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Telomeres have been studied extensively in peripheral tissues, but their relevance in the nervous system remains
poorly understood. Here, we examine the roles of telomeres at distinct stages of murine brain development by using
lineage-specific genetic ablation of TRF2, an essential component of the shelterin complex that protects chromo-
some ends from the DNA damage response machinery. We found that functional telomeres are required for em-
bryonic and adult neurogenesis, but their uncapping has surprisingly no detectable consequences on terminally
differentiated neurons. Conditional knockout of TRF2 in post-mitotic immature neurons had virtually no detectable
effect on circuit assembly, neuronal gene expression, and the behavior of adult animals despite triggering massive
end-to-end chromosome fusions across the brain. These results suggest that telomeres are dispensable in terminally
differentiated neurons and provide mechanistic insight into cognitive abnormalities associated with aberrant telo-

mere length in humans.
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Telomeres are nucleoprotein structures at chromosome
ends. Telomeric DNA is maintained by telomerase,
which catalyzes the addition of TTAGGG repeats to
counteract the erosion of terminal sequences due to the
“end replication problem” (Chan and Blackburn 2004).
These repeats are the unique binding site for a multipro-
tein complex, termed shelterin, that protects chromo-
some ends from the DNA damage response machinery
(de Lange 2005). The shelterin complex is comprised of
TRF1, TRF2, POT1, TPP1, TIN2, and RAPI, of which
TRF2 plays a major role (de Lange 2005). Studies in periph-
eral tissues have shown that loss of TRF2 alone renders
telomeres dysfunctional, resulting in end-to-end chromo-
some fusions, activation of TRP53, and, depending on cel-
lular context, apoptosis or senescence (Smogorzewska
et al. 2002; Jacobs and de Lange 2004; Hockemeyer et al.
2006; Wu et al. 2006; Denchi and de Lange 2007).
Genetic mutations that affect telomere elongation have
been implicated in human disorders with a broad spec-
trum of clinical manifestations (Hoyeraal et al. 1970; Hrei-
darsson et al. 1988; Dokal 2000; Anderson et al. 2012;
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Polvi et al. 2012, Savage 2014). While characterized by cel-
lular attrition of highly proliferative tissues such as hema-
topoietic and epithelial, a poorly understood feature of
telomere biology disorders (TBDs) is that they affect the
central nervous system (CNS). Children and adults diag-
nosed with TBDs suffer from intellectual disabilities, pro-
gressive decline of memory, anxiety, psychoses, and
seizures (Savage 2014). Similarly, late-generation telome-
rase-deficient mice display reduced levels of adult neuro-
genesis (Ferron et al. 2004), short-term memory defects
(Rolyan et al. 2011), and anxiety-like behaviors (Lee
et al. 2010). However, the underlying mechanisms are un-
clear, since telomere dysfunction arises stochastically in
multiple organs and cell types.

While gradual shortening of terminal sequences occurs
during DNA replication, several lines of evidence support
the notion that telomeres undergo acute erosion in post-
mitotic neurons. For example, TTAGGG repeats are
prone to oxidative damage (8-0xodG), reactive oxygen spe-
cies (ROS)-induced DNA breaks, and other exogenous sig-
nals that trigger DNA lesions by replication-independent
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mechanisms (Oikawa 2005; Fumagalli et al. 2012; Cardin
et al. 2013; Rossiello et al. 2014). Therefore, it is conceiv-
able that, with age, the long-lived neuronal cells progres-
sively accumulate telomere dysfunction. This could
explain some of the progressive onset of cognitive defects
associated with age. However, the physiological roles of
telomeres in post-mitotic neurons are largely unknown.

Here we show that, whereas functional telomeres are
required for embryonic and adult neurogenesis, acute telo-
mere dysfunction in post-mitotic neurons has virtually no
detectable consequences on circuit development, neuro-
nal gene expression, or animal behavior. These surprising
results indicate that telomeres are dispensable in termi-
nally differentiated neurons and reveal clues to cognitive
abnormalities of TBD patients.

