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NEAT1_1 LONG NON-CODING RNA REDUCES THE SURVIVAL OF PRIMARY NEURONAL

CELLS UNDER ER-STRESS
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NEAT1 long non-coding RNAs play an important role in the central nervous system (CNS) and are associated with a number of pathological conditions. Increased
levels of NEAT1 in the brain have been observed in neurodegenerative and psychiatric diseases — the significance of such an increase is still poorly understood.
Functionally, NEAT1 is associated with cellular stress pathways in the nervous system. The aim of the current study was to evaluate the effect of increased levels
of the short isoform NEAT1_1 on survival of mice primary hippocampal cultures under ER-stress induced by MG132 proteasome inhibitor. Primary cultures
were obtained from transgenic animals expressing human NEAT1_1. Cellular composition and apoptosis were assessed using immunocytochemical staining.
The expression of apoptosis signaling pathway genes was analyzed by quantitative PCR with reverse transcription. No differences in cellular composition and
morphological characteristics of neurons were observed in primary neuronal cultures obtained from transgenic animals as compared to wild type cultures. Induction
of ER-stress resulted in a more significant increase in apoptotic death of cells including neurons in NEAT1_1 expressing cultures in comparison with the wild type
cultures. ER-stress signaling pathway genes Atf4 and Ddit3 were less expressed in transgenic cultures under stress. Expression of Bc/2/2 and Mcl1 anti-apoptotic
genes was reduced as well. Thus, high levels of NEAT1_1 in primary neuronal cultures increased apoptotic cell death under ER-stress.
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OJIMHHAA HEKOOUPYHOLASA PHK NEAT1_1 CHU>XXAET BbI)KUBAEMOCTb NMEPBUYHbIX
HEWPOHHbIX KNETOK MPU 3MNP-CTPECCE
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3 BenropoACKUI roCyAapPCTBEHHbIM HALMOHABbHBIN MCCNEA0BATENLCKUIA YHUBEPCUTET, Benropoa, Poccust
OnunHHas Hekopmpytowas PHK NEAT1 nrpaet BaxkHyto posib B paboTe LieHTpasnbHOM HepBHOM cucTemsl (LIHC) 1 ydacTByeT B pa3sutumn psiaa natosiormyeckmnx
cocTosHWA. [oBbILLeHe ypoBHS NEAT1 B MO3re MPOVCXOAWT MpU HEMPOAEreHepaTVBHbIX M MCUXNHECKNX 3a00neBaHMsIX. Kakyio pofb UrpaeT Takoe NoBbILLEHVe
ocTaeTcs HesicHbIM. PyHKUmoHanbHO NEATT cBs3bIBAIOT C peanvdauyein 0TBeTa Ha KNETOYHbIA CTPecc B HEPBHOW cucTemMe. Llenbto paboTbl ObI10 OUEeHUTL
B/IMSIHE MOBbLILLEHHOO YPOBHA KOpoTkoM 13othopMbl NEAT1_1 Ha BbPKMBAEMOCTb MEPBWHHBIX MMANOKaMNasibHbIX KylbTyp Mbiwen, npu SMP-ctpecce,
VNHIYLWPOBAHHOM C MOMOLLIO UHrMOUTOpa npoteacoM MG132. MNepBu4Hble KynsTypbl Oblv MONYyYeHb! OT TPAHCTEHHbIX XMBOTHbIX, aKcnpeccupytoLLix NEAT1_1
YeroBeka. XapakTepuCTVKy KNETOYHOrO cocTaBa W OLEHKY anonTo3a MpoBOAVAN C MOMOLLBIO MMMYHOLIMTOXVMUHYECKOTO OKpaLLMBaHWS. AHanM3 SKCnpeccum
