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Abstract—Astrocytes are the main homeostatic cells in the central nervous system (CNS) that provide mechanical, meta-
bolic, and trophic support to neurons. Disruption of their physiological role or acquisition of senescence-associated phe-
notype can contribute to the CNS dysfunction and pathology. However, molecular mechanisms underlying the complex
physiology of astrocytes are explored insufficiently. Recent studies have shown that miRNAs are involved in the regulation
of astrocyte function through different mechanisms. Although miR-21 has been reported as an astrocytic miRNA with an
important role in astrogliosis, no link between this miRNA and cellular senescence of astrocytes has been identified. To
address the role of miR-21 in astrocytes, with special focus on cellular senescence, we used NT2/A (astrocytes derived from
NT2/D1 cells). Downregulation of miR-21 expression in both immature and mature NT2/A by the antisense technology
induced the arrest of cell growth and premature cellular senescence, as indicated by senescence hallmarks such as increased
expression of cell cycle inhibitors p21 and p53 and augmented senescence-associated f-galactosidase activity. Additionally,
in silico analysis predicted many of the genes, previously shown to be upregulated in astrocytes with the irradiation-induced
senescence, as miR-21 targets. Taken together, our results point to miR-21 as a potential regulator of astrocyte senescence.
To the best of our knowledge, these are the first data showing the link between miR-21 and cellular senescence of astrocytes.
Since senescent astrocytes are associated with different CNS pathologies, development of novel therapeutic strategies based

on miRNA manipulation could prevent senescence and may improve the physiological outcome.
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INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNAs
that negatively regulate gene expression at the post-tran-
scriptional level. In recent years, miRNAs have been rec-
ognized as important players in the regulatory mechanism
underlying neural differentiation [1]. They also regulate a
diverse set of functions in the adult brain, both under
physiological and pathological conditions [2].

Abbreviations: anti-miR-21, antisense-miR-21 transduction
construct; miR-21, microRNA-21; NT2/A, astrocytes derived
from NT2/D1-cells; RA, retinoic acid; SA-B-gal, senescence-
associated beta-galactosidase; SCI, spinal cord injury.

* To whom correspondence should be addressed.

MicroRNA-21 (miR-21) is one of the most intrigu-
ing miRNAs, due to its very broad roles. This miRNA acts
as an oncogene and is upregulated in numerous malig-
nancies, including glioblastoma [3, 4]. It is also involved
in the regulation of different developmental processes.
Thus, it was shown that miR-21 promotes neural stem
cell proliferation and neural differentiation [5].
Additionally, it contributes to the maintenance of adult
tissue homeostasis, since its upregulation was reported in
reactivated astrocytes upon spinal cord injury (SCI), in
which miR-21 mediates profound positive changes in the
astrocyte responses [6, 7]. This miRNA has been also rec-
ognized as an immune system regulator able to modulate
the “on/off switch” of the inflammatory response at the
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appropriate times by promoting or inhibiting the nuclear
factor kappa B (NF-xB) and (NOD)-like receptor pro-
tein 3 (NLRP3) pathways that underlie chronic, low-
level, systemic inflammation occurring during human
aging [8].

Astrocytes are the main homeostatic cells in the
CNS [9]. They are tightly integrated into the neural net-
works and participate in numerous aspects of CNS phys-
iology [9] and pathology [10]. These cells have a unique
ability to transform from quiescent to the reactive state in
response to injury. This phenomenon is known as reactive
astrogliosis and serves as a compensatory response that
modulates tissue damage and recovery [11]. The loss of
astrocytes function (or the gain of their neuroinflamma-
tory function) as a result of cellular senescence could have
profound implications in age-related neurodegenerative
disorders [12]. In contrast to reactive astrogliosis, cellular
senescence is a permanent state characterized by irre-
versible growth arrest coupled with other senescence hall-
marks, such as increased activity of the senescence-asso-
ciated beta-galactosidase (SA-B-gal) and expression of
cell cycle inhibitors p21, p16, and p53 [12]. However, the
molecular mechanisms underlying either of these
processes are insufficiently explored. While miR-21 has
been considered as a potential molecular target for
manipulating astrogliosis and enhancing functional out-
come after SCI [7], no link between this miRNA and cel-
lular senescence of astrocytes has been reported.

