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access to food and water and were maintained on a 12-hour light/12-hour 
dark cycle. All behavioral tests were conducted during the light cycle, and 
all procedures were approved by The University of Alabama at Bir-
mingham Institutional Animal Care and Use Committee and performed 
in accordance with the National Institute of Health ethical guidelines.

Cell culture
N2a cells were maintained in Dulbecco’s modified Eagle’s medium 
supplemented with 10% fetal bovine serum. After thawing, the cells were 
passaged a minimum of two times before use in experiments. The 
cells were kept at 37°C in a 5% CO2 incubator. Dissociated cultures of 
hippocampal pyramidal cells were obtained from embryonic day 18 
rat embryos as described previously (39). Briefly, timed-pregnancy 
female Sprague-Dawley rats were terminally anesthetized, and em-
bryos were removed from the uterus and then transferred to Hank’s 
balanced salt solution (HBSS; Gibco) for dissection. Primary rat 
hippocampal neurons were dissociated using incubation with papain 

for 20 min at 37°C, rinsed in HBSS, and 
then resuspended in Neurobasal medium 
(Gibco) and further mechanically dis-
sociated by passing through a series of 
progressively smaller fire-polished glass 
Pasteur pipettes. The resulting suspension 
was passed through a 70-m cell strainer 
and plated on poly-l-lysine–coated 24-well 
plates (~7.5 × 104 cells per well). Cells were 
maintained for 2 weeks in Neurobasal 
medium supplemented with B-27 and 
GlutaMAX (Thermo Fisher Scientific) at 
37°C and 5% CO2. For KCl stimulation, 
6.25 l of 1 M KCl (Sigma-Aldrich) was 
added to 2-week in vitro cultures, for a 
final concentration of 12.5 mM KCl.

siRNA delivery
Young (3 to 7 months old) mice were 
anesthetized with an intraperitoneal in-
jection of ketamine-dexmedetomidine 
and received bilateral intra-CA1 injec-
tions of Lincode SMARTpool siRNAs 
(Dharmacon), targeting the murine Neat1 
(no. R-160022-00-0005) or a negative con-
trol (no. D-001320-10-05), conjugated with 
in vivo jetPEI (Polyplus-transfection), an 
in vivo transfection reagent, at the stereo-
taxic coordinates [anterior-posterior (AP), 
−2.0 mm; medial-lateral (ML), ±1.5 mm; 
dorsal-ventral (DV), − 1.7 mm] with re-
spect to bregma. Aliquots of siRNA stocks 
(100 M) were diluted to a concentration 
of ~2.5 M and conjugated with in vivo 
jetPEI on the day of surgery. Infusions were 
given over a 10-min period (0.1 l/min) for 
a total volume of 1 l per hemisphere. After 
a 48-hour recovery period, mice were han-
dled daily for >3 min and trained in CFC at 
5 days after surgery. Aged (18 to 19 months 
old) mice were treated similarly but were 
anesthetized with vaporized isoflurane 

(3% induction and 2% maintenance). Mice were euthanized at 10 days 
after surgery, and dCA1 was harvested from each hemisphere.

CRISPRa delivery
Mice were anesthetized with an intraperitoneal injection of ketamine-
dexmedetomidine and received bilateral intra-CA1 injections of an 
sgRNA expression vector driven by the murine U6 promoter and 
targeting the murine Neat1 promoter region (Addgene plasmid 
no. 44248) either alone or in conjunction with an expression vec-
tor coding for the S. pyogenes dCas9 fused to two copies of the VP64 
transactivator domain (Addgene plasmid no. 59791). Endotoxin-free 
plasmids were purified using an endotoxin-free plasmid DNA puri-
fication kit (Macherey-Nagel) and aliquoted to minimize freeze-
thaw cycles. Endotoxin-free plasmid stocks were diluted to a final 
concentration of ~500 ng/l in sterile 10% glucose and incubated 
with in vivo jetPEI for 15 min at room temperature on the day of 
surgery. The resulting transfection complex was delivered by direct 
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Fig. 7. Mimicking age-related Neat1 overexpression using CRISPRa impairs hippocampal memory formation. 
(A) Graphic depiction CRISPRa system infusion into hippocampal area CA1, with visualization of hippocampal expres-
sion of enhanced green fluorescent protein fluorescent marker and three shock-pairing CFC paradigm. Briefly, male 
C57BL/6 mice (3 to 7 months old) were trained 21 days after bilateral infusion of either sgRNA plasmid alone or 
co-delivered with a transcription-activating dCas9-effector protein and tested 24 hours after training. (B) Confirma-
tion of efficacy of CRISPRa system to up-regulate Neat1 expression in murine N2a cells (n = 4, P = 0.0283, Student’s t test). 
(C) Freezing behavior of mice described in (A) as a percent of time during the training phase of the CFC paradigm. No 
significant difference detected for either the pre- or post-shock epochs. Data are means ± SEM from n = 18 mice, 
assessed by Student’s t test. (D) Freezing behavior of mice described in (A) as a percent of time during the testing 
phase of the CFC paradigm. Data are means ± SEM from n = 18 mice. *P = 0.450, Student’s t test.
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infusion at the stereotaxic coordinates (AP, −2.0 mm; ML, ±1.5 mm; 
DV, −1.4 mm) with respect to bregma. Infusions were given over a 
10-min period (0.1 l/min) for a total volume of 1 l (~500 ng of 
plasmid DNA) per hemisphere.

