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Abstract Telomere shortening is a well-established
hallmark of cellular aging. Telomerase reverse tran-
scriptase (TERT) plays a crucial role in maintaining
the length of telomeres, which are specialised pro-
tective caps at the end of chromosomes. The lack
of in vitro aging models, particularly for the central
nervous system (CNS), has impeded progress in
understanding aging and age-associated neurodegen-
erative diseases. In this study, we aimed to explore
the possibility of inducing aging-associated features
in cell types of the CNS using hiPSC (human induced
pluripotent stem cell) technology. To achieve this,
we utilised CRISPR/Cas9 to generate hiPSCs with a
loss of telomerase function and shortened telomeres.
Through directed differentiation, we generated motor
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neurons and astrocytes to investigate whether tel-
omere shortening could lead to age-associated pheno-
types. Our findings revealed that shortened telomeres
induced age-associated characteristics in both motor
neurons and astrocytes including increased cellular
senescence, heightened inflammation, and elevated
DNA damage. We also observed cell-type specific
age-related morphology changes. Additionally, our
study highlighted the fundamental role of TERT and
telomere shortening in neural progenitor cell (NPC)
proliferation and neuronal differentiation. This study
serves as a proof of concept that telomere shortening
can effectively induce aging-associated phenotypes,
thereby providing a valuable tool to investigate age-
related decline and neurodegenerative diseases.
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Introduction

Telomerase plays a crucial role in extending telom-
eres and mitigating telomere attrition, a key process
associated with aging (Harley et al. 1990). Telom-
eres are specialised structures at the ends of chro-
mosomes, serving to protect chromosome ends from
DNA damage and degrading activities. Telomerase
is a ribonucleoprotein (RNP) complex that elon-
gates telomeres through the activity of reverse tran-
scription. It consists of two main components; the
catalytic subunit telomerase reverse transcriptase
(TERT) and a telomerase RNA component (TERC)
(Shay and Wright 2019; Nakamura et al. 1997; Feng
et al. 1995). Through reverse transcription activ-
ity, telomerase elongates telomeres, preventing the
accumulation of short telomeres that can lead to tel-
omere dysfunction. Short telomeres activate DNA
damage responses and other molecular mechanisms
that contribute to cellular senescence or apoptosis.
Consequently, short telomeres are considered one
of the primary hallmarks of aging, as they lead to
aging hallmarks including genomic instability, cel-
lular senescence, and loss of regenerative capacity
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(Lopez-Otin et al. 2023). Cell and animal models
with genetic modifications or absence of telomerase
activity have provided direct evidence for the role
of telomerase in the maintenance of telomeres and
its contribution to biological aging (Denham 2023).
Moreover, telomeropathies, arising from mutations
in genes responsible for telomere maintenance,
manifest as premature aging syndromes (Vieri et al.
2021). Beyond telomere maintenance, TERT has
been shown to have additional non-canonical func-
tions in cellular processes such as proliferation,
apoptosis, DNA repair, gene regulation, and modu-
lation of oxidative stress responses (Thompson and
Wong 2020; Ségal-Bendirdjian and Geli 2019).
Telomerase has an emerging role in the central
nervous system. In the central nervous system (CNS),
telomerase deficiency and telomere shortening have
been associated with impaired neuronal differentia-
tion, compromised neurogenesis, and increased vul-
nerability to age-related neurodegenerative diseases
(Saretzki and Wan 2021; Liu et al. 2018; Levstek
et al. 2020). Telomerase has shown to be present in
both the developing and adult brain (Klapper et al.
2001; Caporaso et al. 2003). However, as neural pre-
cursor cells differentiate into neurons, telomerase
activity rapidly decreases (Kruk et al. 1996; Cheng
et al. 2007), and studies in mice have demonstrated
that telomere shortening disrupts neuronal differ-
entiation and neurogenesis (Ferron et al. 2009).
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The presence of short telomeres has been linked to
various neurodegenerative diseases (Rossiello et al.
2022), and mouse models with short telomeres have
exhibited key features of neurodegeneration (Whitte-
more et al. 2019).

Human induced pluripotent stem cells (hiPSCs)
have proven valuable for disease modelling and drug
discovery, particularly for CNS disorders. However,
the reprogramming of hiPSCs resets their cellular age
and rejuvenates various age-related characteristics,
posing challenges to model late-onset diseases like
neurodegenerative disorders (Mahmoudi and Bru-
net 2012). Consequently, there is a need to develop
strategies for inducing aging in hiPSC-based models
to study CNS aging in both health and disease. Exist-
ing methods to artificially induce age-related changes
in hiPSC are limited and include models that express
progerin (Miller et al. 2013), pharmacological inhibi-
tion of telomerase (Vera et al. 2016) and the applica-
tion of cellular stressors (Dong et al. 2017). However,
there remains an unmet need to develop additional
aging-induced models to further advance research in
this field.

To generate an hiPSC based in vitro aging model,
this study generated hiPSC lines with reduced telom-
erase activity and shortened telomeres. We address
the role of telomere shortening in motor neurons and
astrocytes by characterising the cellular and molecu-
lar effects. We demonstrate that telomere shortening
has a role in both neurogenesis and aging and short-
ening telomeres can be used to induce aging-asso-
ciated characteristics in different cell-types in vitro.
Together this provides an important tool to investi-
gate age-related decline in the CNS.

Results

Derivation and characterisation of hiPSCs with
reduced telomerase activity and shortened telomeres

To investigate if reducing telomerase activity could
induce an in vitro model of aging, we generated
TERT deficient cell lines using CRISPR/Cas9 tech-
nology. Guide RNAs were targeted against exon one
of the TERT gene and transfected into a wild type
(WT) hiPSC line (Fig. la). Two TERT deficient
clones were characterised, TERT low clone 1 (TERT
low C1) has a 9 bp deletion and 33 bp deletion in

each of the alleles of exon 1, and TERT low clone 2
(TERT low C2) has a 4 bp deletion and 24 bp dele-
tion in each of the alleles of exon 1 (Fig. 1b).

To characterise if the TERT clones had a reduc-
tion in telomerase activity, the telomerase activity
was checked by the Telomerase Repeated Amplifica-
tion Protocol (TRAP) assay (Mender and Shay 2015).
Both TERT low C1 and TERT low C2 displayed
reduced telomerase activity (Fig. lc, Supp Fig. 1a).
TERT low C1 exhibited residual activity whereas C2
showed an almost complete loss of activity (Fig. 1c).
The residual activity in C1 could be accountable to
the 9 bp deletion in one allele, leading to an inframe
deletion of 3 amino acids, which may not be suffi-
cient to completely abolish TERT function. On the
other hand C2 has a 4 bp frameshift mutation and
24 bp deletion in each of the alleles, which are more
likely to disrupt TERT function. To explore if the
reduced telomerase activity was accompanied with
shortened telomeres, the average telomere lengths
were assessed using the Absolute Human Telomere
Length Quantification qPCR Assay Kit. The aver-
age telomere length was significantly shorter for the
TERT low clones, with TERT low C1 displaying a
61% decrease and TERT low C2 a 58% decrease in
telomere length (TERT low Cl1, 5.64+0.26 kilobase
(kb), TERT low C2, 6.08 +0.29 kb) compared to WT
(14.4 £0.69 kb) (Fig. 1d). This was maintained across
multiple cell passages (Supp Fig. 1b). Interestingly,
TERT low Cl1 exhibited residual activity in the TRAP
assay, yet its telomere length decreased. This sug-
gests that the mutation might not completely disrupt
all active sites or substrate binding regions. However,
it’s important to acknowledge that these mutations,
despite preserving some activity, may still impair the
overall enzyme’s function given the complexity of
telomerase’s role in maintaining telomeres and cel-
lular function. Visualisation of telomeres with immu-
nofluorescence staining further confirms a decrease in
telomeres in the TERT low hiPSC clones (Fig. 1e).

To ensure TERT low hiPSCs maintain pluripo-
tency, pluripotency markers OCT4 and NANOG were
examined by immunocytochemistry. TERT low ClI
and C2 hiPSC formed colonies as expected (Supp
Fig. 1c) and were both positive for both OCT4 and
NANOG (Fig. 1f), indicating a pluripotency state.
TERT low clones were observed to have decreased
proliferation, supporting the observed absence of tel-
omerase activity (Supp Fig. 1d).
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Fig. 1 TERT deficient isogenic clone generation and charac-
terisation. a Targeting strategy to generate TERT low hiPSC
lines with guide RNA and CRISPR/Cas9. b Diagram of the
two TERT low clones obtained, TERT low C1 and TERT low
C2. ¢ Telomerase activity of TERT low clones via TRAP assay
visualisation and quantification show TERT low clones have
reduced telomerase activity. Relative telomerase activity is cal-
culated from the following formula [(TRAP sample—negative
control)/Internal control (IC) of sample]/[(WT sample—nega-
tive control)/Internal control (IC) of WT sample)]*100. Data is
shown as mean+SD, n=3, **P <0.01; ANOVA with Tukey’s
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multiple comparisons test. d Average telomere length of WT
and TERT low C1 and low C2 using the Absolute Human Tel-
omere Length Quantification qPCR Assay Kit showing shorter
telomeres in TERT low clones. Data is shown as mean =+ SD,
n=3, ****P<(0.0001; ANOVA with Tukey’s multiple com-
parisons test. € Immunostaining of telomeres in WT and TERT
low hiPSCs. TERT low clones show a decrease in telomeres
compared to WT iPSCs. Scale bar=20 pm. f Immunostain-
ing of pluripotency markers NANOG and OCT4. Both WT
and TERT low hiPSC lines display pluripotent markers. Scale
bar=50 pm
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Motor neurons with shortened telomeres show
dysregulated neurogenesis