Results

Uncapping of telomeres in neural stem cells (NSCs) and
Doublecortin (Dcx)-positive progenitors has different
consequences on brain development

To investigate the role of telomeres in the brain, we exam-
ined the outcomes of conditional knockout (cKO) of
TRF2 at different stages of neuronal differentiation (Fig.
1A). First, we crossed the “floxed” mouse Terf2 allele
(Terf2F’F) (Fig. 1B; Celli and de Lange 2005 with a strain
that expresses Cre recombinase under the control of the
Nestin promoter (Nes:Cre) (Tronche et al. 1999) to induce
uncapping of chromosome ends in proliferating NSCs.
These experiments were prompted by a recent report dem-
onstrating that NSC-specific ablation of another telo-
mere-associated protein, POT1a, had an unexpectedly
mild effect on murine brain development. POT1a cKOs
had a shorter life span but nonetheless lived into adult-
hood and only exhibited a loss of interneurons and granule
cell precursors in the cerebellum (Lee et al. 2014). We rea-
soned that the ability of POT1a-deficient NCSs to produce
neurons in other brain regions is attributed to limited con-
tribution of this protein to telomere protection instead of
stochastic and/or spatially restricted induction of DNA
damage response. Indeed, we found that all Terf2"%/Nes:
Cre homozygotes died in utero during gestation (Fig.
1C). Histological analyses of mutant embryos revealed a
strong up-regulation of DNA damage signaling and apo-
ptosis in their brains, indicating that functional telomeres
are essential for early stages of brain development (Supple-
mental Fig. S1A).

We then knocked out TRF2 in post-mitotic Dcx-posi-
tive neural progenitors. This was accomplished by cross-
ing the Terf2"/F allele with another well-characterized
line, Dcx:Cre, which drives widespread recombination
in precursors of excitatory neurons in the telencephalon
and Purkinje cells in the cerebellum (Zhang et al. 2010;
Harris et al. 2014). Terf2"F/Dcx:Cre cKOs survived, had
a normal life span, and appeared indistinguishable from
control littermates in the standard laboratory environ-
ment (Fig. 1D; data not shown). In agreement with the es-
tablished role of TRF2 in telomere protection (van
Steensel et al. 1998; Celli and de Lange 2005; Denchi
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Figure 1. Ablation of TRF2 in NSCs and Dcx-positive neural
progenitors has different consequences on animal survival and
brain anatomy. (A) Cellular specificity and developmental onsets
of Cre-mediated recombination in the Nes:Cre, Dcx:Cre, and
Nex:Cre lines. (PNS) Peripheral nervous system. (B) Schematic di-
agram of the Terf2!/F allele. (C) Percentages of surviving offspring
(n =163 mice) derived from Terf2"’F and Terf2"**/Nes:Cre foun-
ders. The dashed line marks expected Mendelian ratios. (D) Per-
centages of surviving offspring (n=248) derived from Terf2’*
and Terf2"*"¥/Dcx:Cre founders. The dashed line marks expected
Mendelian ratios. (E-G) Homozygous Terf2"/f/Dcx:Cre mutants
(cKO) and their control Cre-negative littermates were analyzed
at postnatal day 60 (P60). (E) Genomic DNA was isolated from
the thymus (Thy), cortex (Ctx), olfactory bulb (OB), cerebellum
(Crb), and hippocampus (Hip); digested with Mbol; separated by
gel electrophoresis; and hybridized with a radioactive probe for
telomeric TTAGGG repeats. Note the abundant fragments of
high molecular weight in ¢cKO brains, which reflect end-to-end
chromosome fusions. (F) Coronal brain sections were labeled
with DAPI and antibodies to principal neurons in superficial cor-
tical layers IT/TII (Cux1) or granule cells (GCs) in the dentate gyrus
(DG; Prox1). Representative confocal images are shown. (G) Aver-
aged areas of hippocampal CAl, CA3, and DG, measured in
DAPI-stained sections. n =5 mice per genotype. (H,I) Averaged
areas of CA3 (H) and the DG (I) at different stages of postnatal de-
velopment. n>3 mice per genotype. All graphs are plotted as
mean = SD. (***) P <0.001, Student’s t-test.
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and de Lange 2007), ablation of TRF2 (Supplemental Fig.
S1B) resulted in high levels of end-to-end chromosome fu-
sions (Fig. 1E). Despite this strong chromosomal abnor-
mality, adult Terf2F/Dcx:Cre ¢KOs had undistorted
anatomies of the cerebral cortex, areas CA1/CA3 of the
hippocampus, and cerebellar hemispheres (Fig. 1F; Sup-
plemental Fig. S1C). However, their dentate gyrus (DG)
was drastically smaller (Fig. 1F,G; Supplemental Fig.
S1C). The disproportional shrinkage of the DG was due
to reduction in the number of principal granule cell (GC)
neurons along the lateral axes, as evidenced by immuno-
fluorescent labeling of GC-specific transcription factor
Prox1 at postnatal day 60 (P60) (Fig. 1F). In contrast, stain-
ing for ubiquitous and cell type-specific neuronal markers
showed no apparent changes in the lamination of other
brain regions (Fig. 1F,G; data not shown). To define the on-
set of GC loss during development, we examined Terf2"/F/
Dcx:Cre mice shortly after birth. Unlike adults, PO and P4
cKO pups had unaltered distribution of Prox1-immunore-
active cells and overall morphology of the DG, suggesting
that differentiation of the initial pool of their GCs was pre-
served (Fig. 1H,I; Supplemental Fig. S1D).

