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Abstract

Genomic DNA residing in the nuclei of mammalian neurons can be as old as the organism

itself. The life span of nuclear RNAs, which are critical for proper chromatin architecture

and transcription regulation, has not been determined in adult tissues. Here, we identified and
characterized nuclear RNAs that do not turn over for at least two years in a subset of postnatally-
born cells in the mouse brain. These long-lived RNAs were stably retained in nuclei in a neural
cell type-specific manner and were required for the maintenance of heterochromatin. Thus, the
remarkable life span of neural cells may depend on both the molecular longevity of DNA for

the storage of genetic information and also the extreme stability of RNA for the functional
organization of chromatin.

After early development, most neurons survive for an organism’s entire life without ever
being replaced. In the absence of mitotic nuclear disassembly and reassembly, the life span
of some nuclear constituents such as genomic DNA, a subset of histones, and nuclear pore
complex proteins extends to months and even years (1, 2). For example, the stability of
genomic DNA has been used to determine the chronological age of neurons in humans
over the course of decades (3, 4). The life-long stability of genomic DNA is necessary

to safeguard the persistence of a cell’s genetic information. In recent years, non-coding
RNAs have been identified as critical regulators of nuclear chromatin organization and
transcription control (5, 6); however, little is known about the turnover of this class of
nucleic acids in adult brain tissue.

Long-term retention of nuclear RNAs in the mouse brain

To explore RNA stability in the mouse brain, we performed in vivo pulse-chase labeling

of transcripts with a modified uridine analog, 5-Ethynyl uridine (EU) (7). EU was injected
into mice on postnatal days 3 to 5 (P3 to P5) to label de novo-synthesized RNAs during
brain development (Fig. 1A). One day after the last injection of EU (defined as the 1-week
sample), EU-labeled RNA was visualized by click chemistry using Alexa-555 fluorophores.
EU signals were detectable in different brain regions such as the dentate gyrus (DG) of the
hippocampus (Fig. 1B) and the cerebellum (CB) (Fig. 1C). The EU signal was sparse and
not detectable in most cells in the primary somatosensory cortex (S1) (fig. S1). The density
and fraction of EU™ cells varied among different brain tissues (Fig. 1J, 1K, ANOVA P<
0.0001). We confirmed that all cells in the brain were EU-labeled acutely after a single

EU injection on P3 (30 min or 1 hour chase) (fig. S2-3) and detected no difference in EU
incorporation into de novo-synthesized RNA between brain regions (fig. S3C), indicating
that EU can be transported, metabolized, and used in transcription in all cells of the brain at
this age. These data suggest that either the transcription or the retention of EU-incorporated
transcripts varies between different cell types in the brain.

The robust incorporation of EU in the DG and CB allowed us to determine whether the
observed EU signals persisted for an extended period during adulthood. We analyzed brain
samples one year after EU injection and detected strong EU signals in the DG and in the
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granular layer of CB (Fig. 1C-1). The density of EU* cells was indistinguishable between
1-week-old and 1-year-old animals (Fig. 1J), indicating the existence of long-lived RNAs
(LL-RNAS) in the brain. A comparison of EU intensities revealed that 68 + 14.26% of the
initial EU signals observed in the DG of 1-week-old animals persisted in 1-year-old animals
(fig. S4). These data suggest that EU-labeled LL-RNAs are minimally turned over during
adulthood. Notably, the EU signal was sensitive to RNase, although only to a limited extent
even after harsh RNase treatment, suggesting either inaccessibility or remarkable stability

in the tissue (fig. SSA-B). Consistent with EU being specifically incorporated into RNA,
degradation of genomic DNA by DNase 1 treatment did not affect EU signal intensities (fig.
S5C-H). Moreover, when EU was injected at the same time as bromodeoxyuridine (BrdU),
which is incorporated into newly synthesized DNA, the spatial distribution of nuclear EU
signals was distinct from BrdU signals (fig. S51), providing further evidence for the specific
incorporation of EU into RNA. We also studied animals 2 years after EU injections and were
able to detect EU signals in DG and CB neurons (Fig. 1K, 1L, fig. S6A-B, D-F), radial
glia-like adult neural stem cells (RGL-ANSCs)/cerebellar ANSCs (Fig. 1M, fig. S6H), and
astrocytes (fig. S6C, E, G). This finding suggests that these RNAs persist throughout the life
span of the animal.