rEeHOB CUMHaUTbHBIX MyTel anomTo3a OCYLLECTBAAM METOAOM KonndecTeeHHom [MLIP ¢ obpaTHolt TpaHckpunumen. MepBudHble HEMPOHHbIE KyMETYPbI, MONyYeHHbIe
OT TPaHCIEHHbIX XXMBOTHbIX, HE OTAIMYANMCH OT KYSLTYP AMKOMO TWMa No KIETOYHOMY COCTaBy 1 MOPOSIOMMHECKNM XapaKTepUCTUKaM HEMPOHOB. MNpy HayKUMn
OlP-cTpecca Npovcxoamno yCuUneHne anonToTUHECKON rbenn KNeTok, B TOM YUCHe HEMPOHOB, B KynbTypax, akcrnpeccupyrowmx NEAT1_1 B cpaBHeHun ¢
Ky/bTypamm AMKOro TUna. AKTYBaLVWS FeHOB CUrHanbHbIX nyTen SMNP-cTtpecca Atf4 1 DAit3 Obina MeHee BbipaXkeHa B TPaHCreHHbIX KysTypax npu ctpecce. Kpome
TOro, Gblfl CHPKEH YPOBEHb SKCMPECCUN aHTUaNONTOTUHECKNX reHoB Bel2/2 n Mcl1. Takum 06pa3om, NoBbiLLeHHbI ypoBeHb NEAT1_1 B NepBUYHbIX HEMPOHHbIX
Ky/bTypax yCuiamBaeT anontoTuyeckyto rvbens knetok npy SlNP-cTpecce.
KntouyeBble cnoBa: fiMHHbIe Hekogvpytouwme PHK, NEAT1_1, SINP-cTpecc, nepBuYHble HEMPOHHbIE KYBTYPbI, anonTo3
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Long noncoding RNAs (IncRNAs) are molecules longer than
200 nucleotides without open reading frames [1]. INcCRNAs are
involved in various physiological and pathological processes
such as cell cycle regulation, cell differentiation, apoptosis, and
inflammation [2]. The role of INcRNAs in evolution of mammalian
and human brain seems to be of particular importance. This is
supported by the fact that about 40% of all identified human
INcRNAs are specifically expressed in the brain [3]. Many
studies have demonstrated the involvement of INncRNAs in the
development of the nervous system, neuronal plasticity as well
as in the pathogenesis of neurological diseases [4]. NEAT1
(nuclear enriched abundant transcript 1) is one of the INcCRNAs
that has been convincingly shown to be associated with the
development of pathological conditions of the nervous system.
Changes in NEATT levels in the brain are observed in a number
of neurodegenerative diseases and psychiatric disorders such
as amyotrophic lateral sclerosis (ALS), frontotemporal dementia
(FTD), Huntington's disease (HD), Alzheimer's disease (AD), and
schizophrenia [5]. In most cases, increased NEAT1 levels in the
brain of patients with these diseases are [6-8]. Whether the role
of such increase is protective or pathogenetic is still unclear.
Experimental data suggest that NEAT1 is a stress-activated
gene and its expression is increased in response to pathological
effects of stress at the cellular level [9, 10]. NEAT1 gene is
transcribed into two RNA isoforms, NEAT1_1 (3.7 kb) and
NEAT1_2 (23 kb) overlapping at their 5'-ends [5]. Accumulation
of the long NEAT1_2 isoform in human nervous system cells
has been confirmed for developing ALS conditions only [11, 12].
For other diseases, NEAT1 dysfunctions are apparently
associated with changes in the short isoform levels (NEAT1_1)
[13]. In mice, the long isoform was not normally detected in the
nervous tissue while the short isoform is expressed in all parts
of the CNS [14].