Functional telomeres are essential for adult
neurogenesis

Since embryonically born GCs are replaced gradually over
the course of postnatal life (Kuhn et al. 1996; Aimone et al.
2014), the observed distortion of the DG in Terf2"F/Dcx:
Cre cKOs may reflect a selective impairment of adult-
born neurons that transiently express Dcx and therefore
become TRF2-deficient prior to exiting the cell cycle. Al-
ternatively, this phenotype may be associated with degen-
eration of mature GCs due to their unusually high
susceptibility to telomere dysfunction. To distinguish be-
tween these scenarios, we monitored cellular prolifera-
tion using in vivo labeling with bromodeoxyuridine
(BrdU), a synthetic analog of thymidine that incorporates
into replicating DNA (Kuhn et al. 1996). Brains were iso-
lated, sectioned, and imaged 48 h following BrdU injection
(Fig. 2A; Supplemental Fig. S2A). Whereas cKOs had abun-
dant BrdU-positive cells in the DG at PO and P4, no detect-
able nucleoside incorporation occurred in adults (Fig. 2A,
C). Consistent with these results, immunostaining with
an antibody against Dcx demonstrated that P60 cKOs
completely lacked dentate progenitors (Fig. 2B,E; Supple-
mental Fig. S2B).

To test whether TRF2 depletion affects adult neurogen-
esis through the induction of p53, which plays a key role
in mediating cycle arrest and apoptosis in response to telo-
mere dysfunction (Smogorzewska and de Lange 2002), we
generated compound Terf2""/Trp53"F/Dex:Cre double-
knockout mice. Double knockouts display a partial rescue
of both DG size (Fig. 2B,D) and the Dcx-positive progeni-
tor pool (Fig. 2B,E), suggesting that the loss of GCs upon
TRF2 depletion involves both p53-dependent and p53-in-
dependent mechanisms (Fig. 2B; Supplemental Fig. S2B).

Next, we explored the possibility that TRF2 is uniquely
required for the survival or differentiation of dentate GCs.
To this end, we depleted TRF2 in post-mitotic cortical and
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hippocampal neurons using the well-established Nex:Cre
driver line (Goebbels et al. 2006). In contrast to Terf2"/F/
Dcx:Cre mice, adult Terf2"F/Nex:Cre ¢KOs had intact
DGs (Fig. 2F,G) despite efficient recombination of
“floxed” alleles in GCs (Supplemental Fig. S2C).