Cell type-specificity of long-retained RNAs

To identify which cell types retained LL-RNA, we combined EU click chemistry with
immunohistochemistry using cell type-specific markers. In 1-year-old mice, the majority of
EU™ cells (83.7 = 10.8%) in the DG were NeuN™ neurons (Fig. 1B, 1D, 1F). EU signals
were also observed in RGL-ANSCs (Sox2* with a GFAP* radial fiber; 1.5 + 0.9% of

EU™ cells), adult neural progenitor cells (ANPCs) (Sox2* without a GFAP* radial fiber;

3.76 + 1.93% of EU" cells) and GFAP* astrocytes (Fig. 1D, H; fig. S6C), suggesting that
LL-RNAs can be maintained in neurons and somatic ANSCs in the DG. In 1-week-old

mice (1 day after the last EU injection), only 25.6 + 9.4% of EU* cells were NeuN™*

whereas 39.7 + 3.8% were Sox2* neural stem cell/progenitor cells (NSPCs) and 7.0 + 1.5%
were RGL-ANSCs (fig. S11). In the first and second postnatal week, ANPCs in the DG

give rise to neurons or become quiescent RGL-ANSCs (8, 9), suggesting that the retention/
incorporation of EU* transcripts could coincide with cell cycle exit during differentiation or
transition into quiescence. Indeed, 4 h after a single EU injection, when most acutely-labeled
RNA was already degraded (fig. S2-3), all high-intensity EU* cells in the hippocampus were
proliferating (Ki67") NSPCs, whereas 24 h after the last injection, most EU* cells had exited
the cell cycle and 44.5% of EU™ cells expressed neuronal differentiation-associated marker
NeuroD1 (fig. S7). Thus, EU-labeled RNA is retained long-term upon cell cycle exit in
neurons and ANSCs in the DG.

Similar to the DG, in the CB of 1-week-old mice, 25.7 + 15.4% of EU* cells were NeuN™*
neurons (fig. S1J) and 13.3 + 4.4% of EU* cells were Sox2* adult NSPCs (10), indicating
that EU™* transcripts are retained in neurons and stem cells of CB. 58% of EU* cells in

the CB did not express any tested markers at this age, but they were likely to be migrating
immature granule cells based on their localization (Fig. 1F) (11). Indeed, in 1-year-old mice,
76.3 + 8.5% of EU* cells were NeuN* neurons mostly located in the granular layer (Fig.
1G, fig. S1E, 1J). We also observed the retention of LL-RNA in Sox2* ANSPCs in the CB
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of 1-year-old mice (Fig. 1H), suggesting that ANSPCs in both the DG and CB can retain
LL-RNAs. In the S1, a total of 34.4 + 14.6% and 43.0 + 10.3% of EU* cells were GFAP* in
1-week-old and 1-year-old samples, respectively (fig. S1F-H, 1K), indicating that astrocytes
in S1 retain EU-labeled transcripts. However, NeuN* EU* cells were rarely observed in S1
(fig. 1K). Thus, LL-RNAs are retained or transcribed in a cell type-specific manner.

To validate that our findings were independent of potential side effects caused by EU, we
labeled nascent RNA using another uridine analogue, 5-Bromouridine (BrU). The spatial
patterns of BrU-positive cells in 1-week-old and 1-months-old mice reflected those observed
in EU-injected mice, with persistent BrU labeling in neurons and ANSPCs in the DG and
CB but only very few BrU™ cells in S1 (fig. S8). Additionally, injection of triphosphorylated
uridine (5-BrUTP), which is directly incorporated into RNA without metabolization,
resulted in a similar distribution of label-retaining cells in the brain, providing further
support that cell type-specific retention of RNA is not due to potential differences in cellular
nucleotide metabolism.