To investigate the impact of reduced telomerase activ-
ity and telomere shortening in motor neurons, we
generated spinal cord motor neurons from WT and
TERT low C2 hiPSCs using a previously established
protocol (Supp Fig. 2a) (Hor et al. 2021). These
motor neurons were positive for motor neuron spe-
cific markers ISLET1 (ISL1) and SMI-32 (Fig. 2a)
Subsequently, we performed RNA sequencing on
poly(A)+selected mRNA libraries isolated from
TERT low and WT motor neurons to gain insights
into the disrupted biological pathways. Quantification
of TERT expression showed TERT to be very lowly
expressed in WT motor neurons (WT; Transcripts
per million (TPM)=0.15+0.16) with a decrease of
expression in TERT low motor neurons (TERT low;
TPM=0.017+0.02). TERT low motor neurons with
shortened telomeres exhibited extensive dysregula-
tion of gene expression with 1051 down-regulated
and 1393 up-regulated genes (Fig. 2b). Down-regu-
lated pathways were predominantly associated with
neurogenesis, neuron and nervous system develop-
ment, neuron projection and axon development, cell
morphogenesis and synaptic signalling (Fig. 2c).
These findings align with previous research demon-
strating that telomere shortening disrupts neuronal
differentiation and neurogenesis in the mouse brain
(Ferrén et al. 2009), providing further evidence of the
essential role of telomeres in neuronal development.
For a deeper understanding of the role of short-
ened telomeres in motor neurogenesis we gener-
ated day 10 neural progenitor cells (NPCs) from
WT, TERT low C1 and TERT low C2 hiPSCs.
This cell population was positive for SOX1 +and
HOXB4 + cells, indicating an NPC population with
a spinal cervical identity (Fig. 2d). We performed
RNA sequencing on poly(A) + selected mRNA librar-
ies isolated from TERT low and WT NPCs (day
10). TERT expression is approximately eightfold
greater in NPCs (WT NPC; TPM =1.18+0.02) com-
pared to motor neurons (WT; TPM=0.15+0.16).
As expected, TERT was shown to be significantly
down regulated in both TERT low clones at the NPC
stage (C1; fold change=-2.9, padj= <0.0001, C2;
fold change=-1.68, padj=0.02, combined; fold
change=—-1.10, padj=0.0027). Differential gene
analysis showed 128 down and 268 up- regulated

differential expressed genes (DEGs) in TERT low
NPCs (Fig. 2e). S pinal cord development and neural
tube patterning pathways were observed to be down
regulated (Fig. 2f). Alongside a downregulation of
cell proliferation pathways, including genes PAX6
and FOXG1, which play crucial roles in regulating
neural proliferation and differentiation (Quintana-
Urzainqui et al. 2018). We also observed a decrease
in Ki67, a proliferation marker, in TERT low NPCs
through immunocytochemistry (Supp Fig. 2b). This
suggests that TERT and shortened telomeres may
influence neural cell proliferation by regulating PAX6
expression, consistent with previous findings (Kim
et al. 2017).

TERT low NPCs exhibited a notable upregula-
tion of pathways related to development and neu-
ronal differentiation, including tube and embryonic
morphogenesis, axon development, and responses
to growth factors (Fig. 2g). Notably, we observed an
upregulation of 45 genes transcriptionally activated
by p53 and 30 genes activated by homolog p63,
both of which have been associated with TERT, tel-
omerase activity and downstream aging pathways
(Vorovich and Ratovitski 2008; Jin et al. 2010).
Additionally, several pathways involved in extracel-
lular matrix (ECM) organisation, cellular adhesion,
and cell death and apoptosis were also upregulated
(Fig. 2g). The increase in cell death pathways was
further confirmed by assessing cell death at differ-
ent time points. Although an increased cell death
was not observed at D10, TERT low NPCs dis-
played a significant increase in cell death by D17
which was examined by Annexin V apoptosis assay
(Supp Fig. 2¢). The most highly upregulated gene
was NKX6.1, a homeobox gene known to increase
during motor neuron development and play a criti-
cal role in neuronal fate determination in the spinal
cord (Sander et al. 2000; Li et al. 2016). This find-
ing underscores the potential involvement of TERT
and shortened telomeres in regulating essential
genes that govern neuronal development and fate
specification.

To phenotypically validate the role of short tel-
omeres in motor neurogenesis, we generated spinal
cord organoids to examine structural and neural
development changes, resembling those in human
3D structures. The spinal organoids were gener-
ated by encapsulating day 10 WT NPCs and TERT
low C2 NPCs in Matrigel, which were then matured
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«Fig. 2 Telomere shortening disrupts motor neurogenesis.
a WT and TERT low day 28 motor neurons, immunostained
with DAPI and motor neuron markers ISL1 and SMI-32.
Scale bar=50 pm. b Differentially expressed genes (DEG)
s in TERT low motor neurons compared to WT motor neu-
rons. ¢ Downregulated pathways in TERT low motor neurons.
d Immunostaining of HOXB4 and SOX1 in NPCs. NPCs are
positive for neural progenitor markers. Scale bar=50 pm.
Quantification of HOXB4 and SOXI1 positive cells show no
difference in differentiation to NPC fate between WT and
TERT low NPCs. Data shown is mean+SD, n=3, P=ns;
unpaired T-Test. e Differentially expressed genes (DEG)s in
TERT low NPCs compared to WT NPCs. f Down regulated
pathways TERT low NPCs. g Up regulated pathways in TERT
low NCPs. h Spinal organoid size and measurement showed
TERT low organoids are reduced in size. Data is shown as
individual measurements for each organoid (n=6 minimum),
with the mean displayed by the line, ****P <(0.0001; ANOVA
with Tukey’s multiple comparisons test. i Representative
immunostained images of Ki67, ISL1 and DAPI in spinal
cord organoids show reduced proliferation and ISL1+ motor
neurons in TERT low organoids. White arrows show neural
rosette structures. Scale bar=200 pm. j Representative immu-
nostained images of cleaved caspase 3 (cCASP3), SMI-32 and
DAPI show increased apoptosis in TERT low organoids. Scale
bar=200 pm

in a spinner flask until day 28, 35, and 42 (Supp
Fig. 2d). TERT low organoids consistently exhib-
ited a smaller size compared to control organoids at
all examined time points (Fig. 2h). To further elu-
cidate the underlying mechanisms, we performed
sectioning and immunolabeling on these organoids.
Our analysis revealed a decrease in the number of
proliferating cells, evidenced by a reduction in
Ki67 + cells (Fig. 2i). Concurrently, we observed an
increase in cell death, indicated by elevated expres-
sion of cleaved caspase 3 (cCASP3) (Fig. 2j), thus
corroborating the findings from the RNA sequenc-
ing analysis conducted at the NPC stage. Fur-
thermore, neural rosette structures, which are the
developmental signature of neural progenitors in
cultures, were no longer observed in TERT low
spinal organoids (Fig. 2i). This observation further
reinforces an essential role for telomeres in motor
neurogenesis and spinal cord development.

Motor neurons with shortened telomeres show
age-dependent phenotypes

Short telomeres are considered one of the primary
hallmarks of aging, and have shown to lead to addi-
tional aging characteristics. Therefore, we further

analysed the RNA sequencing data from TERT low
and WT motor neurons to investigate if pathways
closely linked with aging were present. ays asIndeed,
motor neurons with shortened telomeres displayed an
alteration of pathwsociated with aging phenotypes,
including, cellular senescence, inflammation path-
ways (chemokine and cytokine release), DNA dam-
age pathways, and cellular stress (Fig. 3a, b). There
was also a downregulation of genes associated with
neuronal morphology (Fig. 3a), and neuronal cell
shrinking and axon and dendritic shrinking has been
associated with aging (Blinkouskaya et al. 2021).
Furthermore, analysis of the RNA sequencing data,
revealed a notable correlation between dysregulated
genes in TERT motor neurons and genes that undergo
expression changes in the neocortex of aged adult
mice (Fig. 3a, b). Supporting this, many age associ-
ated genes were dysregulated (e.g., TP53, LMNA,
FOXO1) with 42 of the DEGs found in the GeneAge
gene list (de Magalhdes and Toussaint 2004).

To complement the gene expression changes, we
wanted to investigate if age-related characteristics
could be observed in motor neurons with shortened
telomeres. As cellular senescence is a key characteris-
tic of aging and there was a notable alteration of p53
signalling leading to senescence (up; A2M, CCND2,
CDKNI1A, SNCA, ABCAS8, ADAMTSS, down;
BUBI, CDC20, NEK2, TOP2A, TTK, CCNB2,
AURKB, KIF20A, SPAGS5, UBE2C, TPX2, KIF4A),
the presence of cyclin-dependent kinase (CDK) inhib-
itor p21 (P21), a widely used marker of cellular senes-
cence was examined by immunocytochemistry in the
motor neurons. TERT low motor neurons showed an
increase in P21-positive cells, indicating that short
telomeres increase cellular senescence (Fig. 3c). As
DNA damage accumulation is a hallmark of aged
cells and there was an upregulation of ataxia-telan-
giectasia mutated (ATM) DNA damage response
genes in motor neurons with shortened telomeres, we
examined double-strand DNA breaks. Quantification
of phosphorylated H2AX, an ATM-dependent early
cellular response to DNA double-strand breaks (Kob-
ayashi et al. 2009; Zha et al. 2008), revealed that tel-
omere shortening led to a significant upregulation of
v.H2AX, indicating an increase in DNA damage and
supporting the RNA analysis (Fig. 3d).

Neuronal soma size has been indicated to predict
neuronal health (Dukkipati et al. 2018) and a smaller
soma size has been associated with aged and diseased
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tissues (Liu et al. 1996; Castro et al. 2023). In the
TERT low motor neurons there was a significant
downregulation of 50 genes that have been associated
with the neuronal cell body (Supp Fig. 3a). There-
fore, we visualised neuronal morphology by SMI-32
immunocytochemistry and measured the size of the
neuronal cell body (Fig. 3e). Motor neurons with
short telomeres displayed a decrease in soma size
(Fig. 3e). In addition, neurite degeneration is an age-
associated characteristic (Salvadores et al. 2017), and
we observed a down regulation of genes associated
with axons and dendrites. Interestingly, we observe
a down regulation of Forkhead Box O 1 (FOXO1)
(fc=0.50, padj=0.0039), a transcription factor that
has shown to inhibit age-progressive axonal degener-
ation (Hwang et al. 2018). To investigate this in vitro,
we examined neurite outgrowth density from spi-
nal cord organoids. TERT low spinal cord organoids
displayed a decrease in neurite outgrowth from the
organoid, with a reduction in both neurite density and
length (Fig. 3f). Together these data support short-
ened telomeres in motor neurons induce age-depend-
ent characteristics.