Functional telomeres are dispensable
for morphological and functional maturation
of post-mitotic neurons

While our findings imply that functional telomeres are
not required for migration and survival of post-mitotic
neurons, their relevance in mature circuits is unclear.
How does telomere dysfunction impact the neuronal mor-
phologies, wiring, gene expression, and capacity of a given
circuit to process information? To address these ques-
tions, we first evaluated the structures and connectivity
of persistent GCs in Terf2"F/Dcx:Cre cKOs mice. To visu-
alize dendrites and long-range projections, sections from
P60 animals were stained with an antibody against calbin-
din. In parallel, we injected juveniles with adeno-associat-
ed virus (AAV) that encodes a Cre-inducible version of
membrane-bound GFP (AAV2.2 DIO-mGFP). This previ-
ously described technique permitted selective labeling
and subsequent tracing of fully differentiated GCs in adult
mice due to restricted penetrance of AAV2.2 (Burger et al.
2004; Pieraut et al. 2014). Inspection of calbindin-positive
and genetically tagged neurons showed that, similar to
intact GCs, TRF2-deficient cells developed extensive den-
dritic trees and projected axons to downstream area
CA3 (Fig. 3A,B; Supplemental Fig. S3A). Moreover, these
neurons formed characteristic dendritic spines and large
presynaptic mossy fiber terminals (LMTs) (Fig. 3B; Supple-
mental Fig. S3B-E). Quantitative analyses of single cells in
three-dimensional (3D) image stacks revealed no signifi-
cant differences in dendrite complexity, spine density,
and axonal densities of LMTs (Fig. 3C).

Having established that TRF2-deficient neurons re-
semble normal neurons at a structural level, we examined
their synapses using electrophysiological readouts.
Whole-cell recordings from acute brain slices demonstrat-
ed that GCs of cKO mice had a twofold higher frequency
of spontaneous excitatory postsynaptic currents (SEPSCs)
(Fig. 3D-F). This increase in synaptic strength could re-
present homeostatic plasticity that compensates for cell
loss. Nonetheless, we observed no differences in EPSC ki-
netics and amplitudes (Fig. 3D-F). These results suggest
that TRF2 depletion in post-mitotic GCs has no detrimen-
tal effect on their morphological and likely functional
maturation.

Telomere uncapping and chromosome fusion have
a negligible effect on neuronal gene expression

Considering that depletion of TRF2 results in massive
levels of end-to-end chromosome fusions (Fig. 1E; Celli
and de Lange 2005), one could predict that TRF2-deficient
neurons might undergo global changes in gene expres-
sion. Moreover, studies in mouse testes and human cell
lines have proposed that TRF2 influences transcription
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by interacting with interstitial chromosomal sites (Biroc-
cio et al. 2006; Simonet et al. 2011; Yang et al. 2011; El
Mai et al. 2014; Martianov et al. 2016). We therefore per-
formed genome-wide analysis of mRNA levels in the ce-
rebral cortex and hippocampus of P60 Terf2™'F/Dcx:Cre
mice. RNA deep sequencing (RNA-seq) revealed that
<0.3% of detectable transcripts (n =24,374) were signifi-
cantly different between TRF2-deficient animals and lit-
termate controls (Fig. 4A,B; Supplemental Table S2). As
expected, this group included Terf2 and genes that are
highly expressed in the DG, such as Prox1 (Fig. 4A,B; Sup-
plemental Table S2). Down-regulation of GC-specific
genes most likely reflects neuron loss in the DG of cKO
mice rather that transcriptional repression. The remain-
ing hits appeared to be false positives, since they could
not be confirmed using quantitative real-time PCR (Sup-
plemental Fig. S4A,B). Taken together, these results indi-
cate that telomere dysfunction and chromosome fusion
have a negligible (if any) effect on neuronal gene
expression.
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per genotype for wild-type and c¢KO; n=3 for double
knockout. (E) Averaged densities of Dcx-positive cells
in the DG. (F,G) TRF2 was knocked out in post-mitotic
immature excitatory forebrain neurons using the Nex:
Cre line. Terf2"*/Nex:Cre mutants (cKO) and control
littermates were examined at P60. (F) Representative
confocal images of brain sections labeled with DAPI
and either Cuxl or Proxl. (G) Averaged sizes of CAl,
CA3, and the DG. n =4 mice per genotype. All graphs
are plotted as mean = SD. (***) P <0.001; (**) P <0.01; (*)
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Behavior of mice with dysfunctional telomeres