To address the role of miR-21 in astrocytes, with
special focus on cellular senescence, we used human
pluripotent embryonal teratocarcinoma NT2/D1 cell line
as a model system. NT2/D1 cells have the ability to dif-
ferentiate along the neural lineage when treated with
retinoic acid (RA), yielding both neuronal and glial cell
populations [13, 14]. NT2/A (astrocytes derived from
NT2/D1-cells) are similar to the primary astrocytes in
their properties, such as the presence of intermediate fil-
ament proteins, growth arrest, and reactive response to
injury [14]. Moreover, NT2/A have an active glutamate
transport system and support the growth and survival of
NT2/N (neurons derived from NT2/D1-cells) in mixed
cultures [14]. We downregulated the expression of miR-
21 in both immature and mature NT2/A and analyzed the
effect of this downregulation on cells viability, prolifera-
tion, and induction of senescence. Our results showed
that miR-21 downregulation induced growth arrest and
premature cellular senescence of both immature and
mature NT2/A.

MATERIALS AND METHODS

Cell culture and differentiation. Human pluripotent
NT2/D1 embryonal carcinoma cells (ATCC® CRL-
1973™) were maintained as previously described [15].
NT2/D1 cells were induced to differentiate in culture by
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adding 10 pM all-trans retinoic acid (Sigma-Aldrich,
USA) for four weeks. A neuron-enriched population was
isolated by mechanical detachment as previously
described [13]. NT2-derived astrocytes were obtained
from the remaining adherent cells according to the pub-
lished protocol [14]. Briefly, after removal of NT2/N, the
remaining cells were trypsinized and replated in fresh cul-
ture dish. The cells were maintained for additional four
weeks in high-glucose DMEM with 10% FBS and sub-
cultured when confluent (at 7-14 days). The morphology
of cells was analyzed with a phase contrast DM IL LED
Inverted Microscope (Leica Microsystems, Germany).
Lentiviral transduction of NT2/D1-derived astro-
cytes. Lentiviral particles were produced by transient
cotransfection of HEK-293T cells (ATCC® CRL-
1573™) wusing PEI MAX™ transfection reagent
(Polysciences Inc., USA) according to the manufactur-
er’s instructions. Cotransfection of HEK-293T cells was
performed in a 10-cm cell culture dish with 1.7 pug of
pCMV-VSV-G (envelope plasmid), 1 pg of pRSV-REV
and 2.5 ug of pMDLg/RRE (packaging plasmids), and
10 pg of either lentiviral antisense-miR-21 transduction
construct (anti-miR-21) [16] or pGreenPuro empty vec-
tor (pGP; System Biosciences, USA). NT2/D1-derived
astrocytes were incubated overnight in the medium con-
taining lentiviral particles (harvested 48 h after transfec-
tion) and 8 ug/ml Polybrene (Sigma-Aldrich). Puro-
mycin selection was started 48 h after transduction. The
cells were grown for three days in the serum-containing
medium supplemented with 0.3 pg/ml puromycin (selec-
tion medium). Non-transduced cells grown in the selec-
tion medium were used as puromycin efficiency control.
The grown puromycin-resistant cells were used for further
experimental analysis. GFP expression in the transduced
cells was confirmed by fluorescence microscopy.
Immunocytochemistry (ICC). Four-week-old NT2/A
were plated directly on coverslips; NT2/N and one-week
old NT2/A were seeded on Geltrex®-coated coverslips.
The cells were fixed in 4% paraformaldehyde (PFA) in
phosphate buffered saline (PBS) for 20 min at room tem-
perature (RT), permeabilized with 0.2% Triton X-100 for
20 min, and blocked with 1% BSA and 5% normal goat
serum in PBS with 0.1% Triton X-100 (PBT) for 1 h at
RT. Primary antibodies were diluted in PBT containing
1% BSA, and incubated overnight at 4°C as follows:
mouse anti-MAP2, diluted 1 : 500 (abl11267, Abcam,
UK); mouse anti-vimentin, diluted 1 : 300 (sc-6260,
Santa Cruz Biotechnology, Germany); rabbit anti-Ki67,
diluted 1 : 300 (ab15580, Abcam, UK); rabbit anti-GFAP,
diluted 1 : 200 (Z 0334, Dako Cytomation, Denmark).
The bound primary antibodies were labeled for 1 h at RT
with appropriate secondary antibodies: goat anti-rabbit
IgG (H+L) Alexa Fluor 488 (A-11034, Invitrogen,
USA); goat anti-mouse IgG (H+L) Alexa Fluor 546 (A-
11030, Invitrogen); or goat anti-mouse IgG (H+L) Alexa
Fluor 488 (A-11029, Invitrogen) diluted 1 : 500 in PBT
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supplemented with 1% BSA. The anti-GFAP antibody
was labeled first with biotinylated goat anti-rabbit IgG,
diluted 1 : 500 (BA-1000, Vector Laboratories, USA) for
1 h at RT in PBS containing 1% BSA, followed by label-
ing for 1 h at RT with streptavidin conjugated with
DyLight® 594 (SA-5594, Vector Laboratories, USA)
diluted 1 : 500 in PBS. Nuclei were stained with
0.1 mg/ml diamino phenylindole (DAPI) (Sigma-
Aldrich). The cells were observed and photographed with
an Olympus BX51 fluorescence microscope using the
Cytovision 3.1 software (Applied Imaging Corporation,
USA) or Leica TCS SP8 confocal microscope using the
Leica Microsystems LAS AF-TCS SP8 software (Leica
Microsystems).

