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Long noncoding RNA GM12371 acts as a
transcriptional regulator of synapse function
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Despite the growing evidence suggesting that long noncoding
RNAs (IncRNAs) are critical regulators of several biological pro-
cesses, their functions in the nervous system remain elusive. We
have identified an IncRNA, GM12371, in hippocampal neurons that
is enriched in the nucleus and necessary for synaptic communica-
tion, synapse density, synapse morphology, and dendritic tree
complexity. Mechanistically, GM12371 regulates the expression of
several genes involved in neuronal development and differentia-
tion, as well as expression of specific IncRNAs and their cognate
mRNA targets. Furthermore, we find that cAMP-PKA signaling up-
regulates the expression of GM12371 and that its expression is
essential for the activity-dependent changes in synaptic transmis-
sion in hippocampal neurons. Taken together, our data establish a
key role for GM12371 in regulating synapse function.

long noncoding RNA | synaptic plasticity | synapse morphology |
synapse function | gene expression

One of the most important challenges in modern molecular
neurobiology is to understand the dialogue between genes
and synapses. Decades of studies have led to the identification of
key molecular players that govern synapse function. For exam-
ple, neurotransmitter receptors at postsynaptic compartments
(1-3), synaptic vesicle release machinery at presynaptic com-
partments (4, 5), various pre- and postsynaptic scaffolding
proteins (1-3, 6), transsynaptic signaling (7), and translation ma-
chinery at the synapse (8-10) have been identified. In the nu-
cleus, expression of specific genes and remodeling of chromatin
(11-16) are known to regulate synapse function. However, the
molecular underpinnings of how changes in gene expression re-
sults in regulating synapse function remain to be understood in
detail. Particularly, we know little about the contribution of the
noncoding transcriptome in regulating synapse function. The
noncoding transcriptome is highly diverse and includes ribosomal
RNAs (rRNAs), transfer RNAs (tRNAs), microRNAs (miRNAs),
and long noncoding RNAs (IncRNAs) (17-22). Among these, the
neurobiology of IncRNAs remains the least understood. A large
number of IncRNAs have now been discovered as a consequence
of unbiased sequencing of genomes and transcriptomes (23-27).

IncRNAs are transcripts that are more than 200 nucleotides
long and are important regulators of gene expression (23-28).
An increasing number of functional studies have established that
IncRNAs regulate almost every stage of gene expression, from
epigenetic modifications in the nucleus (29-31) to messenger
RNA (mRNA) stability (32-34) and translation (35) in the cy-
toplasm. Recent studies have also profiled IncRNA metabolism
profiles relative to mRNAs, demonstrating that IncRNAs differ
in their half-lives, posttranscriptional modifications, subcellular
localization patterns, and sequence conservation (19, 36). No-
tably, while the promoters for IncRNAs show high sequence
conservation, the gene products show less conservation, although
the presence of IncRNA orthologs across species (37, 38) have
been documented. Despite this trend, IncRNAs have been shown
to hold important regulatory functions in mammalian neurons.

www.pnas.org/cgi/doi/10.1073/pnas.1722587115

Previously, it has been shown that Malatl—a 7-kb single exon
lincRNA—is highly enriched in nuclear speckles in the mouse
hippocampus. This transcript, while showing low sequence conser-
vation between rodents and humans, regulates alternative splicing
of genes involved in nuclear organization and neuronal function
(39). It has also been shown that a natural antisense transcript of
BDNF can regulate BDNF expression in the mouse hippocampus,
and shows only partial conservation within the BDNF overlapping
region (40). Furthermore, the noncoding RNA BC1 regulates
fragile X mental retardation protein-mediated protein synthesis in
dendrites (41). While these discoveries suggest the significance
of IncRNAs in the brain, fundamental gaps remain in our un-
derstanding of whether and how IncRNAs regulate synaptic
transmission, synaptic architecture, and synaptically relevant
protein-coding gene expression.