To further evaluate the role of telomeres in neural circuit
development and function, we systematically analyzed
the behavior of adult TRF2-deficient mice. Series of trials
were designed to assess the ability of animals to pro-
cess sensory information and perform various cortical-
and hippocampal-dependent tasks. Both homozygous
Terf2"¥|Dcex:Cre and Terf2/F/Nex:Cre mutants had unal-
tered vision, hearing, anxiety, and locomotion in open
fields (Fig. 4C; Supplemental Fig. S4C,D). Moreover,
Terf2™F|Dcx:Cre mutants showed no detectable changes
in associative and spatial memory, as evidenced by quan-
titative analysis of freezing in a Pavlovian fear-condition-
ing paradigm and escape times in a Barnes maze probe
test, respectively (Fig. 4D,E; data not shown). Notably,
Terf2™F|Dcx:Cre ¢KOs were unable to distinguish be-
tween familiar and novel objects (Fig. 4F), consistent
with our analyses of DG anatomy and the previously es-
tablished role of adult-born GCs in pattern separation
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Figure 3. Functional telomeres are not required for development
of post-mitotic neurons. (A) Representative images of brain sec-
tions labeled with DAPI and the marker of GCs, calbindin. (B,
C) Animals were injected in vivo with AAV to achieve selective
Cre-inducible expression of membrane-bound GFP in mature
GCs (AAV2.2 DIO-mGFP). (B) Representative images of GFP-
tagged neurons in the DG (top row), fragments of their dendrites
(middle row), and axons with LMTs in the CA3 (bottom row). The
inserts show LMTs stained with an antibody to GC-specific pre-
synaptic marker [synaptoporin (SPO)] and GFP-labeled LMTs. (C)
Quantitative analyses of axonal and dendritic morphogenesis.
Graphs represent averaged dendrite length (tree length) (n=2
mice/18 neurons for control; n=3 mice/19 neurons for knock-
out), numbers of branch nodes (nodes per dendrite) (n =2 mice/
18 neurons for control; n =3 mice/19 neurons for knockout), lin-
ear densities of postsynaptic spines (spines per micrometer) (n =3
mice/17 neurons/1030 spines for control; n =4 mice/25 neurons/
1063 spines for cKO), and densities of LMTs per axon length
(LMTs per 100 pm) (n =2 mice/42 axons for control; n =4 mice/
60 axons for cKO) in the CA3. (D-F) Spontaneous excitatory post-
synaptic currents (SEPSCs) were monitored from GCs in acute
brain slices. Holding potential was —70 mV. GABA receptors
were blocked with 100 uM picrotoxon. (D) Samples of sEPSCs
from GCs of control and cKO mice. (E) Cumulative probability
plot of interevent intervals (IEIs). (F) Mean sEPSC frequencies
and amplitudes. n =4 mice/10 neurons for control; n =3 mice/
12 neurons for cKO. All graphs are plotted as mean + SD. (**) P
<0.01, Student’s t-test.

(McHugh et al. 2007; Clelland et al. 2009; Nakashiba et al.
2012). Indeed, this phenotype was likely due to loss of the
Dcx progenitor pool that gives rise to new dentate GCs
rather than the aberrant wiring and/or activity of estab-
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lished circuits in other brain regions, since recognition
memory was preserved in Terf2"'"/Nex:Cre mice (Supple-
mental Fig. S4E).

