155 (a-SMA), E-AB-16319 (CD45). For
investigation purposes, we also employed a 2-step Plus
Poly-HRP Anti Rabbit/Mouse IgG Detection System
with the DAB Solution kit; Retrieve-All Antigen
(Unmasking System Basic), Antibody Dilution Buffer
(BioLegend), Tween-20 (Glentham Life Sciences), and
PBS (Melford). For better orientation in the prepara-
tion and correct identification of the cells containing
the desired antigens, the sections were counterstained
with Mayer’s hematoxylin for 1 min. For an objec-
tive interpretation of the results for each group in the
study, both positive and negative controls were uti-
lized: immunohistochemical staining was assessed as
positive only in the absence of staining in the nega-
tive control and, conversely, as negative when staining
was detected in the positive control.

Morphometric analysis

Histological preparations were examined using the
ImageScope Color and cellSens Standard software.
The connective tissue area was determined as a per-
centage of the total section area [21]. The measure-
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Table 1. Stages of liver fibrosis as scaled by K.G. Ishak

Scaled liver
fibrosis stages

FO No fibrosis

Morphological characteristics
of fibrosis severity

Fibrous enlargement of the portal zones
with and without short fibrous septa

F2 Fibrous expansion of most portal zones
with and without short fibrous septa

F1

Fibrous expansion of most portal zones
with single bridging portoportal septa

Fibrous expansion of most portal zones
F4 with pronounced bridging portoportal
and portocentral septa
Numerous bridge-like septa with single
nodules (incomplete cirrhosis)

F6 Cirrhosis

F3

F5

ments were carried out using an OLYMPUS XC30
digital camera (Japan) based on an OLYMPUS BX51
microscope (Japan) of 20X magnification to take mi-
crophotographs of the random vision fields (at least
3 in each histological section) of the liver prepara-
tions. The number of FAP*-positive cells (FAP* cells),
a-SMA-positive cells (a-SMA™ cells), and CD45-
positive cells (CD45" cells) was counted in the three
vision fields of each histological section at a 40X mag-
nification. The degree of fibrosis was assessed using
the semi-quantitative scale devised by K.G. Ishak
(Table 1) [22, 23].

mmp-9-gene mRNA relative level estimation

To investigate mmp-9 mRNA, the liver samples were
placed in cryovials and then in liquid nitrogen for
storage before the start of a total RNA isolation pro-
cedure. The total RNA fraction was isolated as per
the manufacturer’s instructions for the ArtRNA
MiniSpin kit (ArtBioTech, Belarus). cDNA was syn-
thesized using oligo(dT) primers and the ArtMMLV
Total kit (ArtBioTech) according to the manufactur-
er’s instructions. In each reaction, 200 ng of the to-
tal RNA fraction was used. Oligonucleotide primers
and real-time polymerase chain reaction (RT-PCR)
probes were selected using the free online application
Primer3 v. 0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/).
Hesl, sdha, and hprt were chosen as reference gene
candidates. The oligonucleotide sequences are pre-
sented in Table 2.

Real-time PCR (RT-PCR) was performed using re-
agents manufactured by Primetech, Belarus. The fi-
nal volume of the reaction mixture was 25 pl and
contained all the necessary components in the fol-
lowing concentrations: 2 mM of magnesium chlo-
ride; 0.1 mM of a mixture of deoxynucleotide tri-
phosphates; 500 nM of oligonucleotides, including a
real-time PCR probe; and 1.25 units of thermostable
Taq-DNA polymerase in the appropriate buffer so-
lution. Thermal cycling included one 2-min cycle at
95°C followed by 40 5-second cycles at 95°C and a
45-second cycle at 60°C. FAM channel detection was
performed after each cycle. To perform the PCR, the
CFX96 Touch Real-Time PCR Detection System was

Table 2. Oligonucleotide primers and fluorescently labeled markers used in the study

Oligonucleotide Nucleotide sequence, 5’ = 3’ Marker, 5’ Marker, 3’

mmp-9F CTACTCGAGCCGACGTCAC

mmp-9R AGAGTACTGCTTGCCCAGGA

mmp-9P GATGTGCGTCTTCCCCTTCG FAM BHQ1
hes1F GAAAGATAGCTCCCGGCATT
hes1R CGGAGGTGCTTCACTGTCAT
hes1P CCAAGCTGGAGAAGGCAGACA FAM BHQ1
hprtF GGACAGGACTGAAAGACTTGCT
hprtR ACAGAGGGCCACAATGTGAT
hprtP CATGAAGGAGATGGGAGGCC FAM BHQ1
sdhaF CCCACAGGTATCTATGGTGCT
sdhaR TTGGCTGTTGATGAGAATGC
sdhaP CATCACAGAAGGGTGCCGTG FAM BHQ1
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Fig.1. Fragments of the liver of the control group rats: (A) at 3 weeks, (B) at 7 weeks, (C) at 9 weeks, (D) at 13 weeks,
(E) at 17 weeks, (F) before the beginning of the experiment. Mallory staining <40 (A, B); %20 (C, D). Hematoxylin-eosin
staining %20 (E, F). (A) — a small amount of connective tissue in the central vein region (marked with an arrow);

(B) — connective tissue in the portal zone (marked with arrows); (C) — connective tissue septa between portal zones
(marked with arrows); (D) — neoformed false hepatic lobule (marked with an oval frame); (E) — neoformed false hepatic
lobules; (F) — pronounced liver destruction with clearly visualized lymphoid-histiocytic infiltrate cells (marked with arrows)

employed (BioRad, USA). The efficiency of the reac-
tions was determined using the standard curve meth-
od and series of dilutions of concentrated cDNA sam-
ples. RT-PCR of each sample was carried out in three
repetitions. In each experimental and in the control
group, each of the 12 samples was analyzed separate-
ly to achieve the highest reliability and account for
the intragroup variation and phenotypic heterogeneity
of the gene expression level.

Statistical analysis

The obtained results were processed in Statistica 10.0
(StatSoft, Inc.) and Microsoft Office Excel (Microsoft
Corp.). For each sample, the normality of the frequen-
cy distribution of each feature was determined. Since
the samples were not small (n = 60>50), the tests
were carried out with application of the Lilliefors cri-
terion. The data were presented as arithmetic means
(M) and corresponding confidence intervals (95% CI),
a median, and the 15th and 85th percentile values
(Me (15%; 85%)). The level of statistical significance
of the differences in the studied characteristics in the
groups with normal data distribution was assessed
using the Student’s t-test; if the samples differed
from the normal distribution, the Mann—Whitney
U-test was used. For clarity, the results of the statis-

tical analysis were presented as graphs of a one- and
two-factor parametric variance analysis that was per-
missible to apply, since all groups had the same num-
ber of studied characteristics [24].

RESULTS

Pathological analysis of rat liver

In the animals of the intact group, a small amount
of connective tissue was found around the interlobu-
lar vessels and bile ducts of the portal zones, as well
as the central and collecting veins (F0, Fig. 1A4). It is
noteworthy that as liver fibrosis progressed, the rate
of connective tissue growth varied (Fig. 2).

By the 3rd week into the experiment, a moderate
formation of fibrous connective tissue was observed
in the portal zones (F1, Fig. 1B). In the 5th week, the
formation of fibrous tissue slowed down, but at the
same time it was simultaneously detected both in
the portal zones and in the parenchyma (bridging fi-
brosis, F2/F3). By the 7th week, the intensity of con-
nective tissue synthesis remained almost at the same
level as in the 5th one (F3/F4, Fig. 1C). At the stage
of transition from fibrosis to cirrhosis, an increased
formation of connective tissue similar to that in the
3rd week of the experiment was observed, again.
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In nine weeks, in the portal zones, the formation of
false hepatic lobules occurred, a morphological crite-
rion for initial fibrosis to cirrhosis transition (F4/F5,
Fig. 1D). In the period from the 11th to 17th week,
connective-tissue proliferation reached its maximum
value (F6, Fig. 1E,F).

In the liver of the intact animals, cells of the lym-
phoid-histiocytic infiltrate were practically absent,
which was an indication of either extremely low in-
flammation severity or its complete absence. Contrary
to popular belief that the inflammation level increases
as fibrosis develops, by the 3rd week and then at the
5 and 7th weeks, we did not observe morphologically
significant inflammation foci. That was the clue that,
before the start of parenchyma restructuring, fibrosis
initiation and development were accompanied in this
toxic model by a low level of inflammation. Starting
from the 9th week at the stage of active transition of
fibrosis to cirrhosis, diffuse inflammation foci were
observed in the connective tissue septa and the portal
zones. By the 11th week (stage of incomplete cirrho-
sis), the level of inflammation was assessed as mod-
erate; so, the number of lymphoid-histiocytic cells in-
creased. From the 13 to 17th week at the stage of
advanced cirrhosis, the level of inflammation rapidly
increased, to be regarded as high (Fig. 1E,F).

Changes in the number of cells expressing

FAP, a-SMA, and CD45 markers

The cells synthesizing the FAP* marker were ab-
sent in the livers of the intact animals (Fig. 3A). No
a-SMA™* cells were observed in the sinusoids (Fig. 3B),
but in some cases they were detected in the walls of
the interlobular arteries, as well as in the interlobular
and sublobular veins. CD45" cells were almost never
found in the lumens of the blood vessels and sinu-
soids; however, they were not visualized in the paren-
chyma, either (Fig. 3C).

Starting from week three, the number of cells
bearing these markers increased, and the number of
a-SMA*-, CD45" cells began to exceed that of FAP*-
cells (Fig. 4). At the 5th week, the number of cells
carrying the target markers increased while the gap
between the FAP* and a-SMA™ cells narrowed, and
the increase in CD45" cells became minimal. Then,
the situation with FAP"- and a-SMA*-cells repeat-
ed itself in the 7th and 9th weeks. In the 7th week,
the increase in the number of a-SMA* cells, in per-
centage terms, was more pronounced, while in the
9th week the gap between the number of FAP* and
a-SMA™ cells had narrowed again. The number of
CD45" cells grew as well, but, as fibrosis progressed,
its rate dropped, making this parameter a minor one
in growth-rate terms. From the eleventh to the thir-
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Fig. 2. Changes in the connective tissue area at different
stages of the study

teenth weeks, while transition from fibrosis to cir-
rhosis was under way, the gap in the growth rate
of FAP+- and a-SMA*-cells again appeared, in ad-
dition to which a slight decrease in the number of
CD45"-cells was recorded. Despite the observed in-
crease, their share at the 15th and 17th weeks re-
mained the lowest when compared to the FAP*- and
a-SMA*-cells, while the number of a-SMA+ cells had
increased rapidly. At all time, a statistically significant
strong correlation was found between the area of con-
nective tissue and the number of FAP*-, a-SMA™*-,
and CD45*-cells.