Astrocytes with shortened telomeres show cell-type
specific aging characteristics

As more age-induced changes have been observed in
non-neuronal cells (Allen et al. 2023), and to explore
if the aging effects of telomere shortening were motor
neuron-specific, we generated human spinal cord
astrocytes (Fig. 4a). We were able to generate highly
enriched populations of hiPSC-derived astrocytes
from WT, TERT low C1 and TERT low C2 hiPSCs
which expressed the astrocytic markers glial fibrillary
acidic protein (GFAP) and CD44 in 35 days (Fig. 4b).
It has previously been reported that TERT protein
is not present in GFAP-positive astrocytes (Spils-
bury et al. 2015), and supporting this we could not
detect TERT expression in the wild-type astrocytes.
Therefore, we hypothesised if aging phenotypes were
observed in the astrocytes it could be due to short-
ened telomeres.

To investigate cellular and molecular changes we
performed RNA sequencing on poly(A)+ selected
mRNA libraries isolated from TERT low astro-
cytes and the WT control line. Differential gene
expression analysis of TERT low and WT astro-
cytes revealed 662 down-regulated genes and 441

up-regulated genes in TERT low astrocytes (adjusted
P-value <0.05) (Fig. 4c). Notably, the down-regulated
pathways in TERT low astrocytes included those
involved in the regulation of synapse formation and
function, particularly neurotransmitter transport and
secretion (Fig. 4d). These findings align with previ-
ous research showing altered expression of synapse-
regulated genes and reduced synaptic transmission in
aged mouse brains astrocytes (Boisvert et al. 2018;
Kawano et al. 2012), and down-regulation of synaptic
transmission genes in the aged human brain (Wruck
and Adjaye 2020). Moreover, we observed a signifi-
cant downregulation of genes associated with synap-
tic plasticity, a phenomenon that has shown to decline
with age in astrocytes (Popov et al. 2021). Addition-
ally, our study identified a significant downregulation
of genes involved in calcium regulation pathways.
Previous research has highlighted deceased astro-
cytic Ca®" transients with aging (Gémez-Gonzalo
et al. 2017; Lalo et al. 2018; Ding et al. 2022), and
our findings further support these observations. Inter-
estingly, cell division cycle protein 20 (CDC20) was
shown to be down regulated in TERT low astrocytes
(fc=-1.33, padj=0.039) and TERT low motor neu-
rons (fc=-0.45, padj=0.0035) and recent studies
have shown CDC20 downregulation to cause prema-
ture aging and cellular senescence (Fujita et al. 2020;
Volonte et al. 2022).

An upregulated pathway of interest was the matri-
some, which encompasses genes encoding ECM and
ECM-related proteins, including collagens, glycopro-
teins, integrins and proteinases (Fig. 4e). The upregu-
lation of the ECM genes and ECM organisation has
also been reported in the aged human brain (Wruck
and Adjaye 2020). Astrocytes have an essential func-
tion in regulation of the blood brain barrier (BBB)
and the progressive declines in BBB have been asso-
ciated with advancing age (Preininger and Kaufer
2022). Here we observe an upregulation of genes
involved in transport across the blood brain barrier
(BBB) highlighting potential dysfunction. Further-
more, we found a significant upregulation of integ-
rin p4 (ITGB4) (fc=1.1,5 padj=9.07 x 10'!), a vital
ECM protein for BBB formation (Su et al. 2008).
Interestingly, ITGB4 is among the 10 genes signifi-
cantly correlated with age in the human prefrontal
cortex and has also been linked to astrocyte reactiv-
ity and inflammation in rodents (Fasen et al. 2003;
Milner and Campbell 2006). Neuroinflammation is
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«Fig. 4 Astrocytes with short telomeres display aging charac-
teristics. a Astrocyte differentiation protocol. Schematic of
astrocyte differentiation from hiPSCs. b WT astrocytes, immu-
nostained with astrocyte markers CD44 and GFAP and DAPI.
c¢ Differentially expressed genes (DEGs) in TERT low astro-
cytes. d Down regulated pathways in TERT low astrocytes.
e Up regulated pathways in TERT low astrocytes. f WT and
TERT low astrocytes immunolabeled with CD44 with quantifi-
cation of cell size show TERT low astrocytes have an increase
in cell size. Scale bar=50 pm. Data is shown as mean+SD,
n=06, ¥**P<0.01; unpaired T-Test. g WT and TERT low astro-
cytes immunolabeled with GFAP. Quantification of GFAP
intensity shows TERT low astrocytes have an increase in
GFAP. Scale bar=50 pm. Data is shown as mean+SD, n=6,
*#*%P <0.001; unpaired T-Test. h Representative immunostain-
ing images of y.H2AX and the quantification of the number
of y.H2AX foci show an increase of y.H2AX foci in TERT
low astrocytes. Data is shown as mean=+SD, n=4, *P <0.05;
unpaired T-Test. Immunolabeling of P21 expression in WT
and TERT low astrocytes and the percentage of P21 cells show
TERT low astrocytes have an increase in P21 expression. Scale
bar=50 pm. Data is shown as mean+SD, n=4, *P<0.05;
unpaired T-Test

associated with the aging in the CNS and many of the
upregulated pathways were associated with cytokine
and chemokine signalling, with a significant upregu-
lation of CXCL1, CXCL8, CXCL6, CD70, IL-11,
LIF and SERPING1, among others (Supp Fig. 4a).

To investigate whether age-related gene expres-
sion changes were accompanied by phenotypic
changes, we examined if astrocytes with short
telomeres displayed hallmarks of aging. Prior
studies have reported that astrocytes undergo
cell-type specific changes associated with aging,
such as an increase in cell size and higher GFAP
expression (Gatto et al. 2021; Sofroniew and
Vinters 2010). In our study, we found that astro-
cytes with short telomeres displayed both an
enlarged cell size and elevated GFAP expression
(Fig. 4f, g). These observations, combined with
the increased expression of cytokines, along with
upregulated Al-reactive markers, complement
3 (C3) (fc=2.93, padj=0.021), and SERPINGI
(fc=1.02, padj=5.85x10"'%), further highlights
the aged characteristics of these astrocytes and pro-
vides further support to the hypothesis that aged
astrocytes develop a partially reactive phenotype
(Clarke et al. 2018; Allen et al. 2023).

As DNA damage response genes were observed
to be upregulated in TERT low astrocytes, we
examined DNA double-strand breaks in these cells.
By quantifying the number of phosphorylated

H2AX (yH2AX) foci we found that TERT low
astrocytes had a higher number of yH2AX foci,
indicative of increased DNA damage (Fig. 4h).
While the RNA seq analysis did not reveal dysreg-
ulation in cellular senescence pathways, it is worth
noting that astrocytes have been demonstrated to
undergo cellular senescence in vitro and in age-
associated neurodegenerative diseases (Cohen and
Torres 2019). In light of this, we conducted immu-
nocytochemistry to examine p21 expression, a
well-known marker of cellular senescence. Surpris-
ingly, TERT low astrocytes exhibited an increase in
p21 expression (Fig. 4i), suggesting the presence
of senescence-related changes despite the absence
of significant pathway dysregulation in the RNA
seq data. Together, these findings provide strong
evidence that telomere shortening accelerates
aging processes and induces age-related changes in
astrocytes.

Discussion

Aging is the main risk factor for many neurodegen-
erative diseases, so understanding and recapitulating
age-related characteristics in cells of the CNS is of
utmost importance. There is a lack of suitable human
in vitro models that mimic the functional features of
neural cell aging. Here we demonstrate a successful
strategy to induce aging features in human induced
pluripotent stem cell (hiPSC)-derived motor neurons
and astrocytes through reducing telomerase activity
and telomere shortening. These hiPSCs possess tel-
omeres measuring 5-6 kb in length. Notably, a tel-
omere length of 5 kb has previously correlated with
individuals aged 60 and above, and has been identi-
fied as a critical threshold linked to a heightened risk
of mortality in a study examining leukocyte telomere
length across the human lifespan (Steenstrup et al.
2017). We show that these manipulated cells exhibit
key age-related phenotypes, including increased DNA
damage, cellular senescence, inflammation, synaptic
dysregulation and age-associated cellular morphol-
ogy changes. We observe cell type-specific changes,
highlighting the importance of considering cell-spe-
cific aging signatures.

It is widely accepted that the reprogramming
of somatic cells into hiPSCs resets the cellular age
resulting in an embryonic-like state which persists in
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downstream differentiated neural cells (Lapasset et al.
2011; Huh et al. 2016). There have been multiple
strategies to artificially induce aging in hiPSC based
models, for example Miller et al., showed progerin
expression in hiPSC-derived neurons induced aging
associated characteristics and enhanced phenotypes
of Parkison’s disease (Miller et al. 2013). However,
the question of whether the aging phenotype caused
by progerin resembles physiological or pathologi-
cal aging remains unclear. Telomere shortening is
more closely associated with physiological aging,
and a previous study generated hiPSC-derived neu-
rons with shorter telomeres using telomerase inhibi-
tor BIBR1532 (Vera et al. 2016). These neurons
did indeed show age-like characteristics including
increased DNA damage, mitochondrial ROS and
dendrite atrophy. However, there are limitations to
using small molecules to regulate telomerase activ-
ity, and another study found BIBR1532 was unable to
induce telomerase inhibition in hiPSC-derived motor
neurons (Pandya et al. 2021). To our knowledge, this
study presents the first genetically modified hiPSC
lines with reduced telomerase activity and shortened
telomeres and thus provides a unique genetic model
to induce aging characteristics.