Reverse transcription (RT)-PCR analysis. Total RNA
was isolated, treated with DNase I, and used for cDNA
synthesis as previously described [17]. The cDNA was
used as a template for the amplification of OCT4 and
NEURODI using KAPA 2G Fast HotStart Ready Mix
(Kapa Biosystems, USA) and for the amplification of
p21"1Crl and TP53 using Power SYBR Green PCR
Master Mix (Applied Biosystems, USA) according to the
manufacturer’s protocols. The experiment was done in at
least three biological replicates. Amplification was per-
formed in a 7500 Real Time PCR System (Applied Bio-
systems). All reactions were run in triplicate and the mean
value was calculated. The relative levels of p21"#%/€*! and
TP53 expression were calculated using the AACt method
and normalized to GAPDH as an endogenous control.
The sequences of primers used in this study are: OCT4: 5'-
GCTTTGAGGCTCTGCAGCTT-3' (forward) and 5'-
TCTCCAGGTTGCCTCTCACT-3' (reverse), NEURODI:
5'-GGAAACGAACCCACTGTGCT-3' (forward) and
5'-GCCACACCAAATTCGTGGTG-3' (reverse), GAPDH:
5'-GCCTCAAGATCATCAGCAATGC-3' (forward) and
5'-CCACGATACCAAAGTTGTCATGG-3' (reverse),
p21"/Civl; 5. GACACCACTGGAGGGTGACT-3' (for-
ward) and 5'-CAGGTCCACATGGTCTTCCT-3' (reverse),
TP53:5'-CCCCTCCTGGCCCCTGTCATCTTC-3' (for-
ward) and 5'-GCAGCGCCTCACAACCTCCGTCAT-3'
(reverse).

TagMan-miRNA assay and data analysis. TagMan—
miRNA assays (Applied Biosystems) were used for miR-
21 (Cat. No. 4427975; Assay ID 000397), miR-30d (Cat.
No. 4427975; Assay ID 000420), miR-30d* (Cat.
No. 4427975; Assay 1D 002305), miR-124a (Cat.
No. 4427975; Assay ID 000446), miR-219-5p (Cat.
No. 4427975; Assay ID 000522) and miR-941 (Cat. No.
4427975; Assay ID 002183). Reverse transcription was
performed using MultiScribeTM reverse transcriptase
(Applied Biosystems) as previously described [3].
Quantitative PCR was performed using TagMan
Universal PCR Master Mix in a 7500 Real Time cycler
(Applied Biosystems) as previously described [3, 18]. The
relative expression of specific miRNAs was evaluated
using the AACt method [3] and normalized to RNU44
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(Cat. No. 4427975; Assay ID 001095) as an endogenous
control. All experiments were done in three biological
replicates with at least two technical repeats.

Cell viability assay. Five days after transduction with
anti-miR-21 or empty vector, the cells were seeded in 96-
well plates at a density of 1.5 x 10* cells per well for one-
week-old NT2/A and 2 x 10* cells per well for four-week-
old NT2/A. Cell viability was tested with the MTT assay
(Merck, USA) for the one-week-old NT2/A and the
CellTiter 96® Aqueous One Solution Cell Proliferation
Assay (Promega, USA) for the four-week-old NT2/A.
The assays were performed according to the manufactur-
er’s instructions. Colorimetric measurements were per-
formed with an Infinite 200 PRO microplate reader
(Tecan, Switzerland). The assays were done in six techni-
cal replicates and repeated in three independent experi-
ments.