In the histological preparations, rounded a-SMA+
cells were observed in the sinusoids and necrotizing
foci before the onset of the fibrosis to cirrhosis tran-
sition (9th week). From the 11th to 17th week, they
were located both in the sinusoids and in the connec-
tive tissue septa (Fig. 3D). At the first stage of the ex-
periment, rounded FAP* cells were localized around
the interlobular vessels and near the interlobular bile
ducts of the portal zones and from the 7th week they
were detected in the connective tissue septa and si-
nusoids (Fig. 3D).

Using Mallory’s staining method, we observed the
directed growth of fibrous connective tissue fibers
with FAP* cells from two portal zones through the
liver parenchyma towards each other, predetermining
the path for bridging fibrosis that is a formation of
pathological tissue and connective tissue bridges. The
CD45" cells were diffusely localized among other cells
of the lymphoid-histiocytic infiltrate in the connective
tissue septa and portal zones, as well as in the blood
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Fig. 3. Fragments of the liver of the control group rats: (A, B, C) at 15 weeks, (D, E) at 17 weeks, (F) before the begin-
ning of the experiment. Immunohistochemical staining (restained with Mayer’s hematoxylin): for FAP (A, D); for a-SMA
(B, E); for CD45 (C, F). Magnification xX40: (A) no FAP*-cells are found; (B) no a-SMA*-cells are found in the sinusoids;
(C) no CD45%—cells are found in the parenchyma; (D) a-SMA*-cells (marked with arrows); (E) FAP*-cells (marked with
arrows); (F) CD45%-cells in the connective tissue (marked with arrows)

vessel lumens (Fig. 3F). Less commonly, they were de-
tected in the sinusoids of false hepatic lobules.

mmp-9 mRNA expression level

To normalize the RT-PCR data, the hesl gene was
chosen as a reference one, since its expression level
proved the most stable throughout the experiment.
The use of hprtl and sdha as reference genes was
considered inappropriate due to the high variability of
their mRNA levels. RT-PCR efficiency for the target
(mmp-9) and the reference gene differed by less than
1% [25]; so, the relative mRNA level was assessed us-
ing the standard Livak and Schmittgen’s method [26].
The data on a normalized level of mmp-9 mRNA ex-
pression are shown in Fig. 5.

The analysis included all values obtained within the
study, not excluding the “outliers” with a low level of
mmp-9 mRNA observed at the control point (intact
rats). It is noteworthy that by the 3rd week into the
experiment, in the presence of developing fibrosis, the
relative mmp-9 level did not increase and even slight-
ly decreased when compared to the control value. At
the same time, it increased over a relatively short in-
terval between the 5th and 9th weeks to subsequently
drop to its initial level. In the presence of increased
mmp-9 mRNA expression, the fibrosis to cirrhosis

transition occurred. Starting from the 11th week, the
level of mmp-9 mRNA began to drop and, as a result,
already from the 13th to 17th weeks, it had matched
the initial one at the control point.

It is important to note that an increase in the lev-
el of mmp-9 mRNA while fibrogenesis is underway
has been noted in many studies performed on labo-
ratory animals [27, 28]. However, researchers rarely
insist on both a detailed analysis of all fibrosis stag-
es and on choosing an appropriate reference gene
for RT-PCR data normalization. Figure 6 shows our
data normalized using the two other reference genes
(hprtl, sdha), whose range of Ct values in the ex-
periment was higher than that of the target gene
(mmp-9). In other words, Fig. 6 exemplifies an inad-
equate use of reference genes for RT- PCR data nor-
malization; e.g., when applying hprtl, an average in-
crease in the mmp-9 mRNA level was recorded that
also decreased in the 3rd week. Given that relative
characteristics vary widely, we believe the accura-
cy of such measurements can be sufficient only for
a small number of experimental control points; so, we
do not recommend using hprtl for a detailed analysis
of fibrosis stages. Applying sdha, on the other hand,
made it impossible to register a drop in the mmp-9
level at the 3rd week and at the beginning of the 11th
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week. Here, it is noteworthy that the choice of an op-
timal reference gene depends on the stage of fibrosis.
In a detailed study of its specific stages, rather than
that of the entire process in a long-term experiment,
one should make sure to additionally select an optimal
reference gene [19].

DISCUSSIONS

In the framework of this study, we did not assess the
level of the MMP-9 protein and cannot state which
cells synthesize it, for this will be the subject of fur-
ther research. In our study, MMP-9 was shown to be
secreted in the liver mainly by Kupffer cells (resident
macrophages) [29, 30]. MMP-9 activates latent TGFf
(transforming growth factor beta) and, thus, promotes
HSC transdifferentiation into the myofibroblastic phe-
notype and further progression of liver fibrosis [31-
33]. At the same time, Atta H. et al. note that MMP-9
can promote apoptosis of transformed HSCs at a low
level of TIMP1 (tissue inhibitor of matrix metallopro-
teinases) and Kupffer cells play an important role in
this process [29, 30, 34]; so, these contradictory data
make it difficult to understand the role of Kupffer
cells in liver fibrogenesis, which indicates the need for
basic research.

At the early stages of liver fibrosis initiation and de-
velopment (3rd week of the experiment), an increase
in the area of connective tissue was observed. At the
same time, the mmp-9 mRNA level slightly decreased
when compared to the control group. Probably, this
decrease can be considered as one of the factors be-
hind the relatively rapid accumulation of extracellular
matrix proteins. The decreased mmp-9 mRNA level
may be also associated with a general toxic effect in
response to TAA exposure and more complex pro-
cesses. First, fibrosis development is characterized by
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an imbalance between the production of metallopro-
teinases and the corresponding inhibitors (TIMP fam-
ily proteins). It is likely that the inhibitors are induced
before the cells begin to produce more metalloprotein-
ases in response to toxic damage. Second, mmp-9 ex-
pression is controlled by epigenetic mechanisms and
the increase in its expression may take some time and/
or be inhibited at the transcriptional level.

By the 5th week of the experiment and in the pres-
ence of an increased mmp-9 mRNA level, the rate of
connective tissue formation significantly decreased,
which was probably due to the increased expression
of the corresponding protein, leading to an effective
destruction of collagen and other proteins of the ex-
tracellular matrix. Such a reaction can be considered
an attempt by the organ to counteract fibrosis pro-
gression through metalloproteinase hyperactivation; so,
a similar situation was observed at the 7th week as
well. In the presence of a slight increase in the mmp-9
mRNA level when compared to the 5th week, the rate
of connective tissue synthesis continued to decrease.
Hence, compared with the control group, the increase
in the connective tissue area by the 3rd week amount-
ed to 2.1 times (201%, p < 0.05), 26.6% by the 5th week
(p < 0.05), and only 5.2% by the 7th week (p < 0.05).

At the onset of the fibrosis to cirrhosis transition,
the level of mmp-9 mRNA reached its maximum hav-
ing increased 2.07 times (p < 0.05) against that of the
control group. However, the growth of connective
tissue increased markedly only by the 9th week to
amount to approximately 50% (p < 0.05) when com-
pared to its amount registered by the 7th week. It
seems that at this stage a role reversal takes place
and the mmp-9 level ceases to be an important factor
in curbing the development of fibrosis. It is possible
that these are inflammation-associated factors that
move to the fore, since their role noticeably increases,
which is confirmed by the increased number of dif-
fuse foci in the lymphoid-histiocytic infiltrate.

By the 11th week at the stage of incomplete cirrho-
sis, the mmp-9 mRNA level had decreased and prob-
ably ceased to play an important role in regulating
the growth rate of the connective tissue area; so, its
decrease was to do with some alternative protection/
regeneration mechanisms. The mmp-9 mRNA level
increased only by 13% (p < 0.05) compared to the 9th
week. At the same time, the signs of inflammation be-
came more pronounced, significantly increasing the
number of lymphoid-histiocytic infiltrate cells in the
septa and portal zones.

At the stage of developed cirrhosis (weeks 13—17),
the mmp-9 mRNA level reached that of the con-
trol group while the inflammation level in the liver
reached its maximum.

Applying the immunohistochemical method has
enabled us to simultaneously detect two morpho-
logically heterogeneous myofibroblast populations in
the liver of rats, which expressed different marker
types. It is remarkable that in the early stages of fi-
brosis, the a-SMA+ cells were not lumped together
with the FAP" cells; before the onset of the fibrosis
to cirrhosis transformation, a-SMA™ cells were noted
in the sinusoids of the liver and necrosing foci only
to be later localized both in the sinusoids and in the
connective tissue septa. At the stage of portal fibro-
sis, the FAP™* cells were located near the interlobu-
lar vessels and interlobular bile ducts of the portal
zones, and in the 7th week, they were detected in
the connective tissue septa and sinusoids.

The low level of inflammation before the fibrosis
to cirrhosis transition suggests that the function of
the cells producing the CD45 marker is to participate
in the regulation of the functions of the polymorphic
cells of pathological septa. But confirming this state-
ment requires further and more detailed research.

CONCLUSION

The results of our study have demonstrated that,
when investigating liver fibrogenesis, the choice of an
optimal reference gene depends on the fibrosis stage.
If one is studying its specific stages and not the entire
process in a long-term experiment, the optimal refer-
ence gene should be selected additionally, while the
mmp-9 mRNA expression level should be considered
as a marker for liver fibrosis development initiation
and not as that for cirrhosis progression.

Applying the immunohistochemical method has en-
abled us to simultaneously uncover two morphologically
heterogeneous myofibroblast populations that synthe-
size different marker types. The FAP" cells have been
found to be the main contributor to the development of
the portal and initial stages of bridging fibrosis. They
can be considered as one of the myofibroblast popula-
tions in thioacetamide-induced liver fibrogenesis. In the
selected experimental model, fibrosis initiation and de-
velopment before the start of parenchymal restructur-
ing has proceeded at a low inflammation level. ®
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ABSTRACT The epidermal growth factor receptor (EGFR) is an oncogenic tyrosine kinase that is involved in
tumor initiation and progression, making EGFR inhibitors and monoclonal antibodies to this receptor essen-
tial for anti-tumor therapy. We have previously shown that EGFR transgene expression in the human breast
adenocarcinoma cell line MCF7 (MCF7-EGFR) stimulates the 3D spheroid-like growth. The primary focus of
our present work was to investigate whether EGFR inhibition could affect the assembly of spheroids or lead
to the destruction of pre-existing spheroids. We compared the effects of anti-EGFR siRNA, the anti-EGFR
monoclonal antibody cetuximab, and the tyrosine kinase inhibitor AG1478 on dissociated and spheroid
MCF7-EGFR cells. MCF7-EGFR cells were found to have a 2.5-fold higher sensitivity towards the cytotox-
ic effects of cetuximab and AG1478 compared with the parental MCF7 cell line. The suppression of EGFR
mRNA with siRNA was found to reduce the sphere formation, whereas treating the pre-existing spheroids
had no such effect. Treatment of dissociated spheroids with cetuximab and AG1478 was also found to inhibit
the MCF7-EGFR sphere formation. We suggest that EGFR expression is important, at least, during the sphe-
roid formation stage. The transition of a MCF7wt adherent cell culture to MCF7-EGFR spheroids was accom-
panied by a considerable increase in N-cadherin adhesion proteins. The level of N-cadherin decreased when
MCF7-EGFR cells were treated with siRNA and cetuximab. Thus, we have demonstrated that N-cadherin is
involved in the EGFR-dependent formation of MCF7-EGFR spheroids. Accordingly, MCF7-EGFR spheroids
can be considered a suitable model for studying aggressive hormone-positive breast tumors.