An alternative approach to bypass the limitation of
the embryonic-like state of hiPSC is the direct repro-
gramming of somatic cells into the mature cell type
of interest, retaining cellular age. Various research
groups have developed induced neuronal cells (iN)
and multipotent induced neural precursor cells
(iINPCs) by different methods (Mertens et al. 2015;
Meyer et al. 2014; Yoo et al. 2011; Pfisterer et al.
2011; Li et al. 2015; Ring et al. 2012). Fibroblast-
derived iNs preserve features of human aging includ-
ing transcriptomic, epigenetic, mitochondrial and
nuclear pore changes (Herdy et al. 2019; Huh et al.
2016; Kim et al. 2018; Mertens et al. 2015). Compa-
rable transcriptional signatures were also observed
in neurons with shortened telomeres, including dys-
regulation of genes involved in DNA damage, cellular
senescence, synaptic function and synaptic plastic-
ity. Human derived astrocytes have also been gener-
ated from tripotent iNPCs directly converted from
adult fibroblast (Meyer et al. 2014). These astrocytes
(INPC-A) retain age-associated features such as accu-
mulation of DNA damage, altered nuclear compart-
mentalisation and oxidative stress (Gatto et al. 2021).
There is a significant overlap of cellular changes with
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iNPC-A and the astrocytes with shortened telom-
eres in the study, including increased GFAP expres-
sion, increased cell size, increased DNA damage and
a heightened inflammatory response. These direct
reprogramming studies have also highlighted an age-
related dysregulation of nucleocytoplasmic transport-
ers, with a decrease in karyopherin RANBP17 shown
in both neuron and astrocytes (Mertens et al. 2015;
Gatto et al. 2021). However, this was not observed in
our aging induced model, which could be account-
able to subtype differences in neuronal and astrocyte
populations.

Astrocytes, the largest group of glial cells in the
CNS, play a crucial role in maintaining essential
neural functions. As recent studies have suggested
glial cells, including astrocytes, may be more sus-
ceptible to the effects of aging compared to neu-
rons (Zhang et al. 2021; Allen et al. 2023), we were
interested to see the effect of shortened telomeres in
this cell-type. Aging has been found to induce sig-
nificant transcriptional changes (Soreq et al. 2017,
Pan et al. 2020; Boisvert et al. 2018) and functional
alterations in astrocytes (Clarke et al. 2018; Verkerke
et al. 2021), impairing their ability to regulate CNS
homeostasis and to provide support to neurons. It has
been reported that astrocytes become more reactive
with age and this is accompanied with an increase
in GFAP expression that has shown to correlate
with age (Boisvert et al. 2018; Clarke et al. 2018;
Nichols et al. 1993; Porchet et al. 2003; Wruck and
Adjaye 2020). GFAP was the most upregulated pro-
tein in a proteomic analysis of 2 and 24 month-old
rat spinal cords (Lee et al. 2017). Indeed, astrocytes
with shortened telomeres displayed an increase in
GFAP expression and significant hypertrophy, cor-
relating with age-related and reactive morphological
changes (Sofroniew and Vinters 2010; Jyothi et al.
2015; Escartin et al. 2021). Furthermore, another fea-
ture of aged astrocytes is an increase in production of
cytokines, and astrocytes with shortened telomeres
show an upregulation of cytokines and chemokines
supporting the theory of increased neuroinflamma-
tion with aging. Interestingly, a study that compared
cytokine release in young and old spinal cords, found
only 3 cytokines to be increased in old spinal cords,
with an increase in cytokine SICAM-1 (Piekarz et al.
2020), which was found to have increased expression
in astrocytes with shortened telomeres in this study,
which have a spinal cord lineage.
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Different cell types have been shown to display
cell-type specific aging signatures (Zhang et al.
2021). Upon comparing common DEGs between
motor neurons and astrocytes with shortened tel-
omeres, the majority of the DEGs were found to be
cell type specific, with 91.4% of DEGs motor neu-
ron specific and 81.1% astrocyte specific. However,
common dysregulated genes and pathways were
observed, which could be used to gain insights into
cross-cellular interactions involved in spinal cord
aging. Common dysregulated pathways include syn-
aptic function, axon development and guidance, and
extracellular matrix component and organisation.
Notably, common dysregulated ECM genes including
collagen A2 (COL1A2), elastin (ELN), Vitronectin
(VTN), glycoprotein tenascin-R (TNR) and Vascular
Cell Adhesion Molecule 1 (VCAMI). A study exam-
ining molecular changes in spinal cord aging in mice
also identified significant alterations in ECM compo-
nents, such as collagens and matrix metalloprotein-
ases (MMPs), which were accompanied by changes in
spinal cord structure (Piekarz et al. 2020). Together,
this supports an essential role of ECM changes in spi-
nal cord aging and its significance should be further
investigated.

Over the last 10 years, there has been increasing
evidence for non-telomeric, non canonical functions
of TERT (Thompson and Wong 2020). For exam-
ple, it has been shown TERT can undergo nucleocy-
toplasmic shuttling and localise to the mitochondria
altering respiration, although the exact mechanisms
are unknown (Haendeler et al. 2009). There is con-
flicting evidence about the expression and localisa-
tion of TERT in neurons, which could be accounted
for by different neuronal subtypes (Eitan et al. 2016).
However, it is widely accepted that TERT is highly
expressed at embryonic stages in neural progenitor
cells and the expression gradually declines during
development (Martin-Rivera et al. 1998; Ishaq et al.
2016), which we observed in this study. Several stud-
ies have shown that TERT is also expressed in adult
neural stem cell (NSCs) populations in the brain
(Lee et al. 2012; Limke et al. 2003). In both embry-
onic and adult NSC populations, TERT has shown
to have an essential role in both proliferation and
neuronal differentiation, although there is conflict-
ing evidence if TERT activity encourages or inhibits
differentiation into a neuronal lineage (Richardson
et al. 2007; Schwob et al. 2008; Ferron et al. 2009;

Mattson et al. 2001). In this study, while we empha-
sise the crucial involvement of TERT and short tel-
omeres in proliferation and neuronal differentiation
in NPCs, the interplay between these factors makes
it challenging to distinguish their individual contri-
butions. Further investigation is needed to find out
which specific outcomes can be attributed to TERT,
short telomeres, or their combined influence. The
strategy of inducing aging features in hiPSC-derived
neural cells through decreasing telomerase activity
and telomere shortening offers valuable insights into
age-related phenotypes. This model provides a renew-
able source of genetically modified cells that can be
differentiated into many different cell types, enabling
telomere shortening and age-associated changes to be
studied in a cell-type specific manner. Furthermore,
this approach holds promise for investigating the rela-
tionship between aging and age-related diseases by
reducing telomerase activity in hiPSC from a disease
background. However, it is essential to acknowledge
the limitations of this model. Telomere shortening
represents just one aspect of cellular aging, and while
it sheds light on specific aging pathways, it may not
fully recapitulate the complexity of the aging pro-
cess in the CNS. Additionally, the accelerated aging
phenotype resulting from reduced telomerase activ-
ity may not fully represent the progressive changes
that occur during natural aging. Nevertheless, despite
these limitations, the study offers valuable insights
into the impact of telomere shortening in neurons and
astrocytes and provides a useful platform to inves-
tigate aging features in the CNS and age-associated
neurodegenerative diseases.

Methods
hiPSC cell culture

hiPSC lines were cultured feeder-free on Matrigel-
coated dishes with StemMACS™ iPS-Brew XF
(Miltenyi Biotec) according to product’s instruc-
tions. Routine passaging using ReLeSR (Stem Cell
Technologies) was performed once every 4 days.
The parent hiPSC line used was BJ-hiPSC (Ng et al.
2015).
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Generation of hiPSC-derived motor neurons

hiPSCs were differentiated into spinal motor neu-
ron progenitor cells and spinal motor neurons using
a previously published protocol (Hor et al. 2021).
The hiPSCs were neuralized by treating them with
CHIR99021 (4.25 pM) and LDN-193189 (0.5 pM)
day 0-10. Retinoic acid (I pM) was added from
day 3 to 16 to induce caudalization, and purmor-
phamine (2 uM), a sonic hedgehog (SHH) activator,
was added from day 11 to 16 to promote ventraliza-
tion. From day 17 onwards (D17-D28), the cultures
were supplemented with brain-derived neurotrophic
factor (BDNF) (10 ng/ml), glial cell-derived neuro-
trophic factor (GDNF) (10 ng/ml), and ascorbic acid
(200 pM) to facilitate neuronal maturation. The cells
were cultured throughout the differentiation process
in N2B27 media, which consisted of a mixture of
MACS Neuro Medium (50%), DMEM/F12 medium
(50%), N2, MACS NeuroBrew-21, 1 X Non-Essential
Amino Acids (NEAA), and 1 X GlutaMAX.

Generation of hiPSC-derived astrocytes

To generate hiPSC-derived astrocytes, 1x10° hiP-
SCs were plated onto a 10 cm dish in StemMACS™
iPS-Brew XF (Miltenyi Biotec) and ROCK inhibitor
Y-27632. The following day, the hiPSC were treated
with neural induction media for 3 days (DO-D3);
N2B27 supplemented with 0.5 pM LDN193189
and 4.25 pM CHIR99021. On day 3, the neural pro-
genitors were plated at 200,000 cells per well onto
matrigel-coated 6-well plates. Media was changed
to N2B27 supplemented with 10% FBS, 0.5 pM
LDN193189, 4.25 pM CHIR99021 and 1 pM reti-
noic acid (D3-D10). On day 10 (or before if cells
are confluent) glial progenitors were split (1:2) with
Accutase. On day 10, cells were treated with N2B27
supplemented with 10% FBS, 1 pM of retinoic acid,
1 pM purmorphamine (D10-D18). On day 18, glial
progenitors are treated with media N2B27 supple-
mented with 10% FBS, 10 ng/ml GDNF and 10 ng/
ml BDNF. Media was changed every other day.
Astrcoytes were analysed on D35 and D40. The cells
were cultured throughout the differentiation process
in N2B27 media; MACS Neuro Medium (50%),
DMEM/F12 medium (50%), N2, MACS Neuro-
Brew-21, 1XxNon-Essential Amino Acids (NEAA),
and 1 X GlutaMAX.
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Generation of hiPSC-derived spinal organoids

hiPSCs were differentiated into spinal cord organoids
using a previously published protocol (Hor et al.
2018). Briefly, the differentiation process followed the
same small molecule treatment as 2D motor neuron
differentiation, with a few modifications. On day O of
differentiation, cells were seeded in a 96-well round
bottom low attachment plate format, with 2x10°
cells per well. On day 10, the cells were encapsulated
with Matrigel (Corning). From day 14 onwards, the
cultures were transferred to spinner flasks (Corning)
and maintained up to day 42. Cryosectioning of the
organoids was performed on days 28, 35, and 42.