Contextual fear conditioning
Mice were trained to either a weak or strong CFC paradigm in a 
novel context, and long-term memory was assessed upon returning 
the animals to the training context 24 hours after training. The 
weak CFC paradigm consisted of a 118-s baseline followed by a 
single-shock (0.5 mA, 2 s) pairing in the novel context, whereas the 
strong CFC paradigm consisted of a 119-s baseline followed by 
three-shock pairings (0.5 mA, 1 s) with interleaved rest periods of 
59 s each. Twenty-four hours after training, animals were placed 
back into the training context for 5 min to test retention. Freezing 
behavior was scored by Med Associates software.

Collection of whole-area CA1
One hour after training, the whole brain was removed by gross dis-
section and placed in oxygenated (95%/5% O2/CO2) ice-cold cutting 
solution (110 mM sucrose, 60 mM NaCl, 3 mM KCl, 1.25 mM 
NaH2PO4, 28 mM NaHCO3, 0.5 mM CaCl2, 7 mM MgCl2, 5 mM 
glucose, and 0.6 mM ascorbate). The CA1 region of the hippocampus 
was then microdissected from each hemisphere and flash-frozen 
on dry ice.

Collection of dCA1
Animals were euthanized by cervical dislocation after overdosing 
with isoflurane at experiment-specific time points, and the whole 
brain was rapidly removed and immediately frozen on dry ice. The 
CA1 region of the dorsal hippocampus was then dissected out with 
the aid of a mouse brain matrix (Harvard Apparatus) to collect the 
area of CA1 targeted by siRNA or CRISPRa infusions. All tissues 
were stored at −80°C before processing.

Western blotting
Normalized proteins (2 to 10 g) were separated by electrophoresis 
on either 10 or 20% polyacrylamide gels and transferred onto an 
Immobilon-FL PVDF membrane using a turbo transfer system (Bio-
Rad). Membranes were blocked in LiCor blocking buffer and probed 
with primary antibodies for histone H3 (1:1000; Abcam, no. ab1791), 
H3K9me2 (1:1000; Millipore, no. 07-441), H3K27me3 (1:1000; 
Millipore, no. 07-449), and H3K4me3 (1:1000; Millipore, no. 04-
745). Secondary goat anti-rabbit 700CW antibody (1:20,000; LiCor 
Biosciences) was used for detection of proteins using the LiCor 
Odyssey system. All Western blot quantifications were done using 
Image Studio Lite software (LiCor).

Reverse transcription qPCR
RNA was extracted from isolated CA1 or cultured cells using TRIzol reagent 
according to the manufacturer’s recommended protocol (Fisher Scientific). 
RNA yield was quantified spectrophotometrically (NanoDrop 2000c), 
and ~200 ng of RNA was deoxyribonuclease (DNAse)–treated (ampli-
fication grade DNAse I, Sigma-Aldrich), converted to complementary 
DNA (cDNA; iScript cDNA Synthesis Kit, Bio-Rad), and PCR-amplified 
on the CFX 1000 real-time PCR system (Bio-Rad), with primer 
annealing temperatures of 60°C. Full descriptions of primers used 
are in the Supplementary Materials (data file S4). All data were ana-
lyzed using the Ct method (40).