KEYWORDS 3D cell culture, spheroids, MCF7, EGFR, siRNA, cetuximab, AG1478.

ABBREVIATIONS EGFR — epidermal growth factor receptor; siRNA — small interfering RNA; LF —
Lipofectamine 3000, PI — propidium iodide; wt — wild type; AG — EGFR inhibitor (AG1478); DMSO — dime-
thyl sulfoxide; FDA — fluorescein diacetate; SD — standard deviation; IC50 — drug concentration, at which
cell death reaches 50%.

INTRODUCTION

The interaction between various growth factors and
their receptors is known to regulate the autono-
mous growth of cancer cells [1]. Hence, the epider-
mal growth factor (EGF) and its receptor (EGFR)
play a crucial role in the pathogenesis and progres-
sion of various types of malignant tumors [2]. EGFR
(or HER1) is a member of the ErbB family of re-
ceptor tyrosine kinases, which also includes HERZ2,
HER3, and HER4. The EGFR composition includes an
extracellular domain, a hydrophobic transmembrane

domain, an intracellular catalytic tyrosine kinase do-
main, and several intracellular tyrosine residues [3].
Currently, two types of ErbB inhibitors are used
in tumor therapy. There are monoclonal antibodies
against the EGFR or HER2 extracellular domain, in-
cluding cetuximab, matuzumab, panitumumumab,
trastuzumab, and pertuzumab, as well as tyrosine ki-
nase inhibitors that compete with ATP molecules for
binding to the EGFR tyrosine kinase domain, such as
gefitinib, erlotinib, lapatinib, AEE788 [4]. In 2004, the
FDA first approved cetuximab for metastatic colorec-
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tal cancer, and in 2011, it was approved for head and
neck cancer therapy [5, 6]. The competitive specific
binding of cetuximab to EGFR was found to be ef-
fective in inhibiting receptor phosphorylation, which
in turn impedes the EGFR signaling pathway and re-
sults in tumor cell proliferation [7].

Knockdown of therapeutically relevant target
genes is also considered an effective strategy for tu-
mor therapy. Inhibition of mRNA processing by small
interfering RNA (siRNA) is regarded as one way to
block a specific target. RNA interference is a protec-
tive mechanism against exogenous nucleic acids en-
tering the cell, such as viral RNA [8]. Currently, pre-
clinical and clinical trials are under way on several
siRNA-based agents for the treatment of brain and
prostate cancer [9].

Earlier, we obtained an MCF7 human breast ad-
enocarcinoma cell line that manifested an increased
expression of EGFR. The study revealed that exces-
sive EGFR in MCF7 cells led to the spontaneous for-
mation of spheres under standard culture conditions
[10, 11]. MCF7-EGFR spheroids have a round shape
with a well-defined outer boundary and a median
diameter of 100 pm, with the size of large spheroids
likely to exceed 400 pm. Given that EGFR production
has been demonstrated to affect the adhesive proper-
ties of MCF7-EGFR cells, inhibition of EGFR may be
believed to cause disruption of the formed spheroids
or inhibit the assembly of spheroids from individual
cells. To verify this hypothesis, we examined the ef-
fects of anti-EGFR siRNA, cetuximab, and the tyro-
sine kinase inhibitor AG1478 on the structure and
formation of MCF7-EGFR spheroids.

EXPERIMENTAL PART

Cell lines

The human breast adenocarcinoma cell lines MCF7wt
(#ACC 115, Germany) and MDA-MB-231 (#ACC 732,
Germany) were investigated. The cells were cultured
as a monolayer in a IMDM or DMEM medium, con-
taining 10% FBS and 1% penicillin-streptomycin-am-
photericin (hereafter, complete medium), respectively,
as described earlier [12].

The human breast adenocarcinoma cell line
MCF7-EGFR forming spheroids was described in the
previous study [10]. MCF7-EGFR spheroids were cul-
tured under standard conditions on non-adhesive-
coated plates (Nest Bio-technology Co., China).

Spheroid formation and counting

For spheroid formation kinetic curves to be generated,
the cells were dissociated using Stempro™ Accutase™
reagent (Gibco, USA), seeded at 3 X 10* cells/well
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into a 48-well, non-adhesive-coated plate (Eppendorf,
Germany), and cultured under standard conditions,
as described above. The spheroids were counted in
three or six independent wells of the plate using an
inverted microscope (Eclipse Ti, Nikon, Japan) at 40X
magnification. All free-floating spheroids larger than
30 um were counted in the light field. Then, the av-
erage number of spheroids per well and the standard
deviation (SD) were calculated. Preliminary counts
in all experiments were performed using the ImageJ
software (version 1.52a, USA) (data not shown). The
exact number of spheroids was calculated manually.

Anti-EGFR siRNA construction

To evaluate the EGFR inhibition on MCF7-EGFR
spheroids, we constructed siRNAs based on the se-
quences described in [13]. The oligonucleotides were
synthesized in the laboratory of RNA chemistry of
the Institute of Chemical Biology and Fundamental
Chemistry of the Siberian Branch of the Russian
Academy of Sciences. We used the following siRNAs:
senScr 5-CAA GUC UCG UAU GUA GUG GUU-3,
antiScr 5-CCA CUA UAU ACG AGA CUU GUU-3,
senEGFR 5-GUC CGC AAG UGU AAG AAG UTT-3,
antiEGFR 5-ACU UCU UACU ACU UGC GGA CTT-3.
The average concentration of ribooligonucleotides in
the solution was calculated to be 0.203 mM.

siRNA hybridization

Equimolar amounts of sen- and anti-sen siRNAs
were mixed with 5-fold siRNA hybridization buf-
fer (100 mM C2H,NaO,, 30 mM HEPES-KOH, 2 mM
Mg(CH,COO),, pH 74) in the ratio 2 : 2 : 1. The sam-
ples were heated in a water bath for 2 min at 90°C
and cooled to room temperature. Two volumes of
1x siRNA hybridization buffer were added to the re-
sulting mixture. The final concentration of siRNA du-
plexes was 27 uM.

siRNA cell transfection

The siRNA transfection was performed using
Lipofectamine 3000 reagent (Invitrogen, USA) ac-
cording to the manufacturer’s protocol. The cells
were plated 24 h before the experiment, treated with
100 nM siRNA, and incubated for 4 h at 37°C. Then,
the medium was replaced with a complete medium
suitable for the cell culture and the cultivation was
continued.

Cell survival assay

The cell viability was determined 72 h after treat-
ment with the drug using the MTT test as described
in [12]. The IC50 values were calculated using the
CompuSyn version 1.0 software. The initial solution



RESEARCH ARTICLES

(5 mg/ml) of cetuximab Erbitux® (Merck Healthcare,
Germany) was stored at +4°C. For cell culture exper-
iments, cetuximab was diluted in a complete IMDM
medium. The stock solution (31.7 mM) of AG1478
(Sigma-Aldrich, USA) in DMSO:MeOH (1 : 1) was
stored at -20°C. For cell culture experiments, AG1478
was diluted in a complete IMDM medium so that the
DMSO concentration in the wells was 0.5%.

FDA staining

An initial solution (1 mg/ml) of fluorescein diacetate,
FDA (Sigma-Aldrich, USA), diluted in DMSO was
stored at -20°C. The solution was added to the cul-
ture medium until the final concentration of 10 pg/ml.
The spheroids were incubated in a complete IMDM
medium with dissolved FDA for 30 min, followed by
harvesting with centrifugation and washing with PBS.
A fluorescence microscope (Eclipse Ti, Japan) and
flow cytometry were used to analyze the cell viability
and cytotoxicity.

Flow cytometry

Following the treatment, the spheroids were dissoci-
ated with Stempro™ Accutase™ reagent, washed in
PBS, and incubated with antibodies to EGFR to de-
termine EGFR levels. The cells were incubated with
propidium iodide (PI) or FDA according to the manu-
facturer’s protocol for viability assay. We used the fol-
lowing antibodies: mouse IgG monoclonal antibodies
to the EGFR protein (Invitrogen, USA), secondary an-
tibodies conjugated with the Alexa Fluor 647 fluores-
cent tag (Abcam, UK). All the assays were performed
using a FACSCantoll flow cytometer (BD Biosciences,
USA). The data were analyzed using the FACSDiva
software (BD Biosciences, USA). The cell populations
were isolated using forward and side light scattering
to exclude small particles. At least 10,000 events were
collected in each experiment.

Western blot analysis

Western blot analysis was performed according to the
protocol described in [14]. The cells were lysed, the
protein concentration was measured, and then the
samples (15 pg) were separated using 10% SDS-PAGE
and transferred to a PVDF membrane. The mem-
brane was blocked with a 5% milk powder solution
and incubated sequentially with primary and sec-
ondary antibodies conjugated with horseradish per-
oxidase. We used the following antibodies: primary
IgG antibodies to actin (Sigma-Aldrich, USA), EGFR
(Santa Cruz Biotechnology, USA), SNAIL + SLUG
(Abcam), N-cadherin (Invitrogen, USA), E-cadherin
(Abcam), and horseradish peroxidase conjugates of
secondary antibodies to rabbit (Thermo Fisher, USA)

and mouse antigens (Thermo Fisher). The chemilu-
minescent signal was recorded using the Novex ECL
HRP reagent kit (Invitrogen) and the GE Amersham
Imager 600 (GE, USA). Densitometric analysis of
Western blots was performed using the GelAnalyser
version 2010a image analysis software.