Senescence analysis. For the assessment of the SA-3-
gal activity, the cells were seeded in 24-well plates. Five
days after transduction with the anti-miR-21 construct or
empty vector, the cells were stained using Senescence [3-
galactosidase Staining Kit (Cell Signaling Technology)
according to the manufacturer’s instructions. Briefly, the
cells were washed with PBS, fixed, and stained for 12 h at
37°C for the B-galactosidase activity using a solution of
X-gal. All cells were imaged under the same conditions
with a phase contrast DM IL LED Inverted Microscope
(Leica Microsystems); the intensity of SA-B-gal staining
was quantified using the Imagel] software (National
Institutes of Health, USA). The results were obtained
from three independent biological replicates.

Target prediction data. The targets of miR-21
(hsa-miR-21-5p) were predicted using TargetScan
Human Release 7.2 (http://www.targetscan.org/vert_72/)
[19], DIANA TarBase v8 (https://carolina.imis.
athenainnovation.gr/diana_tools/web/index.php?r=
tarbasev8%2Findex) [20], and MirDB (http://mirdb.org/)
[21] pre-computed predictions available online. Predict-
ed or verified miR-21 targets obtained by each of these
miRNA target prediction algorithms were overlapped
with the genes upregulated in astrocytes upon irradiation-
induced senescence published by Limbad et al. [22].

Statistical analyses. Statistical analyses were per-
formed with the SPSS statistical software (version 20).
The data represent mean = SEM from at least three inde-
pendent experiments; p-values were calculated using the
Student’s 7-test: * p < 0.05, ** p < 0.01, *** p <0.001.

RESULTS

Characterization of in vitro neural differentiation of
human pluripotent NT2/D1 cells. RA-induced in vitro
neural differentiation of human pluripotent embryonal
carcinoma NT2/D1 cells was performed as previously
described [13]. The progression of neural differentiation
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was documented by changes in the cell morphology
(Fig. 1a) and expression of specific markers (Fig. 1, b
and ¢). Undifferentiated NT2/D1 cells, characterized by
rapid cell division and small cell bodies, grew as a mono-
layer culture (Fig. 1a). These cells also expressed the
pluripotency-associated stem cell marker OCT4
(octamer-binding transcription factor 4) (Fig. 1b). After
four weeks of RA treatment, the cells formed an extreme-
ly dense multilayered culture with round cell clusters
located above a very dense layer of adherent cells
(Fig. 1a, +RA). This multilayered cell culture contained
mixed populations of neuronal and glial progenitor cells
as previously shown [13, 14]. Accordingly, at that phase of
neural differentiation, we detected high expression levels
of the neuronal progenitor marker NEURODI (neuro-

+RA
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genic differentiation factor 1) (Fig. 1b). Next, we used
these multi-layered cell cultures to isolate NT2/N and
NT2/A (Fig. 1, a and c) using previously established pro-
tocols [13, 14]. The neuronal and astroglial phenotypes
were confirmed by monitoring expression of specific
cytoskeletal proteins. Thus, the NT2/N showed an
intense staining for MAP2 (microtubule-associated pro-
tein 2), a neuron-specific cytoskeletal protein found
throughout the neuronal cell bodies and processes
(Fig. 1, ¢ and c¢', NT2/N). The antibodies against cyto-
plasmic filament proteins vimentin and GFAP (glial fib-
rillary acidic protein) were used for the detection of
NT2/A. In line with the results reported by
Sandhu et al. [14], all analyzed cells in the one-week-old
culture of enriched NT2/A were vimentin-positive, while

b
> \4
» &V
L & §
— OCT4
W % = % W= % _— GAPDH
— — NEUROD1

. wmms @wms wws» — GAPDH

GFAP

NT2/A

VIMENTIN

VIMENTIN/GFAP

Fig. 1. a) Phase-contrast images showing morphological changes occurring during the RA-induced neural differentiation of NT2/D1 cells.
NT2/D1, undifferentiated cells; +RA, NT2/D1 cells after four weeks of RA treatment; NT2/N, mature neurons; NT2/A, astrocytes (one-
week-old); 10x magnification. b) Semiquantitative RT-PCR analysis of OCT4 and NEUROD expression. GAPDH was used as a loading con-
trol. ¢) Immunostaining of NT2/N with the anti-MAP2 antibody (red) and of NT2/A with the antibodies against GFAP (green) and vimentin
(red). Cell nuclei were counterstained with DAPI (blue). The boxed region in (c) is enlarged in (c’). Scale bar, 100 um.
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only a small subset of NT2/A displayed intense GFAP
staining, a marker of mature astroglial cells (Fig. Ic,
NT2/A).