Because most cortical neurons are generated during embryonic neurogenesis, we next asked
whether cortical neurons retain EU signals when EU is injected during cortical neurogenesis.
We injected EU into pregnant dams at E14.5-E16.5 and analyzed brains at E17.5 and at

P6 (fig. S9A). We confirmed that EU injection labeled RNA synthesis in all embryonic
brain cells at 1 h after injection (fig. S9B). At E17.5, EU signals were retained in Sox2-

and Tbr2-positive NSPCs in the ventricular and subventricular zone of the neocortex (fig.
S9B-E, S9G). In contrast, we found only very few and weakly labeled EU* cells in the
cortical plate - fewer cells than the expected number of new-born neurons based on the
distribution of BrdU* newborn cells at E17.5 (fig. S9E-F). Of those rare EU* cells in

the cortical plate, only 39.0 + 3.2% and 5.1 + 3.2% expressed neuronal markers NeuN

and Ctip2, respectively (fig. S9E, S9H). Thus, cortical neurons have a limited capability

to transcribe or retain LL-RNAs. Moreover, only sparse EU signals were detected in the
cortex, hippocampus and CB at P6 when EU was injected embryonically (fig. S9). Thus,
the long-term retention of RNA is cell type-specific, with cortical neurons showing much
reduced capability to maintain RNAs compared to granule cells of the DG and CB.

We then addressed whether LL-RNAs can be transcribed in the brain at any age. EU
injections at later postnatal ages (P7-9 and P13-15) resulted in patterns of EU* cells in the
hippocampus that were consistent with those obtained following EU injections at P3-5 (fig.
S10). However, in the adult mouse brain, EU was not incorporated into nascent transcripts
(fig. S11) and was, therefore, not suitable to label RNA synthesis. This is presumably

due to the downregulation of enzymes of the pyrimidine salvage pathway in the adult

brain (fig. S12), which are required for EU metabolism. No brain region-dependent or cell
type-specific differences in the expression of the pyrimidine salvage pathway were detected
in postnatal mice (fig. S12A-C), consistent with the ubiquitous EU signal observed acutely
after EU injection in postnatal brains (fig. S2-3). This finding supports the notion that all
cells in the postnatal brain can metabolize EU but that the retention of LL-RNAs is cell
type-specific.
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Having established the existence of nuclear LL-RNAs, we next aimed to determine their
molecular identity and functions. To facilitate functional characterization, we utilized a
tractable in vitro system in which we could recapitulate the long-term retention of transcripts
and manipulate the identified RNAs. Because we observed EU signal retention in RGL-
ANSC:s in vivo, we tested whether quiescent neural progenitor cells (quiNPCs) retained
EU-labeled transcripts in vitro. We used an established protocol to induce quiescence in
mouse NPCs (12) and found that quiNPCs indeed retained EU* transcripts for 8 days (Fig.
3A-B) and even 2 weeks (fig. S13), but not in proliferating conditions (Fig. 2A-B). EU
signals in quiNPCs were depleted by RNase treatments (fig. S14A-B) and significantly
reduced after inhibition of RNA polymerase Il and 111 (fig. S14C), confirming that EU
signals are derived from nascent RNA in quiNPCs. Inhibition of RNA polymerases after EU
labeling did not reduce EU signals (fig. S14D-E), suggesting that EU signals are not derived
from recycling of EU-labeled uridines. Moreover, DNase 1 treatment and ribonucleotide
reductase inhibition did not reduce EU signals in quiNPCs (fig. S15), providing further
evidence that EU signals are not derived from EU incorporation into DNA.