Statistical analysis

The results are presented as the arithmetic mean
+ SD for the sample. Statistical analysis was per-
formed using Student’s t-criterion. The differences
were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Effect of anti-EGFR siRNA

on MCF7-EGFR spheroids

We evaluated the effect of EGFR downregulation
on MCF7-EGFR spheroid formation by anti-EGFR
siRNA. An international database of NCBI Nucleotides
was used to determine the complementarity of the se-
lected anti-EGFR siRNA to the sequence of exon 8 of
the human EGFR gene. This exon encodes a fragment
of EGFR subdomain III responsible for receptor-li-
gand binding [15].

The MCF7-EGFR spheroids were dissociated into
individual cells and then seeded into plates with
100 nM anti-EGFR siRNA. Lipofectamine 3000 (LF)
was used as a transfection agent. Scrambled siRNA
was used as a negative control, and cells treated only
with LF were used as a control for the cytotoxic ac-
tivity of LF. The dynamics of growth and sphere for-
mation after siRNA treatment and in the control sam-
ples were evaluated by automatic and direct sphere
counting. Treatment of the cells with anti-EGFR
siRNA resulted in a reduction in the number of
spheroids compared to the control cells and the cells
treated with Scramble siRNA (Fig. 1A,B).

The level of total cellular EGFR in MCF7-EGFR
cells was found to be almost 10-fold higher than that
in the MCF7wt cells (Fig. 2B,D). The EGFR knock-
down caused by anti-EGFR siRNA was assessed by
flow cytometry and Western blotting using antibodies
to the surface and internal domains of the protein, re-
spectively. The decrease in the level of surface EGFR
on the second day after treatment of the MCF7-EGFR
spheroids with siRNA was estimated to be 20-25%
(F1g. 2). The Western blotting data are consistent with
the results of a measuring of the surface EGFR levels
in the cells treated with siRNA.

The influence of anti-EGFR siRNA on the formed
structures was detected by placing the MCF7-EGFR
spheroids in a non-adhesive plate and following in-
cubation with siRNA. Anti-EGFR siRNA was found
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Fig. 1. Effect of anti-EGFR siRNA
on the formation of MCF7-EGFR
spheroids. (A) the photographs
of the control and siRNA-treated
MCF7-EGFR spheroids. (B) the
growth dynamics of MCF7-EGFR
spheroids. The dissociated
spheroids were seeded into 48-
well plates, treated with siRNA
(100 nM), and counted in sepa-
rate wells, with the number of
spheroids reported per well. The

to have no effect on the spheroid structure (Fig. 3).
siRNAs at a concentration of 20—-200 nM are common-
ly used to effectively inhibit target protein expres-
sion [16—18]. However, the siRNA penetration into the
spheroids may proceed worse than in the cells grow-
ing in a monolayer. Therefore, higher concentrations
of siRNA are often used in experiments with spher-
oids or transfection when performed in a serum-sup-
plemented medium [19, 20]. It is noteworthy that, in
our study, increasing the concentration of anti-EGFR
siRNA to 200 nM did not lead to a further decrease in
EGFR levels. The transfection in the serum medium
did not increase the efficiency of EGFR suppression
in the MCF7-EGFR spheroids (data not shown). We
believe further optimization of MCF7-EGFR spheroid
transfection with siRNA to be highly relevant.
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control cells were treated with LF

The data obtained suggest that suppression of
EGFR by specific siRNAs at the spheroid assembly
stage leads to a decrease in the rate of spheroid for-
mation in a MCF7-EGFR culture. At the same time,
suppressing EGFR in mature spheroids does not lead
to their destruction.

Effect of cetuximab on MCF7wt cells

and mature MCF7-EGFR spheroids

Given that cetuximab binding to the target causes
cell death, this drug is used in the immunotherapy of
EGFR-positive malignancies [21]. We evaluated the
cytotoxic activity of cetuximab against MCF7-EGFR
spheroids: the drug (25—-200 pg/ml) was added to
the spheroids as they were left to continue to cul-
tivate under standard conditions for 72 h. The cells
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Fig. 2. Evaluation of EGFR reduction in MCF7-EGFR cells under the action of anti-EGFR siRNA. (A) the quantification
of the EGFR* cell population. The data are presented as the mean fluorescence intensity (MFI) of EGFR™ cells rela-
tive to the control cells = SD from two independent experiments. (B) the representative image of the cytometric
analysis. (C, D) the changes in EGFR levels after anti-EGFR siRNA treatment. MDA-MB-231, MCF7wt were used as
control cell lines. The MCF7-EGFR spheroids were dissociated and treated with Scramble siRNA, anti-EGFR siRNA
(100—-200 nM) for 48 h. (C) the representative images of the Western blot analysis. (D) the Western blot analysis of

EGFR /actin in the cells

were then stained with propidium iodide (PI), and
the percentage of PI-negative cells was determined
by flow cytometry, corresponding to the population
of living cells (Fig. 4A). The IC50 value of cetuximab
was 136 pg/mL for the MCF7-EGFR spheroids and
304 pg/mL for the MCF7wt parental cell line, which
was 2.5-fold higher than that for the MCF7-EGFR
spheroid cells, indicating cell resistance to the drug
(Fig. 4B). By comparing the experimental IC50 values
with published data for other EGFR-positive tumor
cells, such as lung cancer A549 (IC50 = 146 pg/ml)
[22], the MCF7-EGFR cell line can be characterized as
cetuximab-sensitive. Thus, MCF7-EGFR spheroid cells
cultured under standard conditions can be treated
with cetuximab.

Since the study aimed to assess the non-cytotoxic
effects of cetuximab on spheroids, cetuximab concen-
trations lower than the IC25 value were further used.
Fluorescein diacetate (FDA), an esterase substrate ca-
pable of penetrating the cell, was used to visualize
the living cells. FDA can be used as a viability assay
tool that measures both enzymatic activity and cell
membrane integrity [23]. The MCF7-EGFR spheroids

—*— Control
--#- Scramble siRNA e
--e-- Anti-EGFR siRNA

-

..-"’
s
’

Number of spheroids

Days

Fig. 3. Analysis of the effect of anti-EGFR siRNA on the
structure of MCF7-EGFR spheroids. The growth kinetics

of MCF7-EGFR spheroids. The spheroids were seeded,
treated with siRNA (100 nM), and counted in separate
wells of 24-well plates with the number of spheroids per
well. The control spheroids were treated with LF. The data
are presented as the mean = SD of three independent
experiments
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values were determined by the MTT assay. (C, D) — the estimation of the proportion of live MCF7-EGFR spheroid cells
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for 48 h. (E) the representative images of the Western blot analysis. (G) the Western blot analysis of EGFR /actin in the
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were treated with cetuximab (50 pg/ml) for 72 h and
stained with FDA. Flow cytometry of the cells treated
with cetuximab revealed a decrease in the population
of live cells by up to 20% of the values in the con-
trol group (Fig. 4B,D). The samples of spheroids not
treated with the cytotoxic agent also had dead cells,
the presence of which can be explained by the forma-
tion of necrotic spheroid nuclei caused by the lack of
oxygen and nutrient transport, as we described earlier
[10]. Cetuximab was found to decrease the EGFR level
more considerably than anti-EGFR siRNA: up to 60%
relative to untreated MCF7-EGFR cells (Fig. 4D,E).

Adding cetuximab at the stage

of dissociated spheroid cells reduces

MCF7-EGFR spheroid formation

The dynamics of spheroid formation was assessed af-
ter treatment with cetuximab to confirm the ability
of cetuximab to inhibit the formation of MCF7-EGFR
spheroids. MCF7-EGFR spheroids were dissociated
and cultured under standard conditions in the pres-
ence of cetuximab (50 pg/ml). The cetuximab treat-
ment resulted in complete suppression of sphere for-
mation on the sixth day of cultivation (Fig. 5).

In addition, we evaluated the effect of cetuximab
on the spheroids formed. The MCF7-EGFR spher-
oids were seeded on a non-adhesion culture plate in
a cetuximab-added medium (50 pg/ml) for 72 h. The
cetuximab treatment resulted in a decrease in the
number of spheroids, indicating that MCF7-EGFR
spheroid degradation was stimulated when EGFR
was inhibited (Fig. 6A,B). The spheroids treated with

cetuximab and stained with FDA were analyzed by
fluorescence microscopy. Multiple individual cells ap-
peared in the presence of cetuximab, with the num-
ber of large and structured spheroids decreasing
compared with the control (Fig. 6B).

Following the exposure to the cetuximab inhibitor,
the number of spheroids decreased compared to un-
treated samples, with this effect shown for both dis-
sociated spheroids and already-formed spheroids. We
believe cetuximab to have a predominantly persis-
tent antiproliferative effect on both new and existing
spheroids. In contrast to siRNA, the efficacy of ce-
tuximab delivery to the cells of the inner layer of the
spheroid is not in doubt since the effects of cetuximab
have been confirmed at the organismal level [5].

Effect of AG1478 on the MCF7-EGFR

cell spheroid formation

We analyzed how the MCF7-EGFR cells were af-
fected by the EGFR inhibitor tyrphostin (AG1478,
or AG), known to inhibit the binding of ATP mole-
cules to the intracellular domain of the receptor. The
IC50 value of AG1478 for wild-type MCF7 cells was
determined to be almost twice as high as that for
MCF7-EGFR cells (Fig. 7A,B). Thus, we have demon-
strated a change in the sensitivity of MCF7-EGFR
cells to EGFR-inhibitory agents compared to MCF7wt
cells.

To analyze the effect of AG1478 on spheroid for-
mation, we dissociated MCF7-EGFR spheroids, seeded
them onto plates, and added AG1478 (10 uM) to the
cells after 24 h of cultivation. The AG1478 treatment
significantly reduced the number of spheroids com-
pared to the control cells (Fig. 7B).

Effect of siRNA and cetuximab on the

levels of adhesion proteins and epithelial-
mesenchymal transition regulatory proteins

Rao et al. have demonstrated that EGFR regulates
the integrin activation and the spatial organization of
focal adhesions [24]. Therefore, it is worth studying
the relationship between EGFR levels and spheroid
formation when not only horizontal, but also verti-
cal interactions are formed between cells and signif-
icant changes in the adhesion properties occur. Cell
adhesion is considered to be an important compo-
nent controlling the interactions between cells and
their environment. EGFR has been shown to dest-
abilize E-cadherin-mediated adhesion by enhancing
E-cadherin endocytosis, modifying its interaction with
the cytoskeleton, and reducing its expression, thereby
promoting oncogenesis [25]. To compare the effects of
anti-EGFR agents on the levels of certain proteins in
MCF7-EGFR spheroids treated with siRNA or cetux-
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Fig. 7. The cytotoxic activity of the EGFR inhibitor
AG1478 (AG) against wild-type MCF7 cells. (A) and
MCF7-EGFR spheroids (B). MCF7wt cells or MCF7-EGFR
spheroids were incubated with AG (10—40 pM) for

5 days. The control cells were incubated with DMSO.
After the treatment, the spheroids were dissociated,
stained with propidium iodide (Pl), and analyzed by flow
cytometry. Data presented as the mean % of Pl-positive
cells = SD of two independent experiments. (C) Growth
curves of the MCF7-EGFR spheroids. The distorted
spheroids were seeded in 48-well plates, and after 24 h
of incubation the cells were treated with AG (10 uM).
The spheroids were counted in individual wells. The data
are presented as the mean value = SD of six independent
experiments, with ‘p < 0.05, "p < 0.01, ""p < 0.001
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imab and in parental MCF7wt cells, we analyzed the
levels of SNAIL/SLUG, N-cadherin, and E-cadherin
by Western blotting.