Under physiological conditions, endoplasmic reticulum
(ER) is the main subcellular compartment involved in protein
quality control, where proteins are properly folded, matured,
and degraded [15]. When these processes are disrupted,
unfolded and misfolded proteins are accumulated in cells
resulting in ER stress, a specific type of cellular stress [16]. This
most common pathologic event at the cellular level occurs in
neurons located in the lesion zone during neurodegeneration
[17]. In case of impossibility to restore protein homeostasis,
cell adaptive programs shift towards induction of apoptotic
signaling pathways leading to death of the irreversibly damaged
neurons [18].

NEAT1 is involved in forming specific ribonucleoprotein
(RNP) complexes in cells [6, 11, 13]. Pathological aggregation of
RNP proteins TDP-43 and FUS leads to ER stress and neuronal
death. TDP-43 and FUS aggregation in the nervous system
was found in ALS, FTD, AD and other neurodegenerative
diseases. The direct interaction of NEAT1 with such proteins
raises the question about the possible influence of this RNA
on the development of pathological aggregation and cell death
12, 13].

In the current study, we investigated the effect of the
increased levels of NEAT1_1 IncRNA on cell survival in primary
hippocampal cultures obtained from transgenic mice under ER
stress induced by the proteasome inhibitor MG132.

METHODS
Primary hippocampal cultures

The study was performed on primary neuronal cultures
obtained from NEAT1_1Tg transgenic mice expressing the

short isoform of human NEAT1_1 in the nervous system. The mice
were obtained by transgenesis as described previously [19] and
harbor a transgene encoding human NEAT1_1 in the genome
under the control of the pan-neuronal Thy1 promoter ona C57BL6
genetic background (in press). The transgene presence was
confirmed by PCR. Animals were maintained at a 12h light/12h
dark cycle, with food and water supplied ad libitum.

Primary neuronal cultures were obtained from the
hippocampus of NEAT1_1Tg transgenic mice and wild-type
(WT) control mice on the third day after birth (P3) as described
previously [20]. Hippocampi isolated from at least three animals
of the same genotype were used for culture; each experiment
was independently repeated at least twice. After hippocampal
dissection, the samples were incubated in a solution of 0.1%
trypsin in Hanks' balanced salt solution (HBSS) with 10 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
and 1 mM sodium pyruvate for 40 min. This was followed by
mechanical dissociation in a solution of Neurobasal medium
(PanEco; Russia) containing 50 units/mL penicillin/streptomycin,
0.2% beta-mercaptoethanol, 500 pM L-glutamine, 0.36%
glucose, and 10% horse serum. Samples were centrifuged for
5 min at 1500 rpm. The cell pellet was resuspended in freshly
prepared medium, and cell counting was performed using a
Goryaev chamber (hemocytometer) and trypan blue staining.
B27 supplement (Thermo Fisher Scientific; USA) or NeuroMax
supplement (PanEco; Russia) was added to the medium to
increase the survival of primary neurons in culture. Cells were
seeded on 12-mm-diameter coverslips coated with poly-L-
lysine, with approximately 3 x 10* cells per glass. On the next
day, medium was changed to fresh medium without serum.
A subsequent medium change was performed every 3 days
replacing only half of the medium. Cultures were incubated at
37 °C, 5% carbon dioxide, and 95% humidity. The cultures were
analyzed after 7 days from seeding.

To induce endoplasmic reticulum stress (ER stress), cells
were treated with a solution of MG132 proteasome inhibitor
(Sigma-Aldrich; USA) in DMSO (PanEco; Russia) with a final
concentration of 200 uM or 10 pM.

Immunocytochemical staining using microtubule-
associated protein Tau antibody (SAB4300377; Sigma-
Aldrich, USA) was performed to visualize neuronal bodies and
outgrowth processes, for subsequent Sholl analysis; to confirm
the neuronal phenotype, cells were stained with NeuN marker
(antibody MAB377; Millipore, USA). Images were obtained
using a Carl Zeiss Axio Observer 3 microscope (Germany)
equipped with an Axiocam 712 mono camera (Carl Zeiss;
Germany). Semi-automatic Sholl analysis was performed using
the Imaged plugin as described earlier [10]. For each genotype,
30 neurons were analyzed.

Immunocytochemical staining

To characterize the cellular composition of primary neuronal
cultures, we performed the immunocytochemical staining using
markers of the main types of neuronal tissue cells: NeuN, a
marker of differentiated neurons (antibody MAB377; Millipore,
USA), GFAP, a marker of astrocytes (antibody G9269; Sigma-
Aldrich, USA), Olig2, a marker of oligodendrocytes (antibody
ab109186; Abcam, UK), and Ibal, a marker of microgliocytes
(antibody ab178846; Abcam, UK). For each marker, six glass
coverslips from two independent cultures for each genotype
were analyzed. Apoptotic cell death was assessed by staining
with antibodies to the activated form of caspase 3, CC3
(antibody AB3623; Sigma-Aldrich, USA). Cells were washed
from the medium with 1x PBS (phosphate-buffered saline),
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Table. Sequences of primers used for RT-gPCR
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Name of primer Sequence of forward primer Sequence of reverse primer