Discussion

Here, we report genetic analyses of telomere function in
the mammalian brain. Through lineage-specific ablation
of TRF2, a protein that protects chromosome ends from
the DNA damage response machinery (Denchi 2009),
we demonstrate that telomeres play contrasting roles in
proliferating stem cells and terminally differentiated
neurons.

Requirement of telomeres for embryonic and adult
neurogenesis

Gradual replication-dependent loss of TTAGGG repeats
as well as acute telomere dysfunction have been shown

A Ctx B Hip
7 77 I 1] A1
o L8R is 2'h| 4 gpdh shdis
2-5% 255 & 3 3% 58 5833
T g NEx g T8 #0253 8R
o ;) o sw ggg
_. 3| nN=70 p< 0.005 _.3| N=40 £ p< 0.005
e =
= s
& e
o ? o2
o f=2]
o Q
£ -
1 1
0 50 5 oL s/ 0 s
Logz (fold change) Log: (fold change)
C mcontrol D mcontrol E mcontrol F - mcControl
BcKO 1207 EcKO =, HcKO 16-EcKO
240
w
wug —_ -
i Lgp s 2 R
© o ‘.5
= £ 8 -gs
© N 220
© i) s o
4 9]
£ i 40 £ e
L))
£
0 0 Fo 0
XD P P > o -
o eF @ @ & @ 2
& & Y P O O NN
%000 @ s S
g o &
&8

Figure 4. Consequences of telomere erosion on neuronal gene
expression and animal behavior. Control and Terf2"¥/Dcx:Cre
c¢KO mice were examined at P60. n =4 mice per genotype. (A,B)
Genome-wide analyses of transcription (RNA-seq) in the cerebral
cortex (Ctx; A) and hippocampus (Hip; B). Volcano plots show
changes in mRNA levels in cKOs relative to controls. The dashed
line marks genes with P <0.005. (C-F) Quantitative analyses of
sensory processing, learning, and memory. n = 16 mice per geno-
type for all behavioral trials. Graphs are plotted as mean = SD. (*)
P <0.05, Student’s t-test. (C) Vision was assessed as number of
head tracks in a stationary platform surrounded by a rotating
drum with striped walls. (D) Associative learning and memory ex-
pressed as freezing after contextual and cued fear conditioning. (E)
Spatial learning and memory were tested in a Barnes maze. The
graphs show averaged times spent in correct and other targets
of the maze during the probe test. (F) Recognition memory was
measured as number of contacts with novel and familiar objects.

GENES & DEVELOPMENT 643


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.295402.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.295402.116/-/DC1

Lobanova et al.

to be detrimental to various dividing nonneuronal cell
types (Lee et al. 1998; Chin et al. 1999; Rudolph et al.
1999; Jacobs and de Lange 2004; Celli and de Lange
2005; Zhang et al. 2006; Minty et al. 2008; Martinez
et al. 2014). Our observations that Terf2/f/Nes:Cre
cKOs die in utero and exhibit massive cell death across
the telencephalon indicate that telomere dysfunction im-
pacts the neurogenesis of a broad spectrum of neuron clas-
ses in the developing brain. In addition, we present several
lines of evidence that progressive shrinkage of the DG in
animals lacking TRF2 in Dcx-positive progenitors is asso-
ciated with the nearly complete absence of replenishment
of the initial GC pool with new neurons. Normal differen-
tiation of GCs and other neuron subtypes in Terf2"/"/Dcx:
Cre cKO embryos and neonates can be explained by differ-
ences in the timing of cell cycle arrest relative to the onset
of induction of Dcx that drives Cre (Harris et al. 2014).
However, it is also conceivable that telomere dysfunction
selectively induces apoptosis of differentiating adult-born
GCsindependently of cell cycle progression because these
neurons undergo prolonged maturation (Overstreet-
Wadiche et al. 2006).