The transcription factors SNAIL and SLUG were
reported to be involved in the regulation of epithe-
lial-mesenchymal transition, an important factor in
three-dimensional models [26]. We found no differ-
ences in the basal level of SNAIL/SLUG proteins
between the MCF7wt and MCF7-EGFR cell lines.
Although the incubation with siRNA had no effect on
the SNAIL/SLUG levels, cetuximab treatment result-
ed in a twofold increase in the SNAIL/SLUG levels in
the MCF7-EGFR cells (Fig. 84,B).

The N-cadherin to E-cadherin ratio in the cell is
considered to be an important factor determining in-
tercellular adhesion and spheroid formation [27]. We
have found the baseline level of N-cadherin in the
MCF7-EGFR cell line to be more than 5-fold higher
than that in the original MCF7wt cell line. The anti-
EGFR agent treatment led to a decrease in the level
of N-cadherin in MCF7-EGFR spheroids (Fig. 94,B).
The baseline level of E-cadherin in MCF7-EGFR cells
did not differ statistically significantly from that in
the MCF7-EGFR spheroids. Moreover, the level of
E-cadherin in the MCF7-EGFR spheroids was not af-
fected by the addition of anti-EGFR siRNA or cetux-
imab (Fig. 94,C).

CONCLUSION

We have revealed the tyrosine kinase receptor EGFR
to be involved in the maintenance of MCF7-EGFR
cell sphere formation. The importance of EGFR in
spheroid formation was confirmed in experiments

with EGFR inhibitors. The suppression of EGFR at
the stage of individual cells has been demonstrat-
ed to reduce spheroid formation, whereas the treat-
ment of already-formed spheroids showed no such
effect. We suggest the EGFR expression to be sig-
nificant, at least at the stage of spheroid formation.
For a significant knockdown effect of the EGFR gene
using siRNA on large spheroids, the efficiency of the
transfection system should be increased. In addition,
we have demonstrated the transition of MCF7-EGFR
cells into three-dimensional structures to be associ-
ated with a significant increase in the expression of
the N-cadherin protein. Our findings led us to assume
that sphere formation by MCF7-EGFR cells could be
partially related to the cellular pathways regulating
the epithelial-mesenchymal transition. The results ob-
tained in this study appear to owe in part to the prop-
erties of MCF7 cells, with high-EGFR MDA-MB-231
cells not forming spheroids without the addition of
growth factors and matrices. Nevertheless, develop-
ing such a cell model with abnormal N-cadherin acti-
vation is essential for identifying potential molecular
targets of tumor progression. Moreover, MCF7-EGFR
spheroids are considered to be a model for testing the
therapeutic effects of the combination of EGFR and
N-cadherin inhibitors. @

This research was supported by the Russian Science
Foundation grant No. 20-74-10039 (cultivation
of cancer cells and spheroids), Novosibirsk
Government grant No. 7 (Gr-7) (experiments
with siRNA,) and the budget funding project
No. 121030200173-6 (experiments with cetuximab).
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ABSTRACT Since the addition of the CRISPR/Cas9 technology to the genetic engineering toolbox, the problems
of low efficiency and off-target effects hamper its widespread use in all fields of life sciences. Furthermore,
essential gene knockout usually results in failure and it is often not obvious whether the gene of interest
is an essential one. Here, we report on a new strategy to improve the CRISPR/Cas9 genome editing, which
is based on the idea that editing efficiency is tightly linked to how essential the gene to be modified is. The
more essential the gene, the less the efficiency of the editing and the larger the number of off-targets, due
to the survivorship bias. Considering this, we generated deletions of three essential genes in Drosophila: trf2,
top2, and mep-1, using fly strains with previous target gene overexpression (“pre-rescued” genetic back-

ground).

KEYWORDS CRISPR/Cas9, genome editing, essential gene editing, housekeeping genes.
ABBREVIATIONS gRNA - guide RNA; chr — chromosome; kb — kilobase; TRF2 — TBP-related factor 2; Top2 —
type II topoisomerase; MEP-1 — MOG interacting and ectopic P-granules protein 1.

INTRODUCTION

Recent advances in the use of CRISPR/Cas9 as a pro-
grammable tool for the introduction of DNA dou-
ble-strand breaks significantly expanded possibilities
in deciphering the functions of genes and genomic
regulatory elements. The CRISPR/Cas9 system is the
most suitable for knocking out a gene of interest (GOI)
by generating shifts in the reading frame of the target
gene. However, if the GOI is an essential one, attempts
to generate a knock-out can be ineffective due to le-
thality in successfully edited embryos, biological plas-
ticity that rescues the induced frameshift or deletion
by translation reinitiation, defective exon skipping, etc.
[1]. Here, we report on a case of CRISPR/Cas9 use, in
combination with target gene overexpression, that al-
lowed us to quite effectively knock out three essential
genes in Drosophila. A similar approach has recently
been validated in human HEK293T cells [2]. By using
this approach, we deleted a relatively long region of
the GOI coding sequence and replaced it with a land-
ing platform, which allows for fast and effective inser-
tion of modified gene constructs.

EXPERIMENTAL

The strategy presented here is an addition to the
methods described in [3-5] and suitable for ubiqui-
tously expressed essential genes. Our method consists
of three steps (Fig. 1):
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1. Insertion of the GOI copy (lacking CRISPR/Cas9
target sequences) and reporter gene 1 into a “safe
harbor” knock-in site located on a different chromo-
some. This step results in the generation of the rescue
line with homologous expression of the GOI copy. For
this, we have created rescue constructs carrying pro-
tein-coding sequences of either TRF2, Top2, or MEP-1
under the control of the Ubi-p63E promoter and the
yellow gene as reporter 1. Previously obtained knock-
outs of these genes were embryonic lethal. The con-
structs were inserted into either 86Fb (TRF2/Top2)
or 38D (MEP-1) chromosomal loci via ¢C31-mediated
site-specific integration.

2. Replacement of the GOI with the attP site by in-
jection of three plasmids: carrying Cas9 and gRNAs
for extensive deletion of the GOI protein-coding se-
quence and a template plasmid for homology-directed
repair (HDR) containing the attP site for the ¢@C31
integrase and reporter gene 2 (mCherry), flanked by
loxP sites. This step results in the generation of the
GOI knockout line with a GOI copy overexpression
background.

In this work, the following CRISPR/Cas9
Drosophila strains obtained from The Bloomington
Drosophila Stock Center at Indiana University were
used: BL54591 (Cas9 under the control of the nanos
promoter) and BL58492 (Cas9 under the control of
the Actin5C promoter). Alternatively, the Addgene
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Fig. 1. The strategy for essential gene replacement. (A) Insertion of a gene copy lacking targets for Cas9 and reporter
gene 1 (yellow) into a “safe harbor” knock-in site on a different chromosome via site-specific recombinase-mediated in-
tegration (SSRMI). (B) Microinjection of an HDR template and plasmids expressing Cas9 and gRNAs into “pre-rescued”
embryos. (C) CRISPR /Cas9-mediated DNA double-strand breaks and homologous recombination (HR) with the plasmid
template carrying loxP-flanked reporter gene 2 (mCherry) and an attP site. (D) The result of subsequent SSRMI of the
modified gene of interest (GOI) sequence followed by CRE-mediated reporter gene 2 (mCherry) and 3 (white) excision

and removal of the GOl copy

#62209 helper plasmid was added to the injection
mixture as a source of Cas9. CRISPR targets were
designed using the Optimal Target Finder soft-
ware (University of Wisconsin) [4] and cloned into
the vector based on pCFD4-U6:1_U6:3tandemgRNAs
(Addgene #49411). The following gRNAs were used
for trf2 deletion: gRNA1 (tcttcgtgcatactcttagce),
gRNA2 (tgcttttcgetteggtgtee), and gRNA3 (accaag-
tagctagagactta); the gRNA1/gRNA2 pair leads to de-
letion of a 6.7 kb genomic fragment; gRNA1/gRNA3
causes deletion of a 1.1 kb fragment. For mep-1, the

following gRNAs were used: gRNAIm (acgaacag-
cagggcgegege), gRNA2m (cagcaagtgacgctggettg), and
gRNA3m (aggggatcttcggectegea). They produce 5.6
(gRNAIm/ gRNA2m) and 2 kb (gRNAlm/ gRNA3m)
deletions. For top2 deletion, gRNA1t (gttcccagtacag-
tagcacc) and gRNA2t (tctacggegtgttecegett) producing
a 2 kb deletion were used.

The flies obtained after injection (F0) were indi-
vidually mated with y!w!!® flies; potential genome
editing events in the progeny (F1) were detected by
mCherry fluorescence. The insertion of the landing
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platform (attP-mCherry) into the genome was con-
firmed by PCR with primers annealing outside the
homology regions used for HDR.

3. Insertion of a modified GOI variant labelled with
loxP-flanked reporter gene 3 (white gene) via site-
specific recombination. Flies were injected with a
mixture containing two plasmids: a plasmid with a
modified gene variant and the attB site, and the @C31
integrase helper plasmid (Addgene #26290). After in-
tegration of the modified variant, reporter genes 2
and 3 were removed by crossing with a Cre recombi-
nase-expressing line.

RESULTS AND DISCUSSION

The TRF2 protein is a paralog of the basal transcrip-
tion factor TBP; its inactivation is associated with em-
bryonic lethality [6, 7].

Previously, we failed to replace the trf2 gene with a
landing platform for site-specific integration of modi-
fied gene variants despite the use of two different
Cas9 sources (Cas9-expressing fly lines and the Cas9-
expressing plasmid injected into embryos) and two
gRNA combinations [8]. The whole trf2 gene spans
approximately 25 kb, while its protein-coding region
is roughly 7 kb. The chosen gRNA combinations pro-
duced two DNA double-strand breaks at distances of
6.7 and 1.1 kb for deletion and concomitant replace-
ment by the landing platform of the whole protein-
coding region or only the start codon-containing re-
gion, respectively (Fig. 24).