identity of LL-RNAs

To determine the molecular identity of LL-RNAs, we performed EU-RNA-Sequencing of
quiNPCs 1 week after EU labeling. We found 1,575 genes to be significantly enriched in
the EU-labeled RNA fraction (Fig. 2C; Data S1; fig. S16A), identifying those as LL-RNAs
in quiNPCs. The LL-RNAs comprised protein-coding RNAs and non-coding RNAs (Fig.
2D), with long non-coding RNAs (IncRNAs) and uncharacterized transcripts (TECs) being
significantly over-represented in EU-enriched RNAs compared to all RNAs expressed in
quiNPCs (Fig. 2E). LL-RNAs in quiNPCs were enriched in pathways related to nuclear
architecture and epigenetic regulation, suggesting potential roles of LL-RNAs in these
cellular functions (Fig. 2F). We also performed EU-RNA-Sequencing with hippocampal
tissue from 1-month-old mice that were injected with EU at P3-P5, and we identified

16 gene-derived transcripts that were significantly enriched in the EU-labeled RNA
fraction, including IncRNAs, mitochrondrial t-RNAs and protein-coding RNAs (Fig. 2G-
H). Mapping of EU-RNA-Sequencing data to repetitive genomic regions revealed that
LL-RNAs contained repetitive RNAs in both hippocampus and quiNPCs (Fig. 21-J, fig.
S16B-C), including small nuclear RNA repeats (SNRNAs), SINEs and satellite RNAs (fig.
S16D). Together, these results suggested that non-coding RNAs, including IncRNAs and
repetitive RNAs, can be retained long-term in quiNPCs and in hippocampal granule cells.
The difference in the detected numbers of LL-RNAs between quiNPCs and hippocampal
tissue might result from differences in the length of the retention period or from cell
type-specific molecular identities of LL-RNAs. Alternatively, the detection sensitivity of
LL-RNAs may be reduced in hippocampal tissue since only a fraction of hippocampal cells
retained EU-labeled transcripts whereas 100% of in vitro quiNPCs possessed EU-labeled
RNAs. In the future, it would be important to compare LL-RNAs between different cell
types with similar conditions.

Several studies suggest that repeat RNAs, including satellite RNAs (satRNAS), interact with
heterochromatin (13-16). Consistent with this idea, high resolution imaging in DG and
CB neurons from 1-year-old samples showed that EU signals were often associated with
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Hoechstdense heterochromatin areas (Fig. 3A-B), indicating that they might have functions
in chromatin regulation. We confirmed the enrichment of repeat RNAs among EU-captured
RNA using quantitative PCR (Fig. 3C) and found that a significant amount of satRNAs were
retained for up to 1 year in the hippocampus (Fig. 3D). The PCR signals were diminished
by RNase treatments (fig. S14F-H), supporting the notion that satRNAs are retained for
years in the brain. We also found strong enrichments of major satRNAs and minor satRNAS
in qUiNPCs at 8 days after EU labeling compared with vehicle-treated quiNPCs (Fig.

3E). Other repeat sequences such as short interspersed nuclear element B1 (S/NVEB1) and
long interspersed nuclear elements (L/NE-1)were also enriched in quiNPCs. We also
identified 285and 28S rRNA to be moderately enriched, consistent with previous findings
of ribosomal RNAs exhibiting longer half-lives (17). We validated that EU treatment did not
alter repeat RNA levels (fig. S16E) and confirmed the long-term retention of repeat RNAS in
quiNPCs using BrU labeling and BrU immunoprecipitation chase (BRIC)-qPCR (fig. S17).
Altogether, our findings reveal transcript-specific long-term retention in quiNPCs.