Plasmids and cloning

Guide RNAs (gRNA) were designed using the gRNA
design web tools by Feng Zhang’s lab: crispr.mit.edu
and the benchling software, https://www.benchling.
com. The gRNA CCACGTTCGTGCGGCGCCTG
targeting exon one of TERT (ENST00000310581.10)
was cloned into a CRISPR/ Cas9 GFP expression
vector pSpCas9(BB)-2A-GFP (PX458) (Addgene
plasmid #48138).

Transfection of hiPSC line

hiPSC were seeded onto a 6 well plate at a density
of 2x10° cells. gDNA (1.25 ug) was incubated with
Lipofectamine Stem Transfection Reagent (8 pl)
(Thermo Fisher) and Opti-MEM™ (250 pl) (Thermo
Fisher) according to the manufacturer’s protocol.
The solution was then added to the hiPSCs in Stem-
MACS™ iPS-Brew XF (2 ml) (Miltenyi Biotec)
dropwise. The live cells were harvested 1-3 days
later and GFP +single cells via flow cytometry onto
Matrigel coated plates containing StemMACS™
iPS-Brew XF (Miltenyi Biotec) and ROCK inhibitor
Y-27632 (Stem Cell Technologies). Individual cells
grew into colonies before being picked and passaged
into an individual well per colony. The clones are
validated via sequencing of the genomic DNA of the
colony.

Genomic DNA extraction and sequencing

Genomic DNA (gDNA) was extracted from
samples using the NucleoSpin Tissue, Mini Kkit
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(Macherey—Nagel) according to the manufacturer’s
protocol. The NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific) was used to quantify DNA
concentration.

DNA sequencing was performed using 200-500 ng
of DNA as a template in a 25 pl PCR reaction with
GoTaq Green Master Mix (Promega) with forward
primer CGTCCTCCCCTTCACGTC and reverse
primer CTCCTTCAGGCAGGACACCT. The PCR
products were purified using the QIAquick PCR Puri-
fication Kit (Qiagen). For cycle sequencing, 3-5 ng
of DNA was combined with BigDye Terminator v3.1
(Thermo Fisher), forward or reverse primers (10 pM),
and nuclease-free water. The reaction underwent
thermocycling with initial denaturation at 96 °C for
1 min, followed by 30 cycles of denaturation at 96 °C
for 10 s, annealing at 50 °C for 5 s, and extension
at 60 °C for 4 min. Sequencing analysis was per-
formed using FinchTV 1.4 and CLC Genomics Work-
bench software. The samples were sent to the DNA
Sequencing Facility at IMCB, A*Star, Singapore.

RNA extraction and sequencing

RNA from Day 10 NPCs (WT, TERT C1, TERT C2,
n=3), Day 28 motor neurons (WT, TERT C2, n=3)
and D35 astrocytes (WT, TERT C1, TERT C2, n=2)
were extracted using the RNeasy Mini Kit (Qiagen,
Germany, #74104) with RNA clean-up. Day 28 motor
neurons were enriched for neurons by magnetic cell
sorting using MACS cell separation antibodies,
microbeads, and reagents (Miltenyi Biotec) targeting
CD171 £ PSA+NCAM +cells. For the Day 10 NPCs,
WT, C Three biological replicates per sample were
used, and the total RNA samples were sent to Axil
Scientific Pte. Ltd. (Singapore) for RNA sequencing
(RNA-seq) on the [llumina HiSeq platform, following
the standard paired-end protocol. Astrocyte samples
were sent to Novogene (Singapore).

RNA-seq data quality was monitored via the
FASTQC package (https://www.bioinformatics.babra
ham.ac.uk/projects/fastqc/). Reads pre-processing
was performed by trim_galore (version 0.6.5-1,
https://github.com/FelixKrueger/TrimGalore). Map-
ping of RNA-seq reads was done using STAR_2.5.4a
(Dobin et al. 2013) with default parameters for RNA-
seq data; RSEM software (Li and Dewey 2011) were
used to quantify the gene-level expression. Deseq2
(http://www.bioconductor.org/packages/release/bioc/

html/DESeq2.html) package was utilised for differ-
ential gene expression analysis. Pathway enrichment
analysis was performed using the Metascape (Zhou
et al. 2019).

Absolute telomere length gPCR assay

The average telomere length was determined using
the Absolute Human Telomere Length Quantification
gqPCR Assay Kit (ScienCell, #8918). This kit utilises
telomere and single reference copy (SRC) primers to
amplify telomere sequences and a reference genomic
DNA with a known telomere length. For the qPCR,
5 ng of genomic DNA was combined with the tel-
omere or SRC primers, 2 pl from the stock solution,
10 pl of 2x, GoldNStart TagGreen qPCR master
mix (provided by the kit), and nuclease-free water to
a final volume of 20 pl. Each sample was prepared
in triplicates in a 384-well format and cycled on the
QuantStudio 5 Real-Time PCR System (Applied Bio-
systems). The cycling steps included an initial dena-
turation at 95 °C for 10 min, followed by 32 cycles of
denaturation at 95 °C for 20 s, annealing at 52 °C for
20 s, and extension at 72 °C for 45 s. Melt-curve anal-
ysis was performed at the end of the run. To calculate
the average telomere length, the ACq (TEL) and ACq
(SCR) values were determined by subtracting the Cq
values of the target sample from the Cq values of the
reference sample for the telomere and SRC primers,
respectively. Then, AACq was calculated as ACq
(TEL)-ACq (SCR). The total telomere length per dip-
loid cell was calculated using the formula: Reference
sample telomere length (1.23+0.09 Mb)x2(-44C),
Since there are 92 chromosome ends in one diploid
cell, the average telomere length on each chromo-
some end was obtained by dividing the total telomere
length by 92.

Telomerase repeat amplification protocol (TRAP)
assay

The TRAP assay, based on the protocol by Mender
and Shaay (Mender and Shay 2015), was employed
to visualise telomerase activity in the cells. This
assay involves the extension of a telomere substrate
by endogenous telomerase. The extended products
are then amplified using the TS upstream primer and
the ACX downstream primer, along with a 36-bp
internal standard control (TSNT), in a PCR reaction.
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Samples were prepared in 1x, 10X, and 100 X dilu-
tions. Negative controls consisted of the PCR solu-
tion with a lysis buffer. The resulting products were
separated on a 10% non-denaturing acrylamide gel at
210 V for 40 min and visualised by staining the gel
with SYBR Gold Nucleic Acid Gel Stain (Thermo
Fisher) for 10 min. Gel images were captured using
the ChemiDoc XRS+System (Bio-Rad Laborato-
ries) and analysed with Image Lab Software (Bio-
Rad Laboratories). Blots were quantified using the
following formula [(TRAP sample-negative control)/
Internal control of sample]/[(WT sample (positive
control)-negative control)/Internal control of WT
sample)]*100.

Telomere FISH analysis

The cells on the slide were fixed with 4% paraformal-
dehyde (PFA) at RT for 10 min. The slide was washed
with 1x PBS three times. The hybridization buffer
was prepared with 20 mM Tris (pH 7.4), 60% For-
mamide, 5% Blocking Reagent (Roche 11096176001)
and 500 nM Telomeric DNA Probe (PNABio. F1002
TelC-Cy3). The hybridization buffer was added to the
slide and the slide was heated for 10 min at 85 °C.
The slide was placed at RT in the dark for hybridiza-
tion. After 2 h of hybridization, the slide was washed
with wash solution (2 X, saline-sodium citrate (SSC)
buffer+0.1% Tween-20) for 10 min twice at 55 °C
and once at room temperature. The DAPI solution
was added to the slide. After 10 min, the slide was
washed with 2x SSC, 1 xSSC, and finally with water
for 2 min each. Finally, the slide was mounted with
mounting media (Prolong Gold antifade, Thermo
Fisher Scientific, Cat#P36930) and observed in fluo-
rescence microscopes with appropriate filters.

SDS-PAGE and Western blot (WB)

Protein lysates were resolved on 10-12% SDS-PAGE
gels and transferred to a nitrocellulose membrane
using the Trans-Blot Turbo Transfer System (Bio-
Rad). The membranes were then blocked in 5% milk
in TBST buffer (Tris-buffered saline with 0.1% Tween
20) and incubated overnight with primary antibodies
(Supp Table 1) diluted in 5% milk in TBST buffer.
After incubation, the membranes were washed three
times with TBST buffer and probed with horseradish
peroxidase secondary antibodies (Life Technologies)
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diluted in 5% milk in TBST buffer. Subsequently,
the membranes were washed three times with TBST
buffer before being treated with the ECL Western
Blotting Substrate (Bio-Rad). The visualisation of
protein bands was performed, and band intensities
were analysed using the Image Lab Software (Bio-
Rad Laboratories).