The results obtained for the different editing
schemes used for trf2 gene replacement are summa-
rized in Table 1.

The FO embryos without background trf2 overex-
pression were characterized by a low survival rate.
In the developing larvae, mCherry reporter fluores-
cence was observed in tissues in the vicinity of the
injection site and throughout the whole embryo. The
larvae with the most spread and intense fluorescence
died later during development. As a result of mating
the surviving FO0 flies with the wild-type line, only
one fly line with insertion of the landing platform
into the intron corresponding to the 5 double-strand
break without the deletion of the trf2 coding region
was obtained.

In order to overcome the high lethality rate due to
trf2 deletion, we generated a fly line with trf2 overex-
pression by site-specific integration of the trf2 short
isoform using a line with the attP at locus 86Fb.

The trf2-overexpressing embryos injected with the
gene editing mix had normal viability. As a result, we
obtained five fly lines with insertion of the mCherry
reporter gene for each of the gRNA combinations,
producing 6.6 and 1.1 kb deletions, respectively.
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Fig. 2. CRISPR /Cas9- and HDR-mediated gene replace-
ment with the aftP site and reporter gene mCherry. The
genes trf2 (A), mep-1(B), and top2 (C) and homologous
recombination templates for either full-length or partial
deletions are presented

We additionally validated this approach on other
genes: mep-1 and top2.

MEP-1 is a protein that facilitates the recruitment
of the nucleosome remodeling and histone deacety-
lation (dNuRD) complex to many gene promoters [9,
10]. It is an important regulator of early development
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Table 1. Results of plasmid microinjections for the replacement of the #rf2, mep-1, and top2 genomic regions with a

landing platform

. Deletion, Embryos Flies mCherry+
Fly line Cas9 source bp injected selgeze, B0 | 20 lres Off-targets
ylwiis Cas9-expressing plasmid 6700 200 100 - -
- 54591 Cas9 under nanos 6700 250 140 1 +
o promoter
5 58499 Cas9 under Actin5C 6700 200 80 - -
promoter 1100 250 120 - -
ylwite + Cas9-expressing 6700 100 80 5 2
TRF2 overexpression plasmid 1100 100 380 5 2
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in Drosophila; mep-1 gene inactivation leads to em-
bryonic lethality.

As in the case of trf2, the selected gRNA combi-
nations resulted in two DNA double-strand breaks
spaced 5.6 or 2 kb apart for the full-length and start
codon region deletions, respectively (Fig. 2B). The
results obtained for the different editing schemes
used for mep-1 gene replacement are summarized in
Table 1.

Embryos injected with the mixture for mep-1 gene
replacement without mep-1 overexpression back-
ground had moderate lethality during development.
Mating of FO0 flies resulted in only one fly line, which
had a long gene deletion. Meanwhile, injection of the
embryos with background mep-1 overexpression led
to the generation of four fly lines with the landing
platform. Thus, mep-1 deletion is not completely le-
thal; however, its overexpression increases the viabil-
ity of injected embryos and, as a consequence, gene
editing effectiveness.

Topoisomerase 2 (Top2) is an enzyme that releases
topological tension in the DNA molecule; it contrib-
utes to genome stability and participates in key cell
processes such as replication, transcription, and re-
combination [11].

For the replacement of the top2 gene with the
landing platform, we designed a pair of gRNAs tar-
geting Cas9 to the loci 2 kb apart from each other lo-
cated in 5'UTR and exon 3 of top2. The editing plas-
mid mixture for gene replacement was injected into
ylw!? fly embryos. There were no cases of platform

insertion in the progeny of individual matings of F0
with wild type flies. However, editing upon insertion
of the Top2 coding sequence in the 86Fb chromosom-
al locus resulted in three knockout fly lines (Table 1).

The use of Cas9 for genome editing is frequent-
ly accompanied by additional unspecified mutations
throughout the genome. Since mutations usually man-
ifest themselves through phenotype and/or a change
in the survival rate, GOI overexpression on a differ-
ent chromosome allows one to probe the mutations on
the GOI chromosome in a line homozygous for GOI
deletion. Therefore, it is possible to select only lines
without severe mutations.

The generated fly lines homozygous for Atrf2,
Amep-1, or Atop2 deletion were lethal without the ad-
ditional rescuing copy. This corroborated the essenti-
ality of the edited genes and provided initial evidence
of successful gene replacement with the attP-plat-
form. Site-specific integration of a restoring construct
(coding for the wild-type gene variant) into the cor-
responding landing platform line and subsequent re-
moval of the reporter genes led to the recovery of
gene function and normal viability of homozygous
flies lacking the rescuing copy. Thus, overexpres-
sion induced prior to gene editing allowed us to ob-
tain landing platforms for a detailed study of three
Drosophila proteins: TRF2, Top2, and Mep-1. ®

This work was supported by the Russian Science
Foundation (grant No. 19-74-30026).
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ABSTRACT Cell therapy with mesenchymal stem cells (MSCs) may be a promising technique for cerebral blood
flow restoration after transient ischemia. Before a practical application of the cell material, 7-9 days are re-
quired for its cultivation. We studied the efficacy of human MSC (hMSC) transplantation performed 7 days
after cerebral ischemia/reperfusion (I/R) to help recover cerebral circulation. The intravital micrograph tech-
nique was used to comparatively evaluate the vasculature density in the pia mater and the reactivity of the
pial arteries in response to acetylcholine (ACh) in rats after I/R (clamping of both carotid arteries and a si-
multaneous decrease in and strict maintenance of the mean BP at 45 = 2 mm Hg for 12 min) and with/with-
out hMSC transplantation. Perfusion (P) in the sensorimotor cortex was assessed using laser dopplerogra-
phy. After 14 and 21 days, the vasculature density in I/R-affected rats was 1.2- to 1.4-fold and 1.2- to 1.3-fold
lower, respectively, than that in the controls. The number of ACh-dilated arteries decreased 1.6- to 1.9-fold
and 1.2- to 1.7-fold 14 and 21 days after I/R, respectively. After 21 days, the P level decreased 1.6-fold, on av-
erage. Administration of hMSCs on day 7 after I/R resulted in complete recovery of the vasculature density
by day 14. ACh-mediated dilatation fully recovered only in arteries of less than 40 uym in diameter within 21
days. After 21 days, the P level was 1.2-fold lower than that in the controls but significantly higher than that
in rats after I/R without hMSCs. Delayed administration of MSCs after a transient cerebral ischemic attack
affords the time for the procedures required to prepare cell material for transplantation and provides a good
therapeutic response in the pial microvasculature.

KEYWORDS ischemia/reperfusion, brain, intravenous transplantation, mesenchymal stem cells, microvascular
density, reactivity, perfusion.

ABBREVIATIONS BP - blood pressure; I/R — ischemia/reperfusion; SOR — sham-operated rat; MSCs — mesen-
chymal stem cells; hMSCs — human mesenchymal stem cells; P — perfusion; ED — endothelial dysfunction;
ACh - acetylcholine.

INTRODUCTION

Today the concept of a neurovascular unit (NVU) is
widely used in the study of ischemic brain pathologies
[1]. NVU is a structural and functional unit that com-
prises neurons, glial cells, astrocytes, pericytes, and
vessels that provide gas and metabolic exchange [2].
NVU is involved in the regulation of the blood flow
through the contractility of pericytes in the capillary
bed [3] and smooth muscle cells (SMCs) in the arterial
walls [4]. The key factor in NVU recovery after tran-
sient ischemia is the reactivity of NVU arteries [5].
Cell therapy using mesenchymal stem cells (MSCs)
may be one of the most promising modern tech-

niques to restore the structure and ability to function
of the brain vasculature after transient ischemia [6].
However, practical application of cell material requires
time to culture MSCs. If the patient’s MSCs are iso-
lated in advance and stored in a cryobank, it would
take 7-9 days to produce the required amount of cell
material [7].

The aim of this study was to elucidate the effect
of intravenous hMSC transplantation, which was per-
formed 7 days after ischemia/reperfusion, on the vas-
culature density, pial artery reactivity, and tissue per-
fusion in the cerebral cortex 14 and 21 days after
ischemia.
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MATERIALS AND METHODS

The study was performed in animals received
from the Center for Collective Use “Biocollection of
the Pavlov Institute of Physiology of the Russian
Academy of Sciences for the Investigation of the
Integrative Mechanisms of Nervous and Visceral
System Activity” (Saint-Petersburg). The study was
conducted in accordance with the regulations of
the Ministry of Health and Social Development of
the Russian Federation No. 708n of August 23, 2010
“Rules for Laboratory Practice”, Directive 2010/63/EU
of the European Parliament and the Council of the
European Union on the protection of animals used
for scientific purposes, and the requirements of the
Commission for Control over the maintenance and
use of laboratory animals at the Pavlov Institute of
Physiology of the Russian Academy of Sciences (pro-
tocol No. 09/05 of 05.09.2022).

Animals

The experiments were performed on male Wistar rats
(n = 68). The animals were housed under standard vi-
varium conditions with natural light and free access
to water and food.

Ischemia/reperfusion

Ischemia was induced in chloral hydrate-anesthe-
tized rats (intraperitoneally, 43 mg/100 g of body
weight) by 12-minute occlusion of both carotid arter-
ies and simultaneous controlled hypotension (reduc-
tion and strict maintenance of blood pressure (BP)
at 45 * 2 mm Hg by drawing/reinfusion of blood
into a heparinized syringe). BP was directly meas-
ured through a femoral artery catheter connected to a
DTX Plus™ transducer (Argon Critical Care Systems,
Singapore) attached to a computer running original
BP monitoring software developed in our laborato-
ry. After the ischemia period, the withdrawn blood
was completely reinfused. After suturing the surgical
wounds and anesthesia recovery (on heated tables),
the animals were returned to their standard cages.

MSCs and their transplantation

hMSCs derived from a single donor were used for
intravenous transplantation. MSC isolation from the
bone marrow, culturing, and phenotyping were per-
formed at Trans-Technologies LLC according to min-
imally modified standard procedures [8, 9]. In par-
ticular, hMSCs were cultured using o-MEM nutrient
medium (Hyclone, New Zealand) supplemented with
20% fetal bovine serum (Gibco, USA) and 100 pg/mL
penicillin/streptomycin (Gibco, USA). hMSCs were
phenotyped using flow cytometry on a FACSscan
flow cytometer (Becton Dickinson, USA). hMSCs
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were stained with anti-positive CD90, CD105, CD44,
and CD73 and negative CD45, CD34, CD14, CD11b,
HLA-DR, and 7TAAD marker antibodies (Becton
Dickinson, USA). MSCs at passage 2 or 3 were used
for the transplantation. Intravenous transplantation
was performed in separate groups of rats on day 7 af-
ter cerebral I/R. Each animal was injected with 5 mil-
lion hMSCs in 30 pL of the culture medium.