B2m CATGGCTCGCTCGGTGAC CAGTTCAGTATGTTCGGCTTCC

Atf4 GGGTTCTGTCTTCCACTCCA AAGCAGCAGAGTCAGGCTTTC

Ddit3 CCACCACACCTGAAAGCAGAA AGGTGAAAGGCAGGGACTCA

Hspab TCGACTTGGGGACCACCTAT AGTGAAGGCCACATACGACG

Emc4 ATACCAGCGTGCAAGAGACC GGAATCTGCTTGAGGGGACC

Bcl2l1 CGGATTGCAAGTTGGATGGC TGCTGCATTGTTCCCGTAGA

Belzl2 ATTGGATGGTGGCCTACCTG CCCGTATAGAGCTGTGAACTCC

Mcl1 AACGGGACTGGCTTGTCAAA CTGATGCCGCCTTCTAGGTC

Casp3 CGGGGAGCTTGGAACGGTA CCACTGACTTGCTCCCATGT

fixed with 4% paraformaldehyde for 15 min and permeabilized
with ice-cold methanol for five minutes. Non-specific binding
was blocked using 5% goat serum blocking solution in PBS
with Tween 20 for 1 hour at room temperature. The coverslips
were then incubated with primary antibodies at 1:1000 dilution
in a blocking solution for 1 hour at room temperature, washed
out with 1x PBS, and incubated with secondary fluorescently
labeled antibodies Goat anti-Rabbit IgG Alexa Fluor™ 568
(A-11011; Thermo Fisher Scientific, USA) and Goat anti-Mouse
IgG Alexa Fluor™ 488 (A-11029; Thermo Fisher Scientific, USA)
at 1:1000 dilution in PBS-Tween 20 solution for 90 minutes at
room temperature. Cell nuclei were stained with DAPI solution
(Sigma-Aldrich; USA). The coverslips were mounted on slides,
in a drop of Immu-Mount medium (Thermo Fisher Scientific;
USA). For analyzing cell types and apoptosis, coverslips were
imaged on a Cytation 3 Reader (BioTek; USA) with Gen5 3.08
Software (BioTek; USA). At least 3000 pm x 3000 pm area was
scanned in a multichannel fluorescence mode. The scanned area
was stitched into a single panoramic image, and a number of
positively stained cells for each specific marker was analyzed.
For each marker, the results were normalized to the total number
of cells estimated by DAPI-stained nuclei counting.

Gene Expression Analysis

Expression of genes involved in ER stress major signaling
pathways and apoptosis were assessed by quantitative real-time
reverse transcription PCR (RT-PCR) on a CFX96 instrument (Bio-
Rad; USA). Cells were grown on a six-well plate for 7 days. Total
RNA was isolated using ExtractRNA reagent (Evrogen; Russia)
according to the manufacturer's protocol. RNA samples were
further treated with DNase (Sigma-Aldrich; USA) according to the
manufacturer's protocol. The concentration of purified RNA was
measured using Nanodrop 2000 spectrophotometer (Thermo
Fisher Scientific; USA). Synthesis of complementary cDNA
strand was performed using the Magnus Reverse Transcriptase
kit (Evrogen; Russia) according to the manufacturer's protocol.
Quantitative real-time PCR was performed on a CFX96 instrument
(Bio-Rad; USA) using gPCRmix-HS SYBR kit (Evrogen; Russia)
according to the manufacturer's protocol. Beta-2-microglobulin
gene (B2m) was used as an endogenous control. The list of
primers we used is presented in Table.

The program for gPCR included initial denaturation for
5 min at 95 °C, followed by 40 cycles: at 95 °C for 20 s, at 60 °C
for 30 s, at 68 °C for 30 s. The results were analyzed using
Bio-Rad CFX Manager software (Bio-Rad; USA).

Statistical Analysis of Data

Statistical analysis was performed using Statistica 12.0
(StatSoft, Inc.; USA) and GraphPad Prism 8 (GraphPad
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Software; USA) software. In all cases, results are presented as
arithmetic mean and standard error of the mean (x + m) with
individual values where appropriate. Details of the statistical
analysis for each group of data are presented in the figure
description. Differences in the obtained results were considered
statistically significant at a significance level of p < 0.05.