Roles of LL-RNAs in heterochromatin maintenance

Finally, we addressed the biological function of LL-RNAs using quiNPCs as a model
system and manipulated major satRNAs using previously published LNA-GapmeRs (18)
and sgRNAs (CRISPRa and CRISPRi) (19). We observed a significant reduction in EU
signals after major satRNA knock-down (Fig. 3F-G, fig. S18A), whereas overexpression of
major satRNAs increased EU signals (Fig. 3H-I, fig. S18B), confirming the contribution of
major satRNAsto LL-RNAs in quiNPCs. Because it has been shown that major satRNAs
are associated with constitutive heterochromatin (14, 15), we investigated heterochromatin
organization with the constitutive heterochromatin marker H3K9me3. After knock-down

of major satRNASs, the signals of H3K9me3 around chromocenters became disorganized
and reduced (Fig. 4A-D, fig. S18C, S19A-E), and we confirmed the reduction in

H3K9me3 at satellite regions using chromatin immunoprecipitation (Fig. 4E-F). Conversely,
overexpression of satRNASs led to an accumulation of H3K9me3 at chromocenters,
suggesting that major satRNAs promoted heterochromatin formation (Fig. 4C, G). Knock-
down of major satRNAS also reduced facultative heterochromatin levels (H3K27me3) but
did not affect euchromatin mark H3K4me3 (fig. S19F-1). Because minor satRNAs were
also enriched among LL-RNAs (Fig. 3C-E) and their overexpression increased long-retained
EU signals in quiNPCs (fig. S18D-F), we analyzed their roles in heterochromatin retention.
Although minor satRNA overexpression significantly increased H3K9me3 at chromocenters,
their knock-down did not affect H3K9me3 levels (Fig. 4C-D, G, fig S18C). Altogether, our
results suggest a critical role for major satRNASs in the maintenance of heterochromatin
integrity in quiNPCs.

Because satRNAs are generated from heterochromatic areas and bind heterochromatin-
associated proteins (19, 20), we tested whether their long-term retention is controlled
through association with heterochromatin. Perturbation of H3K9me3 by pharmacological
inhibition of histone methyltransferases or by knock-down of heterochromatin-associated
protein 1P (Hp1p) increased EU signal retention in quiNPCs (fig. S20), suggesting that
heterochromatin is involved in LL-RNA regulation. Heterochromatin is essential to repress
aberrant transcription of satRNAs, and increased satRNA expression is a hallmark of
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impaired epigenetic regulation in tumorigenesis (21, 22). Thus, the balanced level of LL-
RNAs may be regulated by heterochromatin in cooperation with LL-RNAs themselves, yet
its specific roles in LL-RNA transcription and/or retention require further investigation.

We next tested whether major satRNAs are important for maintaining quiNPCs. We
knocked down major satRNAs using LNA-Majsat GapmeRs upon induction of quiescence
and tested whether quiNPCs could be reactivated into proliferation (Fig. 4H). One day
after reactivation of quiNPCs, the fraction of proliferating cells (Ki67*, BrdU * cells)

was significantly reduced in LNA-Majsat-treated cells (Fig. 41-K), suggesting attenuated
reactivation of quiNPCs. Furthermore, significantly more pyknotic nuclei were observed

in LNA-Majsat-treated cells (Fig. 4L). Consistent with this observation, the fraction

of yH2AX™ cells was significantly higher in LNA-Majsat-treated cells (Fig. 4M, 4N).

In contrast, knock-down of satRNAs in proliferating NPCs did not impair proliferative
capacities or NPC maintenance (fig. S21). To further characterize the role of satRNAsin
NPC maintenance, we assessed the consequences of their overexpression. Overexpression of
both majorand minor satRNAs was detrimental for NPCs, leading to reduced proliferation,
increased apoptosis and DNA damage (fig. S22), indicating that proper control of satRNA
levels is critical for NPC maintenance. Taken together, our results suggest that major
satRINAs are retained long-term in quiNPCs and play critical roles in the maintenance

of heterochromatin integrity and neural stem cell function. Since not all LL-RNAs are
satRINAs, further investigations will be required to understand the biological roles of LL-
RNAs.