All subsequent surgical and experimental pro-
cedures were performed on anesthetized (Zoletil,
20 mg/kg, ip, Virbac, France) rats; euthanasia was
performed by administration of an increased Zoletil
dose.

Animal groups

1. Control group: sham-operated (SO) Wistar rats
that underwent surgery without I/R. The vascula-
ture density, pial artery reactivity, and perfusion in
the sensorimotor cortex in this and all subsequent
groups in separate animal subgroups (acute ex-
periments) were studied 14 and 21 days after sur-
gery. Rat weight and BP were 303 £ 12.7 g and
133 £ 5 mm Hg, respectively, on day 14 (n = 10) and
330 = 12.2 g and 135 £ 2 mm Hg, respectively, on
day 21 (n = 9).

2. Wistar rats that underwent brain I/R. Weight and
BP were 256 = 5 g and 133 = 5 mm Hg, respectively,
on day 14 (n = 8) and 318 £ 4 g and 124 = 4 mm Hg,
respectively, on day 21 (n = 9).

3. Wistar rats that underwent brain I/R and were
intravenously injected with hMSCs on day 7. Weight
and BP were 340 = 4.5 g and 128 = 4 mm Hg, re-
spectively, on day 14 (n = 10) and 336.7 = 8.4 g and
132 £ 3.1 mm Hg, respectively, on day 21 (n = 10).

Imaging and monitoring of the microvasculature

A hole (S = 1 cm?) was drilled in the parietal area of
the animal’s skull to intravitally monitor pial artery
response. The dura mater within the hole was re-
moved, thereby opening the area for further study.
The brain surface was continuously irrigated with
a Krebs solution (pH 7.4) at 37°C. The mean BP was
monitored and maintained at an approximately con-
stant level throughout the experiment. The body
temperature of the animals was maintained at 38°C
throughout the experiment. Perfusion (P) in the cer-
ebral cortex tissue was measured using a multifunc-
tional laser diagnostic complex LAKK-M (LAZMA,
Russia). A sensor of the device was placed at 3 points
over the sensorimotor cortex with approximate co-
ordinates AP = 1, 2, and 3 mm from the bregma;
SD = 1.0 mm lateral to the sagittal suture. The
LAKK-M complex software automatically calculated
the mean microcirculation P.
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The pial arteries were visualized in the same ex-
perimental animals using an original setup that in-
cluded an MC-2ZOOM stereoscopic microscope
(Micromed, Russia), a DCM-510 SCOPE digital cam-
era for a microscope (Scopetek, China), and a per-
sonal computer. The number of arteries and the
total number of vessels in a certain area were eval-
uated in static images using the PhotoM cytopho-
tometry software (developed by A. Chernigovsky,
http://www.t_lambda.chat.ru). The vasculature den-
sity was calculated as the vessel number to area ratio
(units/um?). Then, pial artery diameters were mea-
sured. During the experiment, 40 to 120 pial arter-
ies were examined in each animal. The diameter of
the arteries was measured under standard condi-
tions under continuous irrigation of the brain surface
with the Krebs solution and an acetylcholine (ACh)
solution (10" M) (Sigma-Aldrich, USA). All exam-
ined pial arteries were divided into groups according
to their diameters: 60—-80 um, 40-60 pm, 20—-40 um,
and less than 20 um. The effect of ACh was assessed
based on the number of dilated arterial vessels and
their degree of dilatation. A change in the number
of ACh-dilated vessels was expressed as a percentage
of the total number of examined vessels in a group.
The degree of dilatation AD was assessed as the dif-
ference in diameters after (D2) and before (D1) expo-
sure to ACh divided by the vessel diameter D1 before
exposure, %:

AD = (D2 — D1)/D1 x 100.

If a diameter change was less than 5.0 = 0.5%, it
was considered as a lack of response. As we had pre-
viously found, this value was detected at rest in the
lack of any exposure. Data for each group of vessels
from different animals were averaged for a separate
experimental group of rats and used for statistical
comparisons.

Statistical evaluation of data

Mathematical data processing was performed us-
ing the Microsoft Excel 2003 statistical package and
InStat 3.02 software (GraphPad Software Inc., USA).
The data are presented as the arithmetic mean and
its error. Testing of experimental data for normal
distribution was carried out using the Kolmogorov—
Smirnov test. The means of independent samples
with a normal distribution were compared using the
analysis of variance, followed by pairwise comparison
of the groups using the Tukey’s test. If the sample
distribution was not normal, the groups were com-
pared using the Kruskal-Wallis test, followed by pair-
wise comparison using the Mann—Whitney U-test.

Differences were considered significant at a confi-
dence level of more than 95% (p < 0.05).

RESULTS

Flow cytometry analysis revealed that the hMSC cul-
ture was comprised of 99.7% CD90*, CD73*, CD105%,
and CD44"* cells (true MSCs); 0.3% of CD45" and
CD34" cells (hematopoietic cells); and 0.5% of CD14",
CD11b*, and HLA-DR™ cells. The 7TAAD™" (non-viable)
cells accounted for less than 0.9-1%.

The microvasculature density in the pia mater of
the sensorimotor cortex in the SO and I/R rats is
shown in Fig. 1. The microvasculature density and
the arterial vessel density in the I/R group were low-
er, 1.4-fold and 1.2-fold, respectively, than those in the
SO group 14 days after I/R and 1.2-fold and 1.3-fold,
respectively, 21 days after I/R. The microvasculature
density in the pia mater of I/R group animals sub-
jected to intravenous hMSC transplantation was the
same as that in the SO rats both on days 14 and 21
after I/R.

In the I/R group (the animals not treated with
cell therapy), application of Ach to the brain surface
significantly deteriorated the pial artery reactivity
(Fig. 2). In the rats from group 2, the number of Ach-
dilated arterial vessels (an increase in the diameter)
was 1.8-fold and 1.3- to 2.1-fold, on average, less than
that in the SO rats after 14 and 21 days, respectively.

In the group of animals injected with hMSCs on
day 7 after I/R, the dilatation response of large pial
arteries (> 40 um in diameter) was 1.3- to 2-fold,
on average, lower than that in the SO rats; ie., ap-
proximately the same as in the animals of the 2nd
group 14 days after I/R (7 days after hMSC injec-
tion). The number of ACh-dilated arteries with a di-
ameter of 20—40 pum was lower (1.3-fold, on aver-
age) than that in the SO rats and higher than that in
group 2 (1.4-fold, on average). In the smallest arteries
(< 20 pm in diameter), the dilatation response to ACh
fully recovered to the level of that in the SO rats. The
reactivity of the largest arteries (60—80 pm in diam-
eter) had not recovered by day 21 after I/R (14 days
after hMSC injection). The number of ACh-dilated
arteries with a diameter of 20-60 um was almost
identical to that in the SO rats; this indicator for the
vessels with a diameter of less than 20 um was statis-
tically significantly higher than that in the SO group.
There were no differences between the groups in the
degree of diameter changes (data not shown).

After 14 days, the P level in the sensorimotor cor-
tex tissue in all I/R animals was still approximate-
ly identical to that in the SO rats (Fig. 3). On day
21, a significant decrease in P (1.6-fold, on average)
was observed in group 2. In the animals from the cell
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Group 2

Microvasculature density, AU

Group 1 Group 2 Group 3

Fig. 1. Indicator of the vascular bed density of the senso-
rimotor cortex pial membrane in the experimental animals.
(A) — 14 days after | /R, (B) — 21 days after | /R. Dark
columns — the artery density; light columns — the density
of the all-vascular network.

Horisontally — experimental animals groups; vertically —
indicator of the microvascular bed density (number of
vessels / unit area).

" — changes in the arterial density are significant compared
to the corresponding values in the animals after | /R;

# — changes in the density of the all-vascular network are
significant compared to the corresponding values in the
animals after | /R (" #p < 0.05, " ## p < 0.01, Tukey test)

therapy groups, a decrease in P, but less significant
(1.2-fold, on average), was also detected on day 21 af-
ter ischemia.

DISCUSSION

The introduction of cellular technologies in medical
practice requires that we develop techniques for the
transplantation of MSCs that are quite remote from
the site of the transient ischemia, ischemic stroke,
brain injury, etc. However, treating these brain pathol-
ogies with MSCs requires accounting for the permea-
bility of the blood—brain barrier for these cells. There
is data in the literature indicating that there is an in-
crease in the permeability of the blood—brain barrier
during the first 7 days after I/R [10], which enables
venously transplanted MSCs to migrate to the brain.
MSCs, administered intravenously 24 h after occlusion
of the middle cerebral artery, have been experimen-
tally shown to migrate into the damaged brain tis-
sue and appear in the walls of penumbra vessels [11].
Increased levels of the vascular endothelial growth
factor (VEGF) and hypoxia-induced factor (HIF-1a)
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Number of dilations, % of the total number
of responses to ACh in a group

20-40
Vessel diameter, pm

Fig. 2. The number of pial arteries that responded with
dilation to the effects of ACh. (A) — 14 days after | /R,

(B) — 21 days after | /R. Dark columns — sham-operated
rats, light columns — rats after | /R, oblique hatching —
rats after | /R, with intravenous transplantation of MSCc

7 days after | /R. Horizontally — vessels diameter, verti-
cally — number of vessels dilated in response to ACh, %
of the total number of reactions to ACh in the group.

" — significant changes in comparison with the correspond-
ing values in the rats after | /R; # — significant changes in
comparison with the corresponding values in the rats after
I/R, with intravenous transplantation of MSCc 7 days after
I/R ("#p < 0.05, "p < 0.01, Tukey test)

have been observed in the same area. MSCs secrete
factors that promote tissue neovascularization: fibro-
blast growth factor 2 (FGF-2), VEGF, transforming
growth factor (TGFR), interleukins IL-6 and IL-8, an-
giogenin, hepatocyte growth factor (HGF), and plate-
let-derived growth factor (PDGF BB) [12]. In addition
to angiogenesis activation, MSCs can protect cerebral
vascular cells after an ischemic stroke [13, 14].