Immunocytochemistry, image acquisition and image
analysis

Cells were fixed with 4% PFA for 15 min at room
temperature. Then blocked and permeabilized in 5%
BSA and 0.1% Triton X-100 in PBS for 1 h. Primary
antibodies (Supp Table 1) were diluted in 5% BSA in
PBS and incubated overnight at 4 °C. The cells were
washed 2 times in PBS and incubated in secondary
antibodies diluted 1:1000 in 5% BSA in PBS for
1 h. Cells were incubated with DAPI for 10 min and
washed 2 times with PBS. Cells were visualised using
the Opera Phenix® Plus High Content Screening
System (Perkin Elmer) using the 20 x and 40 X water
objective. Image analysis was performed in the
Columbus Image Data Storage and Analysis System
(Perkin Elmer).

Cryo-sectioned slides were air-dried at 37 °C for
5 min, permeabilized with 0.5% Triton X-100 in PBS
for 30 min, and blocked with 5% FBS in PBS for
1 h. Primary antibodies were diluted in the blocking
buffer and incubated overnight at 4 °C. After wash-
ing with PBS, sections were incubated with a 1:1500
dilution of secondary antibody in the blocking buffer
for 1 h at room temperature. DAPI stain was added
for 10 min to visualise nuclei. Slides were washed,
mounted on coverslips using VECTASHIELD
Mounting Medium, and sealed with clear nail polish.
Visualisation and analysis were performed using the
Nikon Ti-E; Zyla microscope.

Annexin V apoptosis assay

The apoptosis assessment was conducted following
the guidelines provided by the manufacturer’s pro-
tocol, utilizing the PE Annexin V Apoptosis Detec-
tion Kit I from BD Biosciences. Approximately
1x10° cells were suspended in 1x Binding Buffer.
For each sample in the assay, a solution containing
1x10° cells (100 pl) was employed. Subsequently,
5 pl of PE Annexin V and 5 pl of 7-AAD from the
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kit were introduced into the solution. The cells were
left to incubate at room temperature in the dark for
15 min. Following the incubation, 400 pl of 1 X Bind-
ing Buffer was added to each tube, and the cells were
then analyzed using flow cytometry. The cells were
classified as follows: viable cells (negative for both
PE Annexin V and 7-AAD) and dead cells (positive
for 7-AAD and negative for PE Annexin V).

Statistical analyses

All data is represented as at least three biologi-
cal replicates, unless stated otherwise. Statisti-
cal significance between samples were determined
using the appropriate statistical test. P value is
shown as; P>0.05=ns, P<0.05=%*, P<0.01 =%*%*,
P<0.001 =%**, P<0.0001 =**%%*,

Author contributions SYN, MMS and JH conceptualised
and designed the study. MMS, CYN, and JH performed the
experiments and analyzed the data. OG analyzed the RNA-seq
data. JHH, VL and YL performed experiments. SYN, WWT,
DSTO supervised the study. JH wrote the original manuscript.
JH, CYN, MMS, JHH and SYN reviewed the manuscript. All
authors have read and approved the paper.

Funding Funding was provided by IMCB-NUS Regenerative
Medicine Joint Lab funding initiative, as well as the National
Medical Research Council (MOH-001390-00).

Data availability Raw and processed dataset from RNA-Seq
of NPCs, motoneurons and astrocytes are available on the Gene
Expression Omnibus database: GSE240447.

Declarations

Competing interests The authors declare no competing inter-
ests.

Ethical approval N/A.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated

otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Allen WE, Blosser TR, Sullivan ZA, Dulac C, Zhuang X
(2023) Molecular and spatial signatures of mouse brain
aging at single-cell resolution. Cell 186(1):194-208.e18

Blinkouskaya Y, Cagoilo A, Gollamudi T, Jalalian S, Weick-
enmeier J (2021) Brain aging mechanisms with mechan-
ical manifestations. Mech Ageing Dev 200:111575

Boisvert MM, Erikson GA, Shokhirev MN, Allen NJ (2018)
The aging astrocyte transcriptome from multiple regions
of the mouse brain. Cell Rep 22(1):269-285

Caporaso GL, Lim DA, Alvarez-Buylla A, Chao MV (2003)
Telomerase activity in the subventricular zone of adult
mice. Mol Cell Neurosci 23(4):693-702

Castro RW, Lopes MC, Settlage RE, Valdez G (2023) Aging
alters mechanisms underlying voluntary movements in
spinal motor neurons of mice, primates, and humans.
JCI Insight. https://doi.org/10.1172/jci.insight. 168448

Cheng A, Shin-ya K, Wan R, Tang S-C, Miura T, Tang H,
Khatri R, Gleichman M, Ouyang X, Liu D, Park H-R,
Chiang JY, Mattson MP (2007) Telomere protection
mechanisms change during neurogenesis and neu-
ronal maturation: newly generated neurons are hyper-
sensitive to telomere and DNA damage. J Neurosci
27(14):3722-3733

Clarke LE, Liddelow SA, Chakraborty C, Miinch AE, Hei-
man M, Barres BA (2018) Normal aging induces
Al-like astrocyte reactivity. Proc Natl Acad Sci USA
115(8):E1896-E1905

Cohen J, Torres C (2019) Astrocyte senescence: evidence and
significance. Aging Cell 18(3):€12937

de Magalhaes JP, Toussaint O (2004) GenAge: a genomic and
proteomic network map of human ageing. FEBS Lett.
https://doi.org/10.1016/j.febslet.2004.07.006

Denham J (2023) Canonical and extra-telomeric functions of
telomerase: implications for healthy ageing conferred by
endurance training. Aging Cell 22(6):¢13836

Ding F, Liang S, Li R, Yang Z, He Y, Yang S, Duan Q,
Zhang J, Lyu J, Zhou Z, Huang M, Wang H, Li J, Yang
C, Wang Y, Gong M, Chen S, Jia H, Chen X, Zhang K
(2022) Astrocytes exhibit diverse Ca changes at subcel-
lular domains during brain aging. Front Aging Neurosci
14:1029533

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C,
Jha S, Batut P, Chaisson M, Gingeras TR (2013) STAR:
ultrafast universal RNA-seq aligner. Bioinformatics
29(1):15-21

Dong C-M, Wang X-L, Wang G-M, Zhang W-J, Zhu L, Gao S,
Yang D-J, Qin Y, Liang Q-J, Chen Y-L, Deng H-T, Ning
K, Liang A-B, Gao Z-L, Xu J (2017) A stress-induced

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1172/jci.insight.168448
https://doi.org/10.1016/j.febslet.2004.07.006

358

Biogerontology (2024) 25:341-360

cellular aging model with postnatal neural stem cells. Cell
Death Dis 8(9):e3041

Dukkipati SS, Garrett TL, Elbasiouny SM (2018) The vulner-
ability of spinal motoneurons and soma size plasticity in
a mouse model of amyotrophic lateral sclerosis. J Physiol
596(9):1723-1745

Eitan E, Braverman C, Tichon A, Gitler D, Hutchison ER,
Mattson MP, Priel E (2016) Excitotoxic and radia-
tion stress increase TERT levels in the mitochondria
and cytosol of cerebellar Purkinje neurons. Cerebellum
15(4):509-517

Escartin C, Galea E, Lakatos A, O’Callaghan JP, Petzold GC,
Serrano-Pozo A, Steinhduser C, Volterra A, Carmignoto
G, Agarwal A, Allen NJ, Araque A, Barbeito L, Barzilai
A, Bergles DE, Bonvento G, Butt AM, Chen W-T, Cohen-
Salmon M, Verkhratsky A (2021) Reactive astrocyte
nomenclature, definitions, and future directions. Nat Neu-
rosci 24(3):312-325

Fasen K, Elger CE, Lie AA (2003) Distribution of alpha and
beta integrin subunits in the adult rat hippocampus after
pilocarpine-induced neuronal cell loss, axonal reor-
ganization and reactive astrogliosis. Acta Neuropathol
106(4):319-322

Feng J, Funk WD, Wang SS, Weinrich SL, Avilion AA, Chiu
CP, Adams RR, Chang E, Allsopp RC, Yu J (1995)
The RNA component of human telomerase. Science
269(5228):1236-1241

Ferrén SR, Marqués-Torrejéon MA, Mira H, Flores I, Taylor K,
Blasco MA, Farinas I (2009) Telomere shortening in neu-
ral stem cells disrupts neuronal differentiation and neuri-
togenesis. J Neurosci 29(46):14394-14407

Fujita H, Sasaki T, Miyamoto T, Akutsu SN, Sato S, Mori T,
Nakabayashi K, Hata K, Suzuki H, Kosaki K, Matsuura S,
Matsubara Y, Amagai M, Kubo A (2020) Premature aging
syndrome showing random chromosome number instabili-
ties with CDC20 mutation. Aging Cell 19(11):e13251

Gatto N, Dos Santos Souza C, Shaw AC, Bell SM, Myszc-
zynska MA, Powers S, Meyer K, Castelli LM, Karyka E,
Mortiboys H, Azzouz M, Hautbergue GM, Markus NM,
Shaw PJ, Ferraiuolo L (2021) Directly converted astro-
cytes retain the ageing features of the donor fibroblasts
and elucidate the astrocytic contribution to human CNS
health and disease. Aging Cell 20(1):e13281

Gomez-Gonzalo M, Martin-Fernandez M, Martinez-Murillo R,
Mederos S, Hernandez-Vivanco A, Jamison S, Fernandez
AP, Serrano J, Calero P, Futch HS, Corpas R, Sanfeliu C,
Perea G, Araque A (2017) Neuron-astrocyte signaling is
preserved in the aging brain. Glia 65(4):569-580

Haendeler J, Drose S, Biichner N, Jakob S, Altschmied J,
Goy C, Spyridopoulos 1, Zeiher AM, Brandt U, Dim-
meler S (2009) Mitochondrial telomerase reverse tran-
scriptase binds to and protects mitochondrial DNA and
function from damage. Arterioscler Thromb Vasc Biol
29(6):929-935

Harley CB, Futcher AB, Greider CW (1990) Telomeres
shorten during ageing of human fibroblasts. Nature
345(6274):458-460