Chromatin immunoprecipitation
ChIP was performed as described previously (33, 41). Briefly, samples 
were fixed in phosphate-buffered saline with 1% formaldehyde for 
10 min at room temperature, chromatin was sheared using a Biorup-
tor XL on high power, and lysates were cleared by centrifugation and 
diluted in tris-EDTA buffer and RIPA buffer. Extracts were mixed with 
MagnaChIP protein A/G beads, and immunoprecipitations were carried 
out at 4°C overnight with 5 g of primary antibody (anti-H3K9me2, 
Cell Signaling, no. D85B4; rabbit IgG, Abcam, no. ab37415) or no 
antibody (control). Immune complexes were sequentially washed with 
low-salt buffer [20 mM tris (pH 8.0), 0.1% SDS, 1% Triton X-100, 2 mM 
EDTA, and 150 mM NaCl], high-salt buffer [20 mM tris (pH 8.1), 
0.1% SDS, 1% Triton X-100, 500 mM NaCl, and 1 mM EDTA], LiCl 
immune complex buffer [0.25 M LiCl, 10 mM tris (pH 8.1), 1% deoxy-
cholic acid, 1% IGEPAL-CA630, 500 mM NaCl, and 2 mM EDTA], 
and TE buffer and eluted into 1× TE containing 1% SDS. Protein-DNA 
cross-links were reversed by heating at 65°C overnight. After proteinase 
K digestion (100 g; 2 hours at 37°C), DNA was purified by phenol/
chloroform/isoamyl alcohol extraction and ethanol precipitation. Im-
munoprecipitated DNA was quantified by spectrophotometry (Nano-
Drop 2000c), and ~15 ng of DNA from each sample was assayed using 
RT-qPCR using primers specific to mouse genes of interest. Full descrip-
tions of primers used are in the Supplementary Materials (data file S4).

RNA-binding protein immunoprecipitation
RIP was performed as described previously (42). Briefly, ~5 g of pri-
mary antibody against Ehmt2 (Abcam, no. ab40542), Ezh2 (Abcam, 
no. ab3748), or normal rabbit immunoglobulin G (Cell Signaling) 
were conjugated with 25 l of MagnaChIP protein A/G beads (EMD 
Millipore). Freshly harvested nuclear pellets from at least 106 N2a 
cells were sheared by Dounce homogenization (15 to 20 strokes) in 
RIP buffer [150 mM KCl, 25 mM tris (pH 7.4), 5 mM EDTA, 0.5 mM 
dithiothreitol, 0.5% NP-40, 1× protease inhibitor cocktail (Sigma-Aldrich), 
and SUPERASin (100 U/ml; Ambion)], cleared using centrifugation 
at 13,000 rpm to remove nuclear membrane and debris, and split into 
fractions for immunoprecipitation. Sheared nuclear extracts were 
mixed with antibody-conjugated MagnaChIP protein A/G beads, and 
immunoprecipitations were carried out at 4°C for 4 hours. Beads 
were then immobilized on a magnetic tube rack, and immune com-
plexes were sequentially washed three times with RIP buffer. Beads 
were then resuspended in 1 ml of TRIzol (Thermo Fisher Scientific), 
and coprecipitated RNAs were isolated according to the manufac-
turer’s recommended protocol. RT-qPCR for Neat1 was then per-
formed as described above.

Statistical analyses
Data from all experiments were analyzed using analysis of variance 
(ANOVA) with Fisher least significant difference (LSD) post hoc test 
or with Student’s t test unless otherwise noted in the figure legend. 
Values were reported in the text, and error bars are the means ± SEM 
unless otherwise noted. All datasets were screened for outliers before 
analysis using Grubb’s test ( = 0.05), and outliers were subsequently 
excluded. Statistical tests were performed in R or Prism 7 (GraphPad). 
Nonparametric tests were used where appropriate, and tests were 
two-tailed unless otherwise noted. For all experiments, n indicates the 
number of biological replicates. For cell culture experiments, this 
indicates the number of independently growing flasks or wells. For 
experiments involving animal behavior, this indicates the number 
of animals used. For experiments involving tissue collection from 
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animals, this indicates the number of animals that we collected the 
tissue from.