Analysis of expression of selected miRNAs during RA-
induced neural differentiation of NT2/D1 cells.
Comprehensive miRNA expression analysis conducted by
Smith et al. [23] has delineated miRNAs associated with
specific phases of the RA-induced neural differentiation
of NT2/D1 cells. To further characterize this model sys-
tem with regard to the miRNAs expression patterns, we
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selected miR-219 and miR-30d, which are specific for the
neural progenitors, as well as miR-124 and miR-21 char-
acteristic for the NT2-derived neurons and astrocytes,
respectively [23]. Additionally, we included miR-30d* (as
another member of miR-30d family) and miR-941 in our
analysis. miR-941 is particularly interesting, since it is
human-specific, highly expressed in the brain, and affects
genes involved in neurotransmitter signaling [24].

The highest expression levels of four out of six ana-
lyzed miRNAs (miR-30d, miR-30d*, miR-219, and

35
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Fig. 2. miRNA expression at different phases of RA-induced NT2/D1 neural differentiation: NT2/D1, undifferentiated cells; +RA, NT2/D1
cells after four weeks of RA treatment; NT2/N, mature neurons; NT2/A, astrocytes (one-week-old). Relative miRNA expression was calcu-
lated compared to the expression level in undifferentiated NT2/D1 cells. Data represent means + SEM (n = 3), p-values were calculated using

the Student’s #-test, * p < 0.05, ** p < 0.01, *** p <0.001.
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Fig. 3. a) Phase-contrast images showing morphological differences between the one-week-old and four-week-old NT2/A (upper panel); 10x
magnification. Immunostaining with antibodies against vimentin (green) and GFAP (red) (lower panel). Cell nuclei were counterstained with
DAPI (blue). Scale bar, 100 um. b) Detection of Ki-67 expression (green) by immunofluorescence; 20x magnification. Boxed region in (b)
(left panel) is enlarged in (b’). ¢) Statistical analysis of Ki-67 immunopositive cells in the one-week-old and four-week-old NT2/A cultures.
The percentage of Ki-67 immunopositive cells was calculated relatively to the total number of DAPI-labeled cells (at least 100). Data repre-
sent means = SEM (n = 3), p-values were calculated using the Student’s #-test, *** p <0.001. d) Relative miR-21 expression in the four-week-
old NT2/A calculated compared to the expression level in the one-week-old NT2/A.

miR-941) was detected in NT2/D1 cells within the four
weeks of RA treatment (Fig. 2). Although expressed at
considerably different levels, both miR-30 family mem-
bers, miR-30d and miR-30d*, showed a similar expres-
sion pattern in the course of NT2/D1 neural differentia-
tion (Fig. 2). miR-124 and miR-21 showed the highest
level of expression in the NT2/N and NT2/A, respective-
ly (Fig. 2). However, while miR-124 is well described as a
brain-enriched miRNA known to mediate neurogenesis
in both developing and adult brain [25, 26], the role of
miR-21 in astrocytes has been less explored. Accordingly,
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we focused our studies on this miRNA and its role in
NT2/A.

Characterization of NT2/A at different stages of
maturity. Maturation of NT2/A was documented based
on changes in the cell morphology (Fig. 3a), decrease in
the cell proliferation rate (Fig. 3, b and ¢), and expres-
sion of specific markers (Fig. 3a, lower panel). One-
week-old NT2/A cultures consisted mostly of small star-
like cells with numerous fiber-like processes (Fig. 3a, 1-
week-old NT2/A). These fibrous or stellate astrocytes
grew on the top of protoplasmic astrocytes during the
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first two weeks of cell culture. During further maturation
of NT2/A, the proportion of fibrous astrocytes dramati-
cally reduced and by the fourth week, the cultures were
mainly composed of protoplasmic astrocytes, flat cells
with short cytoplasmic extensions expanding from almost
round cell bodies (Fig. 3a, 4-weeks-old NT2/A). While
both fibrous and protoplasmic cells were vimentin-posi-
tive, intense GFAP staining was seen only in a subset of
fibrous astrocytes, but not in large protoplasmic cells
(Fig. 3a, lower panel).