Herdy J, Schafer S, Kim Y, Ansari Z, Zangwill D, Ku M,
Paquola A, Lee H, Mertens J, Gage FH (2019) Chemi-
cal modulation of transcriptionally enriched signaling

@ Springer

pathways to optimize the conversion of fibroblasts into
neurons. eLife. https://doi.org/10.7554/eLife.41356

Hor JH, Soh ES-Y, Tan LY, Lim VIJW, Santosa MM, Winanto
Ho, B. X., Fan, Y., Soh, B.-S., & Ng, S.-Y. (2018)
Cell cycle inhibitors protect motor neurons in an orga-
noid model of spinal muscular atrophy. Cell Death Dis
9(11):1100

Hor JH, Santosa MM, Lim VJW, Ho BX, Taylor A, Khong
ZJ, Ravits J, Fan Y, Liou Y-C, Soh B-S, Ng S-Y (2021)
ALS motor neurons exhibit hallmark metabolic defects
that are rescued by SIRT3 activation. Cell Death Differ
28(4):1379-1397

Huh CJ, Zhang B, Victor MB, Dahiya S, Batista LF, Horvath
S, Yoo AS (2016) Maintenance of age in human neurons
generated by microRNA-based neuronal conversion of
fibroblasts. eLife. https://doi.org/10.7554/eLife.18648

Hwang I, Oh H, Santo E, Kim D-Y, Chen JW, Bronson RT,
Locasale JW, Na Y, Lee J, Reed S, Toth M, Yu WH,
Muller FL, Paik J (2018) FOXO protects against age-
progressive axonal degeneration. Aging Cell. https://doi.
org/10.1111/acel. 12701

Ishaq A, Hanson PS, Morris CM, Saretzki G (2016) Tel-
omerase activity is downregulated early during human
brain development. Genes. https://doi.org/10.3390/genes
7060027

Jin X, Beck S, Sohn YW, Kim JK, Kim SH, Yin J, Pian X,
Kim SC, Choi YJ, Kim H (2010) Human telomerase
catalytic subunit (hTERT) suppresses p53-mediated
anti-apoptotic response via induction of basic fibroblast
growth factor. Exp Mol Med. https://doi.org/10.3858/
emm.2010.42.8.058

Jyothi HJ, Vidyadhara DJ, Mahadevan A, Philip M, Parmar
SK, Manohari SG, Shankar SK, Raju TR, Alladi PA
(2015) Aging causes morphological alterations in astro-
cytes and microglia in human substantia nigra pars com-
pacta. Neurobiol Aging 36(12):3321-3333

Kawano H, Katsurabayashi S, Kakazu Y, Yamashita Y, Kubo
N, Kubo M, Okuda H, Takasaki K, Kubota K, Mishima
K, Fujiwara M, Harata NC, Iwasaki K (2012) Long-term
culture of astrocytes attenuates the readily releasable
pool of synaptic vesicles. PLoS ONE 7(10):e48034

Kim KC, Choi CS, Gonzales ELT, Mabunga DFN, Lee SH,
Jeon SJ, Hwangbo R, Hong M, Ryu JH, Han S-H, Bahn
GH, Shin CY (2017) Valproic acid induces telomerase
reverse transcriptase expression during cortical develop-
ment. Exp Neurobiol 26(5):252-265

Kim Y, Zheng X, Ansari Z, Bunnell MC, Herdy JR, Traxler
L, Lee H, Paquola ACM, Blithikioti C, Ku M, Schla-
chetzki JCM, Winkler J, Edenhofer F, Glass CK, Pau-
car AA, Jaeger BN, Pham S, Boyer L, Campbell BC,
Gage FH (2018) Mitochondrial aging defects emerge in
directly reprogrammed human neurons due to their met-
abolic profile. Cell Rep 23(9):2550-2558

Klapper W, Shin T, Mattson MP (2001) Differential regulation
of telomerase activity and TERT expression during brain
development in mice. J Neurosci Res 64(3):252-260

Kobayashi J, Tauchi H, Chen B, Burma S, Tashiro S, Matsu-
ura S, Tanimoto K, Chen DJ, Komatsu K (2009) Histone
H2AX participates the DNA damage-induced ATM acti-
vation through interaction with NBS1. Biochem Biophys
Res Commun 380(4):752-757


https://doi.org/10.7554/eLife.41356
https://doi.org/10.7554/eLife.18648
https://doi.org/10.1111/acel.12701
https://doi.org/10.1111/acel.12701
https://doi.org/10.3390/genes7060027
https://doi.org/10.3390/genes7060027
https://doi.org/10.3858/emm.2010.42.8.058
https://doi.org/10.3858/emm.2010.42.8.058

Biogerontology (2024) 25:341-360

359

Kruk PA, Balajee AS, Rao KS, Bohr VA (1996) Telomere
reduction and telomerase inactivation during neuronal
cell differentiation. Biochem Biophys Res Commun
224(2):487-492

Lalo U, Bogdanov A, Pankratov Y (2018) Diversity of astro-
glial effects on aging- and experience-related cortical
metaplasticity. Front Mol Neurosci 11:239

Lapasset L, Milhavet O, Prieur A, Besnard E, Babled A, Ait-
Hamou N, Leschik J, Pellestor F, Ramirez J-M, De Vos J,
Lehmann S, Lemaitre J-M (2011) Rejuvenating senescent
and centenarian human cells by reprogramming through
the pluripotent state. Genes Dev 25(21):2248-2253

Lee SW, Clemenson GD, Gage FH (2012) New neurons in an
aged brain. Behav Brain Res 227(2):497-507

Lee KY, Kang JY, Yun JI, Chung JY, Hwang IK, Won MH,
Choi JH (2017) Age-related change of Iba-1 immunore-
activity in the adult and aged gerbil spinal cord. Anat Cell
Biol 50(2):135-142

Levstek T, Kozjek E, Dolzan V, Trebusak Podkrajsek K (2020)
Telomere attrition in neurodegenerative disorders. Front
Cell Neurosci 14:219

Li B, Dewey CN (2011) RSEM: accurate transcript quanti-
fication from RNA-Seq data with or without a reference
genome. BMC Bioinform 12:323

Li X, Zuo X, Jing J, Ma Y, Wang J, Liu D, Zhu J, Du X, Xiong
L, Du Y, Xu J, Xiao X, Wang J, Chai Z, Zhao Y, Deng
H (2015) Small-molecule-driven direct reprogramming of
mouse fibroblasts into functional neurons. Cell Stem Cell
17(2):195-203

Li Y, Tzatzalos E, Kwan KY, Grumet M, Cai L (2016) Tran-
scriptional regulation of Notchl expression by Nkx61 in
neural stem/progenitor cells during ventral spinal cord
development. Sci Rep 6(1):1-13

Limke TL, Cai J, Miura T, Rao MS, Mattson MP (2003) Distin-
guishing features of progenitor cells in the late embryonic
and adult hippocampus. Dev Neurosci 25(2—4):257-272

Liu RH, Bertolotto C, Engelhardt JK, Chase MH (1996) Age-
related changes in soma size of neurons in the spinal cord
motor column of the cat. Neurosci Lett 211(3):163-166

Liu M-Y, Nemes A, Zhou Q-G (2018) The emerging roles for
telomerase in the central nervous system. Front Mol Neu-
rosci 11:160

Lépez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer
G (2023) Hallmarks of aging: an expanding universe. Cell
186(2):243-278

Mahmoudi S, Brunet A (2012) Aging and reprogramming: a
two-way street. Curr Opin Cell Biol 24(6):744-756

Martin-Rivera L, Herrera E, Albar JP, Blasco MA (1998)
Expression of mouse telomerase catalytic subunit in
embryos and adult tissues. Proc Natl Acad Sci USA
95(18):10471-10476

Mattson MP, Fu W, Zhang P (2001) Emerging roles for
telomerase in regulating cell differentiation and sur-
vival: a neuroscientist’s perspective. Mech Ageing Dev
122(7):659-671

Mender I, Shay JW (2015) Telomerase repeated amplifica-
tion protocol (TRAP). Bio-Protoc. https://doi.org/10.
21769/bioprotoc.1657

Mertens J, Paquola ACM, Ku M, Hatch E, Bohnke L, Lad-
jevardi S, McGrath S, Campbell B, Lee H, Herdy JR,
Gongalves JT, Toda T, Kim Y, Winkler J, Yao J, Hetzer

MW, Gage FH (2015) Directly reprogrammed human
neurons retain aging-associated transcriptomic signa-
tures and reveal age-related nucleocytoplasmic defects.
Cell Stem Cell 17(6):705-718

Meyer K, Ferraiuolo L, Miranda CJ, Likhite S, McElroy S,
Renusch S, Ditsworth D, Lagier-Tourenne C, Smith
RA, Ravits J, Burghes AH, Shaw PJ, Cleveland DW,
Kolb SJ, Kaspar BK (2014) Direct conversion of patient
fibroblasts demonstrates non-cell autonomous toxicity
of astrocytes to motor neurons in familial and sporadic
ALS. Proc Natl Acad Sci USA 111(2):829-832

Miller JD, Ganat YM, Kishinevsky S, Bowman RL, Liu B,
Tu EY, Mandal PK, Vera E, Shim J-W, Kriks S, Tal-
done T, Fusaki N, Tomishima MJ, Krainc D, Milner TA,
Rossi DJ, Studer L (2013) Human iPSC-based modeling
of late-onset disease via progerin-induced aging. Cell
Stem Cell 13(6):691-705

Milner R, Campbell IL (2006) Increased expression of the
beta4 and alpha$ integrin subunits in cerebral blood ves-
sels of transgenic mice chronically producing the pro-
inflammatory cytokines IL-6 or IFN-alpha in the central
nervous system. Mol Cell Neurosci 33(4):429-440

Nakamura TM, Morin GB, Chapman KB, Weinrich SL,
Andrews WH, Lingner J, Harley CB, Cech TR (1997)
Telomerase catalytic subunit homologs from fission
yeast and human. Science 277(5328):955-959