Functional telomeres are dispensable in post-mitotic
neurons

While the necessity of intact telomeres for embryonic and
adult neurogenesis is reconcilable with prior studies in
cells from somatic tissues that proliferate in vitro and in
vivo, the outcomes of telomere dysfunction in post-mitot-
ic neurons are truly remarkable. We cannot exclude that a
subset of post-mitotic neurons, beyond the analysis car-
ried out in this study, might be affected by TRF2 deple-
tion. Nevertheless, our experiments with Terf2"/"/Dcx:
Cre and Terf2"'F|Nex:Cre cKO mice demonstrate that ter-
minally differentiated neurons with fused telomeres sur-
vive, appropriately migrate to target zones, form
circuitry, and exhibit virtually no significant changes in
gene expression. The latter is particularly surprising, con-
sidering that depletion of TRF2 induces a cellular re-
sponse that recognizes chromosome ends as sites of
DNA damage. In addition, TRF2 has been implicated in
transcriptional regulation through interaction with inter-
stitial loci. For instance, in testes whose transcriptional
programs partially overlap with neurons (this phenome-
non has been appreciated since early discoveries of synap-
tic proteins), TRF2 associates with promoters in a
complex with RNA polymerase II (Martianov et al.
2016). Moreover, TRF2 is believed to interact with
REST, which represses neuronal genes (Ballas and Mandel
2005; Zhang et al. 2008). Nevertheless, our deep sequenc-
ing data are at odds with the notion that neuronal TRF2
acts in pathways other than telomere protection. Viewed
in a broader scope, our results support the model that spa-
tial distribution of chromosomes within neuronal nuclei
is negligible. Indeed, one could anticipate dramatic reper-
cussions on derepression and activity-dependent control
of transcriptional programs essential for circuit develop-
ment and function if chromosome fusions presented topo-
logical constraints for intrinsic and experience-driven
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remodeling of chromatin. However, we found that irre-
versible uncapping and fusion of neuronal chromosomes
during embryogenesis does not interfere with processing
of sensory information and memory acquisition/recall in
adult mice (with the exception of DG-dependent object
discrimination in Terf2"F/Dcx:Cre cKOs).

Other implications of our work

Apart from elucidating the basic biological roles of telo-
meres in the nervous system, our work reveals important
clues to cognitive abnormalities of human subjects diag-
nosed with TBDs and explains the variability in the onset
of their memory loss. We postulate that inherited TBDs
may broadly influence the wiring of the developing brain,
whereas negative consequences of acute damage and/or
uncapping of terminal TTAGGG repeats in adults should
be largely restricted to dentate and olfactory circuits. Giv-
en the susceptibility of adult neurogenesis to DNA dam-
age response elicited by telomere dysfunction, our
results also provide insight into neurological side effects
of platinum-based chemotherapeutic drugs (Mizumatsu
et al. 2003; Duffner 2006). Indeed, these treatments in-
duce, similarly to telomere dysfunction, DNA damage ac-
tivation. Therefore, we speculate that some of the side
effects associated with these treatments could be caused
by the selective impairment of adult neurogenesis and
depletion of GCs in the DG. In agreement with this no-
tion, irradiation of mice leads to a significant reduction
in adult neurogenesis (Clelland et al. 2009).

Finally, the phenotypes of TRF2-deficient mice raise
questions related to fundamental principles of informa-
tion processing in the brain. It is noteworthy that
Terf2"'F|Dcx:Cre cKOs have preserved spatial and associ-
ative memory despite pronounced loss of dentate GCs.
Considering the well-established role of the hippocampus
in these cognitive tasks (Burgess et al. 2002; Strange et al.
2014; Tonegawa et al. 2015), imaging and functional anal-
yses of active neuronal ensembles in the DG of Terf2/F/
Dcx:Cre mouse model may facilitate further understand-
ing of the cellular mechanisms of learning and memory
storage.