The proliferation rate of NT2/A at two different
stages of maturation was determined by studying expres-
sion of Ki67, a nuclear protein associated with cellular
proliferation (Fig. 3b). The number of NT2/A labeled
with Ki67 decreased significantly during maturation
(Fig. 3c). In particular, one-week-old NT2/A cultures
contained 66% Ki67-labeled cells, while after four weeks
of maturation, only 29% of mitotically active cells were
observed (out of the total number of counted cells).
Hence, maturation of NT2/A for additional three weeks
was accompanied by an approximately 2-fold decrease in
the NT2/A proliferation rate. Similar phenotypical
changes during NT2/A maturation were described by
Sandhu et al. [14]. We also examined whether the expres-
sion level of miR-21 changed during the NT2/A matura-
tion. We detected a minor, non-significant decrease in the
level of miR-21 expression in the four-week-old vs. one-
week-old NT2/A (Fig. 3d), indicating that the level of
miR-21 expression remains rather unchanged during the
NT2/A maturation.

miR-21 downregulation affects NT2/A proliferation.
To gain insight into the effect of miR-21 on the pheno-
typical characteristics of NT2/A, we downregulated its
expression in both immature and mature NT2/A. We
transduced one-week-old and four-week-old NT2/A
with the construct expressing anti-miR-21 and analyzed
the level of miR-21 expression five days after transduc-
tion. miR-21 expression was decreased to 0.39 £ 0.09 (in
one-week-old NT2/A) and to 0.60 = 0.03 (in four-week-
old NT2/A) compared with the levels of miR-21 in the
control cells transduced with the empty vector (Fig. 4a).

First, we examined whether downregulation of miR-
21 expression influenced the viability of NT2/A at both
stages of maturity. The viability of NT2/A was analyzed
five days after transduction by the MTT assay for the one-
week-old NT2/A and by the MTS assay for mature (four-
week-old) NT2/A. Downregulation of miR-21 led to a
significant decrease in the cell viability — by 60 and 40%
in one-week-old and four-week-old NT2/A, respectively
(Fig. 4b). Next, we examined expression of Ki-67 by
immunofluorescence to determine the effect of miR-21
downregulation on the cell proliferation rate of NT2/A
(Fig. 4c). As presented in Fig. 4d, the number of Ki-67-
positive cells decreased by approximately 30 and 20% in
one-week-old and four-week-old NT2/A, respectively.
Thus, the detected decline in the NT2/A cell viability
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was, at least in part, caused by reduction in the cell pro-
liferation rate.

miR-21 downregulation induces NT2/A senescence.
To evaluate if the growth arrest detected upon transduc-
tion of one-week-old and four-week-old NT2/A with
anti-miR-21, was accompanied by changes in the expres-
sion levels of cell cycle inhibitors, we analyzed expression
of p21"¥/Cirl and TP53 (Fig. 5a) and found that they were
upregulated in both one-week-old and four-week-old
NT2/A transduced with anti-miR-21 (Fig. 5a). Upregu-
lated expression of the cell cycle inhibitors p21 and p53,
as well as the cell growth arrest, could indicate induction
of cellular senescence [12].

To assess whether downregulation of miR-21 affects
senescence, we analyzed the activity of SA-f-gal in both
one-week-old and four-week-old NT2/A transduced
with anti-miR-21. The number of senescent NT2/A
increased during maturation (Fig. 5b, compare control/
one-week-old and control/four-week-old NT2/A). In
addition, intense SA-f-gal staining was detected in both
one-week-old and four-week-old NT2/A transduced
with anti-miR-21 (Fig. 5b). Quantification of the SA-[3-
gal staining intensity showed that miR-21 downregulation
caused 4.6- and 3.8-fold increase in the SA-f3-gal activity
in the one-week-old and four-week-old NT2/A, respec-
tively, compared to cells transduced with the empty vector
(Fig. 5¢).

Taken together, irreversible growth arrest coupled
with the elevated expression of the cell cycle inhibitors
p21 and p53 and increased SA-B-gal activity led us to the
conclusion that miR-21 downregulation induced senes-
cence of both one-week-old and four-week-old NT2/A.