Previously, several proteins had been discovered in the mammalian brain that can persist
for years (1, 2), suggesting possible roles for long-lived cellular constituents in brain
maintenance and aging. In this study, we found that a subset of RNAs could be retained
for up to 2 years in certain brain cell types. Although, in contrast to DNA, RNA has not
been considered a stable nuclear component (23), our findings are consistent with a previous
study from dormant Xenopus oocytes showing that some RNAs can be retained for more
than a year (24). The LL-RNAs we identified were enriched around heterochromatin and
essential to maintain chromatin integrity in quiescent neural stem cells. These findings
highlight a previously unrecognized temporal axis of RNA metabolism and possible
functions for nuclear RNA in long-term epigenetic regulation and genome integrity. We
propose that the lifelong maintenance of nuclear function in post-mitotic cells and somatic
stem cells involves the dramatic extension of the life span of key molecular constituents,
including LL-RNAs.
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One sentence summary

Long-lived RNAs in the mammalian brain may contribute to neuronal life span.
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Fig. 1. Long-term retention of RNA in the mouse brain.
(A) Schematic diagram of experimental plan. RNA synthesis at P3-P5 was labeled using

5-Ethynyl-uridine (EU). (B) EU signals in the dentate gyrus (DG) of a 1-week-old animal.
(C) EU signals in the cerebellum (CB) of a 1-week-old animal. (D) EU signals in the

DG of a 1-year-old animal. (E) EU signals in the CB of a 1-year-old animal. (F-H)

High magnification images with Sox2/GFAP immunostaining (arrowhead, RGL-ANSC;
open arrowhead, astrocytes) or NeuN/GFAP staining (arrowheads, NeuN* neurons). (J)
Quantification of the density of EU* cells. 1W (1-week-old) DG 3933 + 911.9 cells/mm?;
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1W CB 6060 + 774.3 cells/mm?; 1W S1 291.8 + 52.12 cells/mmZ. 1Y (1-year-old) DG
4156 + 542 cells/mm?; 1Y CB 4816 + 537 cells/mm?; 1Y S1 359 + 199 cells/mm?; NS not
significant; ANOVA with post-hoc Tukey’s test. Data are presented as mean +/- standard
deviation (SD). (K) Quantification of the percentage of EU* neurons (NeuN™* cells). (L)
EU signal in neurons of the DG in a 2-year-old animal. (M) EU signals in a neural stem
cell (RGL-ANSC) in the DG of a 2-year-old animal. Data are presented as mean +/- SD.
Scale bars, 100 pm (B, D), 10 um (F-1, L, M), 200 pm (C, E). ANOVA followed by Tukey’s
multiple comparison test; *~< 0.05, **£< 0.01, **P< 0.001, ****P < 0.0001.

Science. Author manuscript; available in PMC 2024 April 24.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zocher et al. Page 13

A B C EU-enriched RNAs in NPCs
30min 30min Day8 Day8 1000000+ ok * Enriched - Not enriched
H *kKk
NoEU roNPC proNPC quiNPC 5 500000 e 10.01 1,575 EU-enriched RNAs
< E— = i
& m (gene-derived)
o > =2
w £ 600000 S .5l
c & :
2 .
S 400000+ 3
2
4" 200000 =
&
=
0 T T T g’ﬂ
QO Q(" Q(" Q(J -
D i i & F &
EU-enriched RNAs in NPCs & R\ o
> Q Q 0.01
[ protein coding (75.3%) _5 O 5 1'0 1'5 2'0
[ IncRNA (8.5%) o
0 miRNA (0.1%) log,(counts per million)
= mtRNA (0.4%) F
B snRNA (0.3%) Enriched pathways of EU-enriched RNAs in NPCs
=1 TEC (13.8%) '
Bl pseudogenes (1.8%) Deposition of new CENPA-containing nucleosomes at the centromere
Nucleosome assembly
E . . Chromosome Maintenance
Enrichment of non-coding RNAs PRC2 methylates histones and DNA
: RUNX1 in megakaryocyte differentiation and platelet function
TEC ’ ok Processing of DNA double-strand break ends
IncRNA ; HDR through HRR or Single Strand Annealing (SSA)
: Homology Directed Repair
Protein coding i G2/M DNA damage checkpoint
1 T 1 HATs acetylate histones
0 1 2 3 -
Enrichment (odds ratio) 01 2 3 4 5
-log,o(adjusted p-value)
G
EU-enriched RNAs in hippocampus : g
« Enriched « Not enriched | EU-enriched repeat RNAs in hippocampus
10.0 16 EU-enriched RNA
% (;eng-;enrglvce;d 9 [ snRNA repeats (85.8%)
2 EU-enriched RNAs in B SINE (11.0%)
g " [ Simple repeats (3.2%)
275 . hippocampus
k-]
2
';’;’ 5.0 3 protein coding i i
s . (81.25%) J EU-enriched repeat RNAs in NPCs
< O [ IncRNA (6.25%) B LINE (02%)
E’, 25 . I mtRNA (12.5%) EE SINE (0.4%)
T j'» L [ RNA repeats (SnRNA/FrRNA; 61.4%)
R T 1 Simple repeats (35.4%)
0.0 [ LTR (0.04%)
P - ! | | ! . Bl Low complexity repeats (2.5%)
-5 0 5 10 1520 B DNA repeats (Charlie; 0.07%)