RESULTS

Cellular composition and morphology of neurons in
primary neuronal cultures expressing NEAT1_1 do not
differ from control ones

Primary hippocampal cell cultures obtained from NEAT1_1Tg
transgenic mice and from wild-type (WT) animals on the third
day of postnatal development (P3) were used in the experiment.
The isolated cells were cultured in vitro for 7 days. Culturing
conditions (use of serum, nutrient supplement B27, etc.) were
selected to obtain a mixed culture containing all major cell types
of nervous tissue. Staining for markers of cell types showed that
the primary neuronal cultures contained approximately 9 + 1.3%
neurons, 61 + 5.6% astrocytes, 28 + 2.5% oligodendrocytes,
and 2 + 0.5% microgliocytes (Fig. 1A, B). No differences were
found between cultures of different genotypes — NEAT1_1Tg
and WT - in terms of cellular composition.

To characterize neuron morphology and assess the effect
of increased NEAT1_1 expression on morphofunctional
characteristics related to cell activity and plasticity, we
performed Sholl analysis evaluating the neurite outgrowth. No
significant differences in the branching complexity in neurons of
two different genotypes (NEAT1_1Tg and WT) were detected
although a tendency of decreasing number of neurites in neuron
proximal regions was observed for transgenic NEAT1_1Tg
cultures (Fig. 2A, B). Thus, NEAT1_1 expression was shown to
have no effect on neuronal plasticity.

In transgenic NEAT1_1Tg cultures, apoptotic cell death
was more often observed under ER stress

Analysis of apoptotic cell death by immunocytochemical
staining for activated caspase-3 (CC3) showed that under
normal conditions, a small number (2-4%) of CC3-positive
(CC3) cells were detected in cell cultures while the signal was
mostly not colocalized with NeuN marker indicating the glial
nature of dying cells (Fig. 3 A-B).

Acute and moderate ER stress was induced by treatment
with MG132 proteasome inhibitor (200 uM and 10 pM MG132
concentrations, respectively). On the seventh day of cultivation,
MG132 proteasome inhibitor was added to the medium for
4 h, after that the medium was changed. Apoptosis levels
were evaluated after 4 h, 12 h and 24 h. The total cell death
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Fig. 1. Cellular composition of hippocampal primary cultures derived from transgenic (NEAT1_1Tg) and wild-type (WT) mice A. Percentages of neurons (NeuN),
astrocytes (GFAP), microgliocytes (Ibal), and oligodendrocytes (Olig2) in primary cultures. B. Representative photographs of primary cultures stained for markers of

different cell types. Cell nuclei are stained with DAPI. The scale bar is 100 pm

was analyzed, i.e. all CC3* cells (both neurons and glia) were
counted.

Under acute ER stress induced by high concentration of
MG132 (200 pM) in WT cultures, cell death was detected in 4 h
after treatment. Number of cells dying as a result of apoptosis
increased in 12 h and remained highin 24 h. At the same time, in
cultures obtained from transgenic animals, a significantly higher
number of apoptotic cells was detected 4 h after treatment,
whereas at subsequent time points this index was comparable
to WT cultures treated with MG132 (Fig. 3A).

A low concentration of MG132 (10 pM) was used to model a
moderate transient ER stress. In this case, total apoptotic death

also increased in 4 hours however, in 12 hours the number of
CC3* cells decreased, and in 24 hours it matched the values for
control cultures without MG132 treatment indicating recovery
of cell cultures after stress. Compared with WT after stress, in
NEAT1_1Tg cultures the number of apoptotic cells was higher
4 hours after treatment, and the same trend persisted for 12
hours, whereas the difference leveled off at 24 hours (Fig. 3B).

To assess how ER stress affects neuronal survival, we
performed co-staining for CC3 and the differentiated neuron
marker NeuN, and then counted cells expressing both markers.
In cultures with a high concentration of MG132, neuronal death
peaked at 4 h (Fig. 4A), whereas at a low MG132 concentration
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Fig. 2. Morphofunctional characterization of primary neurons. A. Representative photographs of wild-type (WT) and transgenic neurons (NEAT1_1Tg).
Immunocytochemical staining for microtubule-associated protein Tau (shown in red), neuronal marker NeuN (shown in green), and cell nuclei stained with DAPI. The
scale bar is 50 um. B. Analysis of branching of primary neuron processes (Sholl-analysis). The graph shows the average number of intersections of circles of a given

radius with processes. Multiple t-test with Holm-Sidak correction

it peaked at 12 h (Fig. 4B). In each case, neuronal death was
significantly higher in cultures expressing the NEAT1_1Tg
transgene.