In silico analyses of senescence-associated miR-21
target genes. Comprehensive RNA-seq analysis per-
formed by Limbad et al. [22] revealed vast transcriptome
changes in astrocytes with the irradiation-induced senes-
cence. Many genes crucial for astrocyte functions were
downregulated, while numerous pro-inflammatory genes
were upregulated [22]. To investigate whether potential
miR-21 targets are among those identified upregulated
genes, we conducted in silico analyses by applying three
different online prediction software tools: TargetScan,
TarBase, and MirDB. Our in silico study predicted many
of the genes overexpressed in the irradiation-induced
senescent astrocytes to be miR-21 targets (Table S1 in the
Supplement). Among them, twenty-four genes, predicted
by all three online tools, overlapped (Fig. 6). These find-
ings further supported our results pointing to miR-21 as a
potential regulator of cellular senescence of astrocytes.

DISCUSSION
Large-scale expression profiling of miRNAs in

human NT2/D1 cells during RA-induced transition from
progenitors to fully differentiated neural phenotypes has
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Fig. 4. a) Relative miR-21 expression in one-week-old and four-week-old NT2/A after transduction with anti-miR-21 calculated in compar-
ison to the expression level of miR-21 in control cells transduced with the empty vector. b) Relative viability of one-week-old and four-week-
old NT2/A after transduction with anti-miR-21 calculated compared to the viability of cells transduced with the empty vector. Data present-
ed in (a) and (b) represent means + SEM (n = 3), p-values were calculated using the Student’s #-test, *p < 0.05, **p < 0.01, ***p < 0.001.
c) Representative images of Ki-67 immunostaining (green) of one-week-old (left panel) and four-week-old (right panel) NT2/A transduced
with anti-miR-21 or empty vector (control). Cell nuclei were counterstained with DAPI (blue); 20x magnification. d) Statistical analysis of
Ki-67 immunopositive one-week-old and four-week-old NT2/A transduced with anti-miR-21 or empty vector. The percentage of Ki-67
immunopositive cells was calculated relatively to the total number of DAPI-labeled cells (at least 180). The results were obtained from two
independent experiments.
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revealed that this model system can be used for studying
specific functions of miRNAs in human neural develop-
ment [23]. In accordance with the comprehensive
miRNAs expression analysis, we have shown that miR-
219 and miR-30d are specific for the neural progenitor
phases of RA-induced NT2/D1 neural differentiation. A
similar conclusion can be drawn for the human-specific
miR-941 (Fig. 2). The high level of miR-941 expression
upon the four-week treatment of NT2/D1 cells with RA
could be associated with cellular differentiation, since it

BALINT et al.

was reported that this human-specific miRNA preferen-
tially targets genes involved in signaling pathways essen-
tial for this process [24]. Detected high levels of miR-124
and miR-21 expression in NT2-derived neurons and
astrocytes, respectively (Fig. 2), were also in line with the
data published by Smith et al. [23], who showed elevated
expression of these miRNAs in NT2-differentiated cells
and their primary human counterparts [23].

NT2/A underwent phenotypical changes during
their in vitro maturation (Fig. 3), consistent with previous
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Fig. 5. a) Quantitative RT-PCR analysis of p21"¥"/€?! and TP53 expression in the one-week-old and four-week-old NT2/A after transduction
with anti-miR-21. Relative p21"@"?! and TP53 expression levels in the transduced cells were calculated in comparison with the expression
levels of p21"¥/C#1 and TP53 in the control cells transduced with the empty vector. Results were presented as the means = SEM of three inde-
pendent experiments, p-values were calculated using the Student’s #-test, * p < 0.05. b) Representative images of SA--gal staining (green) of
one-week-old and four-week-old NT2/A transduced with anti-miR-21 or empty vector. c) Relative increase of the SA--gal staining intensi-
ty in the one-week-old and four-week-old NT2/A transduced with anti-miR-21 was calculated in comparison with the SA-f3-gal staining
intensity in the cells transduced with the empty vector. Data represent means £ SEM (n = 3), p-values were calculated using the Student’s

t-test, ** p < 0.01.
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Fig. 6. Venn diagram showing predicted miR-21 target genes upregulated in senescent astrocytes [22] and shared between TargetScan,
TarBase, and MirDB. Twenty-four genes common for all three algorithms are shown.

study, including the presence of vimentin even in mature
astrocytes [14]. The number of proliferating cells (Ki67-
positive) decreased significantly with the age of NT2/A
cultures (Fig. 3, b and c¢), which according to
Sandhu et al. [14] is due to the cell cycle arrest in G0/G1
phase. Although these cells retained the capacity to
resume proliferation after injury [14], our results indicat-
ed that the decreased growth rate in the aging NT2/A cul-
tures was also due to the induction of cellular senescence,
since we detected increased SA-f-gal activity in the four-
week-old cultures compared to the one-week-old NT2/A
cultures (Fig. 5b). This finding is in correlation with the
fact that NT2/A cultures have a limited lifespan (six to
ten passages) as reported by Sandhu et al. [14].