log,(counts per million)

Fig. 2. Molecular identity of long-retained RNA.

(A) Retention of EU signals in quiescent NPCs (quiNPCs) in vitro. Proliferating NPC
(proNPC). Scale bar, 10 um. (B) Quantification of EU intensity in proNPCs and quiNPCs
at day 1 (D1) or day 8 (D8) after EU labeling. Kruskal-Wallis test followed by Dunn’s
multiple comparison test; ***P< 0.001, ****P< 0.0001, dots indicate individual cells.
(C) MA plot showing EU-enriched (gene-derived) RNAs in quiNPCs at 8 days after EU
labeling, as determined by EU-RNA-Sequencing. Significantly EU-enriched RNAs were
defined as adjusted £ < 0.05 and fold change > 2 compared to non-EU-labeled quiNPCs
(n=3 experiments). (D) Gene class distribution of EU-enriched RNA in quiNPCs. (E)
Protein-coding RNAs were underrepresented, whereas long non-coding RNAs (IncRNA)
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and uncharacterized transcripts (TEC) were over-represented in EU-enriched RNA. ***pP

< 0.001 (linear regression). (F) Top significantly enriched Reactome pathways among
EU-enriched RNASs in quiNPCs (adjusted P < 0.05). (G) MA plot showing EU-enriched
(gene-derived) RNAs in hippocampus tissue of 5-week-old mice that were injected with EU
at postnatal days P3-P5 (n = 3 mice/group). (H) Gene class distribution of EU-enriched
RNA in the hippocampus. (1-J) Distribution of EU-enriched RNAS that map to repeat RNAS
in qUiNPCs and hippocampus tissue.
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Fig. 3. Repeat RNAsarelong retained in the mouse brain.
(A and B) Localization of EU signals in nuclei in the DG and CB of a 1-year-old animal.