Response to ER-stress is altered in transgenic
NEAT1_1Tg cultures

To determine the possible mechanism of increased death of
cells, particularly neurons, in transgenic neuronal cultures
expressing human NEAT1_1, we analyzed the expression
of genes involved in signaling pathways of cellular response
to ER stress as well as apoptosis genes. It was shown that
4 h after treatment with 10 pM MG132, there was an increase
in the expression of the following ER stress marker genes:
transcription factor Atf4, proapoptotic gene Chop (Ddit3),
chaperone Hspab (Grp78 or BiP) (Fig. 5A-B). Similar changes
in the expression of these genes occurred in transgenic cultures
after MG132 treatment. At the same time, the expression of Atf4
and Ddit3 did not reach the levels observed in WT cultures after
ER stress induction. The expression level of the gene encoding
ER protein Emc4 having protective properties under stress [21]
was significantly reduced in NEAT1_1Tg cultures both under
normal conditions and under ER stress (Fig. 5G).

Caspase-3 (Casp3) mRNA levels did not differ between
transgenic and control cultures and did not change in response
to stress (Fig. 5D). Analysis of expression of apoptosis inhibitor
genes (Bcl2l1, Bel2l2, Mcl1) (Fig. 5E-2) showed that induction
of moderate ER stress in WT cultures resulted in increased
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mRNA levels for Bcl2/2 and Mcl1 genes, whereas Bcl2/1
expression remained unchanged. In contrast, in transgenic
NEAT1_1Tg cultures, no significant activation of Bcl2/2 and
Mecl1 was observed under stress, with some upward trend for
Mecl1 though.

DISCUSSION

NEAT1 has been convincingly shown to be involved in various
pathological processes associated with neurodegeneration,
including neuroinflammation and apoptosis [5]. NEATT gene
promoter has a binding site with p53 protein which is capable
of increasing NEAT1 levels [22]. An extended experimental data
indicates a protective role of NEAT1. In mouse experiments
using an adenoviral vector for RNA delivery, Neat1_1 was
shown to have an anti-apoptotic effect in a brain injury model as
well as in cell culture of hippocampal neurons from HT-22 mice
under hypoxia and glucose deficiency [23]. NEAT1 knockdown
in human neuroblastoma SH-SY5Y cells increased apoptotic
death in the simulation of viral infection using double-stranded
RNA treatment [12]. At the same time, NEAT1 overexpression
can stimulate ferroptosis in HepG2 hepatocarcinoma cells
[24], and inhibition of NEATT1 in toxic (MPP*) cell and animal
models of Parkinson's disease led to a decrease in cell death
and proapoptotic markers [25, 26]. Thus there are conflicting
data on the effect of NEAT1 on cell death. Specific pro- or
anti-apoptotic effect of NEAT1 may possibly depend on a type
of damaging effect. Understanding the mechanism of NEAT1
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Fig. 3. Apoptotic death in transgenic (NEAT1_1Tg) primary cultures and wild-type (WT) cultures. A. Apoptosis in cultures when treated with 200 uM MG132.

B. Apoptosis in cultures when treated with 10 pM MG132. Two-factor analysis of variance, Fisher's test. * — p < 0.05; ™ —

p < 0.01. B. Representative photographs

of cell cultures upon treatment with 10 pM MG132 after 12 h. Neurons stained for the differentiated neuron marker NeuN (shown in green), the apoptotic cell death
marker activated caspase 3, CC3 (shown in red), and nuclei stained with DAPI (shown in blue). Scale section is 100 um

action is further complicated by the fact that unlike in vivo
nervous tissue and primary neurons, in most cell cultures the
long isoform (NEAT1_2), a basis for paraspecles assembly, is
expressed as well [5, 12]. Formation of paraspecles, in turn,
can be stimulated by cellular stress of various types including
proteasome inhibition [27]. Therefore, it is difficult to identify
independent roles of short and long NEAT1 isoforms in the
cellular response to stress.