Materials and methods

Mice

Nes:Cre, Dex:Cre, Nex:Cre, Terf2™F, Trp53™/F and Ai9 reporter
alleles were described previously (Tronche et al. 1999; Marino
et al. 2000; Celli and de Lange 2005; Goebbels et al. 2006; Madi-
sen et al. 2010; Harris et al. 2014). Mice carrying these alleles
were mated to produce cKO lines, housed, and analyzed accord-
ing to protocols approved by the Institutional Animal Care and
Use Committee.

Immunohistochemistry

Anesthetized mice were perfused with PFA. Brains were incubat-
ed overnight in PFA and sliced on a vibratome (Leica Biosystems).
Coronal sections (Bregma —1.4 to —2.5) were washed in PBS;
blocked in a buffer containing 4% BSA, 2% donkey serum, and



0.2% Triton; and incubated with primary and corresponding fluo-
rescently labeled secondary antibodies. Samples were washed and
mounted on glass slides for imaging.

Confocal imaging

Samples were imaged under a Nikon Al confocal microscope
with 10x, 20x, 40x, or 60x objectives. Image data analysis was per-
formed with Nikon Elements, FIJI, and Adobe Photoshop soft-
ware packages using the Allen Brain Atlas as a reference (http
://mouse.brain-map.org/static/atlas). Digital manipulations
were applied equally to all pixels. 3D images of single virally la-
beled neurons were collected at 0.2-um Z intervals and recon-
structed in Neurolucida, as we described previously (Pieraut
et al. 2014).

Virus production and injection

AAVs were packaged in-house into serotype 2.2 using published
protocols (McClure et al. 2011; Pieraut et al. 2014). P1 pups
were injected with 0.5 uL of viral stocks via glass micropipette
(10-um tip diameter) and analyzed at P25.

Electrophysiology

Synaptic currents were monitored in acute hippocampal slices.
Currents were sampled at 10 Hz in whole-cell mode using a Mul-
ticlamp 700B amplifier (Molecular Devices, Inc.). Data were ana-
lyzed offline with pClampl0 (Molecular Devices, Inc.] and
Origin8 (OriginLab) software packages.

RNA-seq

Libraries were constructed with Next Ultra RNA library prepara-
tion kit (New England Biolabs). Paired-end 100-base reads were
generated at The Scripps Research Institute Next-Generation Se-
quencing Core on an Illumina NextSeq platform. Demultiplexed
sequences were mapped to the mouse reference genome with
TopHat. Aligned reads were used for final transcriptome assem-
bly in Cufflinks and Cuffmerge. Quantitative analyses of gene ex-
pression were performed with Cuffdiff (Trapnell et al. 2013).
These can be found under Gene Expression Omnibus accession
number GSE95056.

Behavioral trials

Behavioral trials were carried out at The Scripps Research Insti-
tute Mouse Behavioral Assessment Core. Vision was tested by
measuring the numbers of head tracks in a stationary platform
surrounded by a rotating drum with black and white striped
walls. Hearing was tested as a startle response to 90- to 120-dB
pulses on a 70-dB background level. Spatial memory was exam-
ined in a Barnes maze (Barnes 1979). Mice were subjected to
four training sessions to allow memorization of the correct path
to the escape tunnel. Memory was measured as time spent in
each quadrant of the maze when the escape tunnel was removed.
For Pavlovian fear conditioning, animals were exposed to white
noise paired with foot shocks (0.6 mA). Contextual and cued
(tone) fear memory was examined in training and alternative box-
es, respectively. Freezing was determined in 0.75-sec bouts and
expressed as percentage of time in the context or tone presenta-
tion. Recognition memory was assessed by measuring numbers
of contacts with familiar and novel objects in the same
environment.

Role of telomeres in the CNS

Statistics

Means and standard errors were calculated in Excel and Origin8.
P-values were determined with Student’s t-test. All quantitative
analyses of statistics are summarized in Supplemental Table S1.
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