Scale bars, 5 um. (C and D) Enrichment of EU-labeled transcripts in the hippocampus/
cortex (HC/CX) of a 1-week-old animal (n = 5) and in the hippocampus (HC) of 24-
week-old to 1-year-old animals (n = 4). One sample #test, *£< 0.05, **P< 0.01. Fold
enrichments compared to PBS-treated control: 1W Gapdh, 4.95 + 1.85 ; 185 rRNA 3.76 +
1.43; 285 rRNA 2.84 + 1.13; major satellite 7.69 + 4.16; minor satellite 4.48 + 2.71; Bactin
4.73 £2.54; SINEB11.95 £ 0.60; LINE-12.47 £0.62; n=5; 24W-1, Gapadh, 1.85 + 0.66;
185 rRNA 2.38 £ 1.68; 28S rRNA 1.21 + 0.63; major satellite 4.57 + 1.55; minor satellite
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454 +£2.37; B actin1.60 + 0.68; SINEB11.44 +0.70; LINE-11.90 + 1.34; n = 4. Data are
presented as mean +/- SD. (E) Enrichment of EU-labeled transcripts in quiNPCs 8 days after
EU treatment compared with PBS-treated cells. One sample #test, *~< 0.05, **P< 0.01,
*** P < 0.001. Fold enrichments compared to control: Gapadh, 3.53 + 1.50; 18S rRNA 6.86
+2.06; 28S rRNA 7.38 + 3.33; major satellite 49.3 £19.1; minor satellite 52.57 + 20.97; B
actin22.36 £ 10.2; SINEB1 40.45 + 25.53; L/NE-159.82 £ 47.95; n = 6. Data are presented
as mean +/- SD. MajSat, major satRNA; MinSat, minor satRNA. (F) Quantification of EU
signal intensity after LNA-GapmeR-mediated knock-down of major satRNAs in quiNPCs
(LNA MajSat). ****P < 0.0001, *test, dots indicate individual cells from 3 experiments. (G)
Reduction of EU signals in quiNPCs after the application of LNA targeting major satRNAS.
Scale bar, 20 pm. (H-1) Increased EU signals after CRISPRa-based overexpression of major
SatRNAS (SgRNA MajSat). ****P < 0.0001, rtest, dots indicate individual cells from 3
independent experiments. Scale bar, 20 um.
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Fig. 4. Major satRNAs ar e essential for maintenance of NPC function.
(A) Distribution of H3K9me3 after LNA-mediated knock-down of major satRNAs in

quiNPCs. Scale bar, 5 um. (B) Quantification of H3K9me3 intensity after knock-down

of major satRNAs. **P < 0.01, ttest, dots indicate individual cells from 3 experiments.

(C) Distribution of H3K9me3 after CRISPR-mediated transcriptional inhibition (CRISPRIi)
or overexpression (CRISPRa) of majorand minor satRNAs. Scale bar, 5 um. (D)
Transcriptional inhibition of major satRNAs using CRISPRI (dCas9-KRAB with sgRNAS)
impaired heterochromatin retention in quiNPCs; minor satRNAs were dispensable. *** P
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< 0.001, n. s. not significant, #test, dots represent individual nuclei from 3 independent
experiments, group means are indicated. (E-F) LNA-mediated knock-down of major
satRNAs reduced H3K9me3 abundance at major and minor satellite repeats. Shown are
data from H3K9me3-ChIP-gPCR (*£< 0.05; one-sided £test, n = 4). Data are presented as
mean +/- SD. (G) Upregulation of satRNAs increased nuclear H3K9me3 in quiNPCs. ****p
< 0.0001, ttest, dots indicate individual cells from 3 independent experiments, group means
are indicated. (H) Experimental timeline for data shown in (I-N). (1) Cell cycle re-entry

of quiNPCs after LNA-mediated knock-down of major satRNAs. Arrows indicate pyknotic
cells. Scale bar, 25 um. (J-K) Decreased percentage of Ki67* and BrdU* cells one day after
re-activation of quiNPCs into proliferation. *£< 0.05, **P < 0.01, paired #test, n = 5-8.
Ki67, LNA control 23.1 + 2.73%, LNA Majsat 11.8 + 4.16%; BrdU, LNA control 29.6
+12.35%, LNA Majsat 19.65 + 13.64%. (L) Increased percentage of pyknotic cells after
knock-down of major satRNAs. LNA control 13.4 + 2.55%, LNA Majsat 22.76 + 8.11%.
(M-N) Increased percentage of yH2AX™* cells after knock-down of major satRNAs. * P <
0.05, ratio paired £test, n = 4. LNA control 8.57 £ 3.25%, LNA Majsat 30.9 + 6.66%. Scale
barin M, 5 um.

Science. Author manuscript; available in PMC 2024 April 24.



	Abstract
	Long-term retention of nuclear RNAs in the mouse brain
	Cell type-specificity of long-retained RNAs
	Molecular identity of LL-RNAs
	Roles of LL-RNAs in heterochromatin maintenance
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