We have shown that ectopic expression of the transgene
encoding the short isoform of human NEAT1_1 in the mouse
nervous system had no effect on cellular composition (Fig. 1)
and morphology of primary neuronal cultures (Fig. 2) derived
from hippocampi. Induction of ER stress with the proteasome
inhibitor MG132 resulted in apoptotic cell death of primary
culture cells (Fig. 3), and apoptosis intensity depended on stress

level (MG132 concentration). At the same time, the number of
apoptotic cells was higher in cultures expressing the NEAT1_1
transgene compared with WT cells in stress conditions. As it
was shown earlier for mouse embryonic Neat1 knockout
fibroblasts, the absence of Neat1 increases death of these
cells in response to MG132 treatment [27]. Stable Neat1 levels
might be important for cell survival under stress or its effect
on cell death depends on type of cells. The primary culture
used in this study was mixed and contained both neurons and
glial cells. This made it possible to assess survival of neurons
in the experiment under the mutual influence of different cell
populations of neuronal origin. To determine the specific effect
of increasing NEAT1_1 levels on neuronal survival, we estimated
the number of cells expressing both the mature neuronal marker
NeuN and activated caspase-3 (CC3). Stress resulted in a more
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Fig. 4. Apoptotic neuronal death in transgenic (NEAT1_1Tg) primary and wild-type (WT) cultures. A. Apoptosis in cultures treated with 200 uM MG132. B. Apoptosis in
cultures treated with 10 uM MG132. Two-way analysis of variance, Fisher's test. “* — p < 0.01; *** — p < 0.001; **** — p < 0.0001

intensive neuronal death in transgenic cultures (NEAT1_1Tg)
compared with wild-type cultures (WT) (Fig. 4). Thus, NEAT1_1
expression enhanced apoptosis of primary neurons under ER
stress. An increased number of apoptotic neurons in transgenic
cultures without treatment compared with control cultures was
observed for all time points. Although these differences are not
statistically significant, it can be assumed that there is some
predisposition of transgenic neurons to trigger apoptosis under
normal conditions, and this should be investigated further.
Cellular ER stress response includes three different
signaling pathways based on kinases acting as stress sensors:
PERK, ATF6, and IRE1 [16]. When they are activated, an overall
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protein synthesis is inhibited and protective mechanisms are
triggered, primarily aimed at adapting to stress and restoring
protein homeostasis. However, under severe stress or its
prolonged persistence, the balance shifts towards activation
of proapoptotic signaling pathways leading to cell death
[28]. We have shown that ER stress causes activation of the
PERK pathway evidenced by an increase in Atf4 mRNA levels
however, this activation was less in NEAT1_1Tg cultures (Fig. 5).
Accordingly, activation of proapoptotic Ddit3 (Chop) gene which
belongs to the same PERK/ATF4/CHOP signaling pathway
and acting as activator of cell transition to apoptosis under ER
stress, was also reduced in NEAT1_1Tg cultures [29]. In both
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Fig. 5. Gene expression changes in transgenic (NEAT1_1Tg) primary and wild-type (WT) cultures treated with 10 uM MG132. A-G. Expression of genes associated with
ER stress. D-Z. Expression of apoptosis-related genes. One-way analysis of variance, Fisher's test. *— p < 0.05; ** - p < 0.01, *** — p < 0.001; **** — p < 0.0001
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cultures, expression of Hspa5 chaperone gene (BiP) increased
under ER stress. Rapid response of NEAT1_1Tg cells to stress
and triggering of apoptosis through caspase-3 activation could
be explained by initial differences in the amounts of caspase-3
inactive form in cells. Analysis of caspase-3 (Casp3) expression
showed that at least at the initial stage of stress development,
4 h after MG132 treatment of cells, its levels were similar in all
four groups. Since the number of cells stained with antibodies
against caspase-3 activated form was increased in 4 hours
after the stress induction, the difference between NEAT1_1Tg-
and WT-cell death levels is likely to be due to some other
regulatory factors, in particular the cleavage of procaspase-3
with formation of its activated form. We analyzed the expression
of the following apoptosis inhibitor genes: Bcl2/1, Bcl2l2, and
Mecl1 [30]. Bel2l1 expression did not change in response to ER
stress. For Bcl2l2 and Mcl1 genes, an increase in their levels
was observed in WT cultures while in NEAT1_1Tg cultures such
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