Ng SY, Soh BS, Rodriguez-Muela N, Hendrickson DG, Price
F, Rinn JL, Rubin LL (2015) Genome-wide RNA-Seq
of human motor neurons implicates selective ER stress
activation in spinal muscular atrophy. Cell Stem Cell
17(5):569-584

Nichols NR, Day JR, Laping NJ, Johnson SA, Finch CE
(1993) GFAP mRNA increases with age in rat and
human brain. Neurobiol Aging 14(5):421-429

Pan J, Ma N, Yu B, Zhang W, Wan J (2020) Transcriptomic
profiling of microglia and astrocytes throughout aging. J
Neuroinflamm 17(1):97

Pandya VA, Crerar H, Mitchell JS, Patani R (2021) A non-
toxic concentration of telomerase inhibitor BIBR1532
fails to reduce expression in a feeder-free induced pluri-
potent stem cell model of human motor neurogenesis.
Int J Mol Sci. https://doi.org/10.3390/ijms22063256

Pfisterer U, Kirkeby A, Torper O, Wood J, Nelander J,
Dufour A, Bjorklund A, Lindvall O, Jakobsson J, Par-
mar M (2011) Direct conversion of human fibroblasts
to dopaminergic neurons. Proc Natl Acad Sci USA
108(25):10343-10348

Piekarz KM, Bhaskaran S, Sataranatarajan K, Street K,
Premkumar P, Saunders D, Zalles M, Gulej R, Khademi
S, Laurin J, Peelor R, Miller BF, Towner R, Van Rem-
men H (2020) Molecular changes associated with spinal
cord aging. GeroScience 42(2):765

Popov A, Brazhe A, Denisov P, Sutyagina O, Li L, Lazareva
N, Verkhratsky A, Semyanov A (2021) Astrocyte dystro-
phy in ageing brain parallels impaired synaptic plasticity.
Aging Cell 20(3):e13334

Porchet R, Probst A, Bouras C, Draberova E, Draber P,
Riederer BM (2003) Analysis of glial acidic fibrillary pro-
tein in the human entorhinal cortex during aging and in
Alzheimer’s disease. Proteomics 3(8):1476—-1485

@ Springer


https://doi.org/10.21769/bioprotoc.1657
https://doi.org/10.21769/bioprotoc.1657
https://doi.org/10.3390/ijms22063256

360

Biogerontology (2024) 25:341-360

Preininger MK, Kaufer D (2022) Blood-brain barrier dysfunc-
tion and astrocyte senescence as reciprocal drivers of
neuropathology in aging. Int J Mol Sci. https://doi.org/10.
3390/ijms23116217

Quintana-Urzainqui I, Kozi¢ Z, Mitra S, Tian T, Manuel M,
Mason JO, Price DJ (2018) Tissue-specific actions of Pax6
on proliferation and differentiation balance in developing
forebrain are Foxgl dependent. iScience 10:171-191

Richardson RM, Nguyen B, Holt SE, Broaddus WC, Fillmore
HL (2007) Ectopic telomerase expression inhibits neu-
ronal differentiation of NT2 neural progenitor cells. Neu-
rosci Lett 421(2):168-172

Ring KL, Tong LM, Balestra ME, Javier R, Andrews-Zwilling
Y, Li G, Walker D, Zhang WR, Kreitzer AC, Huang Y
(2012) Direct reprogramming of mouse and human fibro-
blasts into multipotent neural stem cells with a single fac-
tor. Cell Stem Cell 11(1):100-109

Rossiello F, Jurk D, Passos JF, d’Adda di Fagagna F (2022)
Telomere dysfunction in ageing and age-related diseases.
Nat Cell Biol 24(2):135-147

Salvadores N, Sanhueza M, Manque P, Court FA (2017)
Axonal degeneration during aging and its functional role
in neurodegenerative disorders. Front Neurosci 11:451

Sander M, Paydar S, Ericson J, Briscoe J, Berber E, German
M, Jessell TM, Rubenstein JLR (2000) Ventral neural pat-
terning by Nkx homeobox genes: Nkx6.1 controls somatic
motor neuron and ventral interneuron fates. Genes Dev
14(17):2134-2139

Saretzki G, Wan T (2021) Telomerase in brain: the new kid on
the block and its role in neurodegenerative diseases. Bio-
medicines. https://doi.org/10.3390/biomedicines9050490

Schwob AE, Nguyen LJ, Meiri KF (2008) Immortalization
of neural precursors when telomerase is overexpressed
in embryonal carcinomas and stem cells. Mol Biol Cell
19(4):1548-1560

Ségal-Bendirdjian E, Geli V (2019) Non-canonical roles of tel-
omerase: unraveling the imbroglio. Front Cell Dev Biol
7:332

Shay JW, Wright WE (2019) Telomeres and telomerase: three
decades of progress. Nat Rev Genet 20(5):299-309

Sofroniew MV, Vinters HV (2010) Astrocytes: biology and
pathology. Acta Neuropathol 119(1):7-35. https://doi.org/
10.1007/s00401-009-0619-8

Soreq L, UK Brain Expression Consortium, North American
Brain Expression Consrtium, Rose J, Soreq E, Hardy J,
Trabzuni D, Cookson MR, Smith C, Ryten M, Patani R,
Ule J (2017) Major shifts in glial regional identity are a
transcriptional hallmark of human brain aging. Cell Rep
18(2):557-570

Spilsbury A, Miwa S, Attems J, Saretzki G (2015) The
role of telomerase protein TERT in Alzheimer’s dis-
ease and in tau-related pathology in vitro. J Neurosci
35(4):1659-1674

Steenstrup T, Kark JD, Verhulst S, Thinggaard M, Hjelmborg
JVB, Dalgérd C, Kyvik KO, Christiansen L, Mangino M,
Spector TD, Petersen I, Kimura M, Benetos A, Labat C,
Sinnreich R, Hwang SJ, Levy D, Hunt SC, Fitzpatrick AL,

@ Springer

Chen W, Aviv A (2017) Telomeres and the natural lifes-
pan limit in humans. Aging 9(4):1130-1142. https://doi.
org/10.18632/aging.101216

Su L, Lv X, Miao J (2008) Integrin beta 4 in neural cells. Neu-
romol Med 10(4):316-321

Thompson CAH, Wong JMY (2020) Non-canonical functions
of telomerase reverse transcriptase: emerging roles and
biological relevance. Curr Top Med Chem 20(6):498-507

Vera E, Bosco N, Studer L (2016) Generating late-onset human
iPSC-based disease models by inducing neuronal age-
related phenotypes through telomerase manipulation. Cell
Rep 17(4):1184-1192

Verkerke M, Hol EM, Middeldorp J (2021) Physiological and
pathological ageing of astrocytes in the human brain. Neu-
rochem Res 46(10):2662-2675

Vieri M, Briimmendorf TH, Beier F (2021) Treatment of tel-
omeropathies. Best Pract Res Clin Haematol 34(2):101282

Volonte D, Sedorovitz M, Galbiati F (2022) Impaired Cdc20
signaling promotes senescence in normal cells and apop-
tosis in non-small cell lung cancer cells. J Biol Chem
298(10):102405

Vorovich E, Ratovitski EA (2008) Dual regulation of TERT
activity through transcription and splicing by ANP63a.
Aging 1(1):58-67

Whittemore K, Derevyanko A, Martinez P, Serrano R,
Pumarola M, Bosch F, Blasco MA (2019) Telomerase
gene therapy ameliorates the effects of neurodegen-
eration associated to short telomeres in mice. Aging
11(10):2916-2948

Wruck W, Adjaye J (2020) Meta-analysis of human prefrontal
cortex reveals activation of GFAP and decline of synaptic
transmission in the aging brain. Acta Neuropathol Com-
mun 8(1):26

Yoo AS, Sun AX, Li L, Shcheglovitov A, Portmann T, Li Y,
Lee-Messer C, Dolmetsch RE, Tsien RW, Crabtree GR
(2011) MicroRNA-mediated conversion of human fibro-
blasts to neurons. Nature 476(7359):228-231

Zha S, Sekiguchi J, Brush JW, Bassing CH, Alt FW (2008)
Complementary functions of ATM and H2AX in devel-
opment and suppression of genomic instability. Proc Natl
Acad Sci USA 105(27):9302-9306

Zhang MJ, Pisco AO, Darmanis S, Zou J (2021) Mouse aging
cell atlas analysis reveals global and cell type-specific
aging signatures. eLife. https://doi.org/10.7554/eLife.
62293

Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH,
Tanaseichuk O, Benner C, Chanda SK (2019) Metascape
provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat Commun 10(1):1523

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.3390/ijms23116217
https://doi.org/10.3390/ijms23116217
https://doi.org/10.3390/biomedicines9050490
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.18632/aging.101216
https://doi.org/10.18632/aging.101216
https://doi.org/10.7554/eLife.62293
https://doi.org/10.7554/eLife.62293

	Telomere shortening induces aging-associated phenotypes in hiPSC-derived neurons and astrocytes
	Abstract 
	Graphical abstract 

	Introduction
	Results
	Derivation and characterisation of hiPSCs with reduced telomerase activity and shortened telomeres
	Motor neurons with shortened telomeres show dysregulated neurogenesis
	Motor neurons with shortened telomeres show age-dependent phenotypes
	Astrocytes with shortened telomeres show cell-type specific aging characteristics

	Discussion
	Methods
	hiPSC cell culture
	Generation of hiPSC-derived motor neurons
	Generation of hiPSC-derived astrocytes
	Generation of hiPSC-derived spinal organoids
	Plasmids and cloning
	Transfection of hiPSC line
	Genomic DNA extraction and sequencing
	RNA extraction and sequencing
	Absolute telomere length qPCR assay
	Telomerase repeat amplification protocol (TRAP) assay
	Telomere FISH analysis
	SDS-PAGE and Western blot (WB)
	Immunocytochemistry, image acquisition and image analysis
	Annexin V apoptosis assay

	Statistical analyses

	References