In the adult brain, the role of miR-21 has been most-
ly studied in the context of SCI. This miRNA has been
proposed as the regulator of astrocytic function that can
promote recovery after SCI both in vitro and in vivo [6, 7].
In particular, it was shown that the upregulated expres-
sion of miR-21 following SCI promotes proliferation and
inhibits apoptosis in astrocytes [6]. In accordance with
this data, we have shown that miR-21 down-regulation
reduces proliferation of NT2/A. Interestingly, the effect
was notable not only in the one-week-old NT2/A cul-
tures, comprised mostly of mitotically active cells, but
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also in the four-week-old cultures, in which the majority
of the cells had already reached the quiescence (Fig. 4, ¢
and d). This pro-proliferative activity of miR-21 has been
described in many other cellular contexts, mainly in dif-
ferent types of malignancies, including glioblastoma
[27, 28]. Accordingly, it is surprising that our finding
showed that miR-21 remained highly expressed in mature
NT2/A cultures (Fig. 3d), even though the number of
cycling cells decreased significantly. We can assume that
astrocytes must maintain a certain level of miR-21
expression during maturation to prevent premature cellu-
lar senescence. Indeed, the growth arrest induced by the
miR-21 downregulation was accompanied with an
increased expression of p21"¥"/Cr! and TP53 (Fig. 5a).
Upregulation of these cell cycle inhibitors coupled with
elevated SA-B-gal activity were clear indicators that miR-
21 downregulation induced cellular senescence (Fig. 5, b
and c). To the best of our knowledge, these are the first
data showing the link between miR-21 and cellular senes-
cence of astrocytes. Similar findings have been reported
in other cell models [29, 30]. The changes in the basal
miR-21 expression level often correlate with different
CNS pathologies, most evidently, in glioblastoma [4].
Moreover, it has been reported that the level of miR-21
significantly changes in both tissues and bloodstream dur-
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ing aging and it is associated with a variety of inflamma-
tory conditions and age-related diseases [8]. Taken
together, we can assume that the maintenance of the basal
level of miR-21 expression is important for normal phys-
iological activity of astrocytes.

Senescence-associated dysfunction of astrocytes
appears to have profound implication for the aging brain
and neurodegenerative disorders [31]. The adverse effect
of senescent astrocytes on the surrounding microenviron-
ment is attributed mostly to their acquired pro-inflamma-
tory secretory phenotype [32]. In addition, other alter-
ations induced by senescence in astrocytes appear to be
relevant for their neurotoxicity. Thus, the downregulation
of transporters of potassium ions and glutamate, with the
ensuing decrease of neuronal protection may lead to neu-
rodegeneration, including Alzheimer’s disease and relat-
ed dementias [22, 31, 33].

Our in silico study revealed twenty-four putative
senescence-associated miR-21 target genes (Fig. 6).
Several of these genes (TIMP3, TGFBI, IL12A, RECK,
VCL, COL4A1, and EHDI) were also shown to be upreg-
ulated in human astrocytes in the oxidative stress-induced
senescence [33]; some of them (TIMP3, RECK, SMAD?7,
SATBI1, PITX2, MAP2K3, BTG2, CCL20, and ANKRD46)
were experimentally validated as direct miR-21 targets in
various cells [34-41]. These findings support our results
pointing to miR-21 as a potential regulator of astrocyte
senescence. Interestingly, putative miR-21 targets pre-
sented in Fig. 6 include the genes related to the senes-
cence-associated secretory phenotype, such as genes for
interleukin IL12A, cytokine CCL20, angiogenic factor
TGFB, and inhibitors of metalloproteases TIMP3 and
RECK. Nevertheless, further direct functional analysis is
needed to reveal miR-21-related mechanisms underlying
astrocytes senescence. As discussed previously, senescent
astrocytes are associated with different CNS pathologies.
Therefore, discovering miRNA-related mechanisms
underlying astrocytes senescence could be important also
from the applicative point of view. New therapeutic
strategies based on miRNA manipulation could pre-
vent the senescent state and improve the physiological
outcome.
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