Human tissue expression data and analysis
Data from the GTEx Analysis Release V7 [database of genotypes 
and phenotypes (dbGaP) accession no. phs000424.v7.p2] were ob-
tained using the GTEx portal web tool. Expression values plotted 
are in TPM, using the GENCODE-annotated transcript for iso-
forms or a gene-level model based on the GENCODE model with 
isoforms collapsed to single genes. Isoform expression values 
were hierarchically clustered using Euclidean distance and aver-
age linkage; dendrogram scale shows cluster distance. Body plot 
was generated in R from median TPM using the gganatogram 
package (43, 44).

Analysis of bulk RNA-seq and ChIP-seq data
Single- or paired-end RNA-seq data were imported into the public 
Galaxy server at usegalaxy.org directly from the European Nucleotide 
Archive (study accession numbers PRJEB9006 and PRJNA262674) 
in FASTQ format and run through a standardized workflow con-
sisting of quality trimming using TrimGalore! (45) (Galaxy ver-
sion 0.4.2), read alignment using hierarchical indexing for spliced 
alignment of transcripts (HISAT) (46) (Galaxy version 2.0.3), and 
feature counting using featureCounts (Galaxy version 1.4.6.p5). In-
dividual count files were grouped by treatment, and differential ex-
pression testing was performed using DESeq2 (47) (Galaxy version 
2.11.39). All reference genomes and annotations were obtained 
from GENCODE releases current at the time of analysis, including 
the Genome Reference Consortium Mouse Build 38 patch release 5 
(GRCm38.p5) and evidence-based annotation of the mouse genome 
(GRCm38), version M16 (Ensembl 91), human build GRCh38, and 
the human annotation Release 25 (GRCh38.p7). GO enrichment 
was assessed using a PANTHER Overrepresentation Test web tool 
provided by the Gene Ontology Consortium (48, 49) (release date, 
28 November 2017). DAVID functional annotation was used to as-
sess gene set enrichment for GAD_DISEASE_CLASS using default 
settings (DAVID 6.8).

CHART-seq data were accessed using the National Institutes of 
Health (NIH) SRA Toolkit from accession PRJNA252626 and ana-
lyzed using similar read quality control and alignment tools as de-
scribed above. CHART-seq peaks were called using the MACS2 
algorithm (50, 51). Overlapping peaks were combined into a single 
peak, as recommended for input into ChIP-Enrich package. Using 
the ChIP-Enrich R package (28) (version 2.4.0), CHART-seq peaks 
from MACS2 were assigned to the nearest transcription start site, 
and GO enrichment was assessed for Biological Processes and Mo-
lecular Functions.

scRNA-seq analysis
Data were obtained from the European Bioinformatics Institute’s 
Single-cell Expression Atlas. T-distributed Stochastic Neighbor 
Embedding (t-SNE) plots were constructed using TPM values from 
the transcriptomes of 3589 single cells biopsied from four patients 
with glioblastoma (24). Unbiased clusters were generated using a 
t-SNE perplexity of 10; plots were colored according to biased in-
ferred cell type, as reported by the authors of the dataset. Biopsied 
tissue included cells from the tumor core and peripheral tissue; 
however, all cells inferred to be neurons were collected from non-
cancerous tissue adjacent to the glioblastoma.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/588/eaaw9277/DC1
Fig. S1. NEAT1 expression is uniquely reduced in the human CNS, and baseline expression is 
low in human neurons relative to other cell types.
Fig. S2. Neuronal regulation of immediate early genes after NEAT1 knockdown.
Fig. S3. Validation of NEAT1 abundance manipulation using RNA interference and CRISPRa.
Fig. S4. Age-related increase of H3K9me2 in dCA1.
Fig. S5. Quality control plots from ChIP-Enrich.
Data file S1. GTex tissue data.
Data file S2. iPSC differentially expressed genes.
Data file S3. ChIP-Enrich GO results.
Data file S4. Primers and oligos.
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tests, whereas overexpressing NEAT1 in the hippocampus of younger mice impaired performance. These findings reveal
memory-associated gene. Depleting NEAT1 in old mice improved their performance in memory-associated behavior 

, a criticalc-FOSaged hippocampus and facilitated histone methylation that suppressed the expression of 
was present in greater amounts in the−−which is more commonly associated with cancer−−long noncoding RNA NEAT1

 derived human neurons, the authors found that the−happens. Using mice, mouse hippocampal neurons, and stem cell
 identified one way by which that et al.It is an unfortunate aspect of aging that memory tends to decline. Butler 
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