In this study, we were able to show that the vas-
culature density in the pia mater of rats transplanted
with hMSCs on day 7 after I/R was approximately
identical to that in the SO animals (Fig. 1) on days 14
and 21 after ischemia. I/R is known to be followed by
the formation of ischemic areas in brain tissue [15,
16, 6]. Tissue ischemia stimulates the proliferation of
hMSCs and enhances their paracrine function [17].
MSCs cultured under hypoxic conditions increase the
production of the vascular endothelial growth factor
(VEGF) and hypoxia-induced factor (HIF-1a) [18]. We
contend that the recovery of the vasculature struc-
ture, following hMSC transplantation on day 7 after
I/R in our experiments, occurred due to hMSC-acti-
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vated angiogenesis. This insight is also confirmed by
the ACh-induced reactivity of the pial arteries. We
showed that ACh-mediated dilatation of large arter-
ies (> 60 pm in diameter) did not recover after 14 or
21 days (Fig. 2). The dilatation response of arteries
with a diameter of 20-40 ym was lower than that in
the animals in the control group on day 14. Probably,
damaged endothelial cells in the large vessels failed
to recover due to the administration of hMSCs 7 days
after I/R. In the smallest arteries (< 20 pm in diam-
eter), the reactivity was the same as that in the con-
trol group as early as on day 14 (ie., 7 days after ad-
ministration of hMSCs). On day 21, the number of
ACh-induced dilatations was statistically greater than
that in the control group and the group of cell ther-
apy performed on the day of the I/R. This confirms
the activation of angiogenesis in ischemic brain tis-
sue after hMSC transplantation on day 7 after I/R. In
this case, there was also a paracrine therapeutic ef-
fect on the vascular wall. This is seen in arteries with
a diameter of 20—60 pum, in which reactivity had not
recovered to its control level by day 14 after I/R and
was identical to that in the SO group by day 21 (14
days after administration of hMSCs) (Fig. 2). Probably,
the ability to function of the endothelial cells in these
vessels was damaged by I/R, but the cells survived
and were able to recover thanks to MSC-secreted tro-
phic factors [19, 20]. For example, increased produc-
tion of HIF-la may be considered as a therapeutic
effect after I/R. In ischemic tissue, HIF-1a stimulates
enhanced expression of the genes that provide cell
adaptation to hypoxia and regulate vascular tone, cell
proliferation, and apoptosis [21].

Restoration of the structure and functionality of
the vasculature after I/R is very important for main-
taining the physiological level of a cerebral blood flow
rate. After a brief ischemic attack, when the cerebral
blood flow rate abruptly falls, reperfusion leads to hy-
peremia. After 7—14 days, the blood flow rate usually
drops to its initial level, but not always. This requires
normalization of the blood gas composition (pO, and
pCO,) and acid-base balance (pH), activation of sec-
ondary angiogenesis, and restoration of a balanced
production of vasoconstrictors and vasodilators by en-
dothelial cells [22]. However, in a real-world situation,
there may be a decrease in the microvasculature den-
sity, endothelial dysfunction (as in this study), com-
pression of the vessel lumen by swollen processes of
astrocytes, and intravascular accumulation of eryth-
rocytes, platelets, and leukocytes in the brain by day
21 after I/R [23]. These developments worsen cere-
bral circulation. The use of hMSCs on day 7 after I/R
maintained tissue perfusion (an integral indicator of
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Fig. 3. Changes in the perfusion index in the sham-
operated and ischemic rats. (A) — 14 days after | /R,

(B) — 21 days after I\R. Horizontally — groups of experi-
mental animals; vertically — perfusion (perf. units).

" — significant changes in comparison with the correspond-
ing values in the sham-operated rats of this group;

# — significant changes in comparison with the correspond-
ing values in the rats after | /R (¥p < 0.05, "p < 0.01,

L ##ER < 0.001, Mann-Whitney U-test)

blood circulation) at a higher level than that in the
non-treated rats (Fig. 3).

CONCLUSION

We found that intravenous transplantation of hMSCs
on day 7 after I/R led to good therapeutic results:
the animals retained/recovered the vasculature struc-
ture in the pia mater. Delayed administration of MSCs
7 days after a transient ischemic attack buys time
for the procedures required for the production of cell
material for transplantation and completely restores
arterial reactivity in the microcirculatory region of
the pial vasculature. ®
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ABSTRACT As a result of the computer screening of a library of sulfo-substituted compounds, molecules capa-
ble of binding to the active site of transketolase from Mycobacterium tuberculosis were identified. An exper-
imental verification of the inhibitory activity of the most promising compound, STK045765, against a highly
purified recombinant enzyme preparation was carried out. It was shown that the STK045765 molecule com-
petes for the binding site of the pyrophosphate group of the thiamine diphosphate cofactor and, at micro-
molar concentrations, is able to suppress the activity of mycobacterial transketolase. The discovered furan-
sulfonate scaffold may serve as the basis for the creation of anti-tuberculosis drugs.

KEYWORDS sulfonates, sulfo group, inhibitors, thiamine diphosphate, transketolase, mycobacteria.

ABBREVIATIONS mbTK — mycobacterial transketolase.

INTRODUCTION

Tuberculosis treatment is based on long-term mul-
ticomponent chemotherapy and is often accom-
panied by the development of drug resistance in
Mycobacterium tuberculosis. Because of this, the
search for new molecular targets and the devel-
opment of drugs that can selectively suppress the
growth of mycobacteria are of utmost importance.
An analysis of the genome of the H37Rv strain of
M. tuberculosis made it possible to establish metabol-
ic pathways the suppression of which can provide the
basis for the development of new drugs. In particular,
the pentose phosphate pathway and the associated en-
zyme transketolase (mbTK) are crucial [1, 2]. mbTK
catalyzes the reversible transfer of a two-carbon frag-
ment from a donor substrate (ketose) to an acceptor
substrate (aldose). One of the mbTK substrates, ribose
5-phosphate, is used for the synthesis of the myco-
bacteria cell wall [3, 4]. In this work, we carried out a
computer screening for the ability of sulfo-substitut-
ed compounds to bind in the mbTK active center and
experimental verification of the inhibitory properties
of the selected, most promising candidate.

EXPERIMENTAL
The molecular model of mbTK for docking was
obtained based on the 3rim crystal structure [4].
Hydrogen atoms were added taking into account the
ionization of amino acid residues with the AmberTools
1.2 software, then their coordinates were optimized
with the Amber 12 package [5], using the steepest
descent and conjugate gradient algorithms. A library
of sulfo-substituted compounds for screening was
constructed based on the Vitas-M commercial set of
low-molecular-weight compounds (https://vitasmlab.
biz) using a substructure search for the sulfo group in
ACD/SpectrusDB (https:;//www.acdlabs.com). The com-
pounds were docked into the active site of the mbTK
model using Lead Finder 1.1.16 [6]. The search region
included the binding site of the thiamine diphosphate
cofactor and the substrate [7]. Then, compounds ca-
pable of forming an electrostatic interaction with the
Mg?* ion, as well as other favorable contacts, were se-
lected using a Perl script for structural filtration.
The recombinant mbTK protein was obtained us-
ing the pET-19b plasmid carrying the Rv1449c gene
and the Escherichia coli strain BL21(DE3). Protein
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isolation and purification were performed as de-
scribed previously [8, 9]. The activity of mbTK was
measured by the coupled NAD* reduction reaction,
catalyzed by glyceraldehyde 3-phosphate dehydro-
genase from rabbit muscles [10]. The reaction mix-
ture contained glycylglycine (50 mM), dithiothreitol
(3.2 mM), sodium arsenate (10 mM), magnesium chlo-
ride (2.5 mM), thiamine diphosphate (5 uM), xylulose
5-phosphate (140 pM), ribose 5-phosphate (560 uM),
NAD™ (370 pM), glyceraldehyde 3-phosphate dehydro-
genase (3 U), and the STK045765 inhibitor at various
concentrations (0—1000 pM). The reaction was started
by adding a solution of the mbTK apo form to the
reaction mixture incubated in a thermostated cell at
pH 7.6 and 25°C. The reaction rate was monitored as
an increase in the optical density of the solution at
340 nm using a Shimadzu UV-1800 spectrophotom-
eter.

RESULTS AND DISCUSSION

The mbTK active site contains the cofactor thiamine
diphosphate, as well as the Mg?" ion [4]. The interac-
tion of the pyrophosphate group with Mg?" makes a
significant contribution to the binding energy of thi-
amine diphosphate and is important for the design of
mbTK inhibitors that were not reported prior to our
study.

The sulfo group was chosen as a possible structural
mimic of the pyrophosphate group capable of form-
ing an electrostatic interaction with metal ions. From
the library of commercially available low-molecular-
weight compounds, 320 molecules with a terminal
(negatively charged) sulfo group and 563 molecules
with an esterified sulfo group were retrieved. As a
result of docking, the positions of compounds of this
class in the mbTK active site were determined. The
docking poses were further subjected to structural
filtration by taking into account direct electrostatic
interactions of the sulfo group with Mg?**. An expert
analysis of the positions of the selected compounds
identified five compounds with a terminal sulfo group
(Fig. 1) that effectively interacted with Mg?* and the
surrounding residues of the mbTK active site. Less
effective interactions of esterified sulfonates indicate
that a negatively charged group is required for the
inhibitor binding in the mbTK active site.

For experimental testing of inhibitory properties,
the STK045765 molecule was selected, which forms
the most favorable bonds and contacts when model-
ing enzyme-inhibitor complexes. In this molecule, the
furansulfonate and naphthalene fragments are con-
nected by a hydrazide linker. The negatively charged
sulfo group of STK045765 is able to interact with the
Mg?*" ion and His85 side chain (Fig. 2) in a similar
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manner to the pyrophosphate group of the cofactor.
Along with this, favorable hydrophobic contacts of the
bicyclic structural fragment of STK045765 with the
side chains of Ile211, Leu402, and Phe464 take place.
Experimental verification confirmed the findings of
molecular modeling. When an inhibitor was added to
the reaction mixture, mbTK activity was suppressed:
thus, in the presence of STK045765 at a concentration
of 1 mM, the residual activity was 27% (Fig. 3).

CONCLUSIONS

Virtual screening of a library of sulfo-substituted
compounds made it possible to identify potential in-
hibitors capable of binding to the mbTK active site

and competing with the cofactor thiamine diphos-
phate. Experimental testing of one of the candi-
dates (STK045765 containing a furansulfonate group)
against a highly purified mbTK preparation confirmed
that compounds of this class are capable of inhibit-
ing enzymatic activity. As a result of the study, the
first-in-class inhibitor of mbTK was discovered, the
structure of which can become the basis for the de-
velopment of more effective inhibitors — prototypes of
anti-tuberculosis drugs. @

This work was supported by the Russian Science
Foundation (grant No. 15-14-00069-P).
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