Here we describe the identification and characterization of an
IncRNA, GM12371. We find that GM12371 is critical for syn-
apse function in hippocampal neurons. Inhibition of its function
resulted in a decrease in synaptic transmission, total synapse
density, number of mushroom spines, and dendritic arborization.
We also identified molecular targets of this IncRNA; among them
are two IncRNAs that regulate expression of synaptically pertinent
mRNAs in cis. Furthermore, we find that expression of GM12371 is
regulated by cAMP-PKA signaling and that expression of GM12371 is
necessary for the activity-dependent changes in synaptic transmission.

Significance

Neuronal functions of long noncoding RNAs (IncRNAs) are
poorly understood. Here we describe identification and func-
tion of IncRNA GM12371 in regulating synaptic transmission,
synapse density, and dendritic arborization in primary hippocam-
pal neurons. GM12371 expression is regulated by cAMP signaling
and is critical for the activity regulated synaptic transmission.
Importantly, GM12371 is associated with transcriptionally ac-
tive chromatin and regulates expression of several genes in-
volved in neuronal growth and development. Taken together,
these results suggest that GM12371 acts as a transcriptional
regulator of synapse function.

Author contributions: S.V.P. designed research; B.L.R,, S.S., Y.A,, X.-A.L,, E.G., and K.B.
performed research; B.L.R., S.S., Y.A,, AR, B.D.P.,, and S.V.P. analyzed data; and B.L.R.,
S.S., E.G., and S.V.P. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: The sequences reported in this paper has been deposited in the GenBank
NCBI BioProject database (accession no. PRINA356039).

'X.-A.L. and E.G. contributed equally to this work.
2To whom correspondence should be addressed. Email: sputhanv@scripps.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1722587115/-/DCSupplemental.

Published online October 8, 2018.

PNAS | vol. 115 | no.43 | E10197-E10205

1]
®]
H
w
o
wv
o
o«
>
w
H



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1722587115&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.ncbi.nlm.nih.gov/bioproject?term=PRJNA356039
mailto:sputhanv@scripps.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1722587115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1722587115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1722587115

Results

Discovery of GM12371. Our previously published work has un-
covered differentially expressed IncRNAs in the hippocampus,
as well as hippocampal subregions (23). Using IncRNAs iden-
tified in this study, we employed a candidate approach by
quantitative real-time PCR (qPCR) to identify IncRNAs
expressed in mouse primary hippocampal neurons. We identi-
fied IncRNA GM12371, transcribed from chromosome 4 (Fig.
1A4), as expressed in primary hippocampal neurons. We next
confirmed its neuronal expression by FISH using a digoxigenin

(DIG)-labeled 300-nt-long riboprobe (SI Appendix, Fig. S14)
and found that GM12371 is mostly localized in the nucleus.
To explore the potential role of GM12371, we first asked
whether its expression is necessary for synaptic communication
in primary hippocampal neurons. We carried out loss-of-function
experiments by depletion of GM12371 using locked nucleic acid
long RNA gapmeR oligonucleotide (gapmeR)-assisted knock-
down (42, 43) in hippocampal neurons. To assess the efficiency
of knockdown, we used three different gapmeRs against
GM12371, as well as a mix that contained all three gapmeRs. A
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Fig. 1. Expression of INcRNA GM12371 is required for sEPSCs of synapses of hippocampal neurons. (A) Chromosomal position of GM12371. (B) Analysis of
knockdown of GM12371 by three different gapmeRs and a gapmeR mix. A nontargeting gapmeR was used as specificity control. Expression level of actin
mRNAs was used to assess nonspecific targeting effect of gapmeRs. Error bars are SEM, ***P < 0.0001, one-way ANOVA followed by Tukey test. (C) FISH
analysis of knockdown of GM12371 by gapmeR B3 in primary hippocampal neurons. A nontargeting gapmeR was used as control for knockdown. A DIG-
labeled riboprobe (S/ Appendix, Fig. S1) was used to visualize cellular localization of GM12371. Two representative confocal projection images are shown for
each condition. (Scale bars, 20 pm.) (D) Quantification of FISH data shown in C. Number of neurons analyzed: nontargeting gapmeR control = 166,
GM12371 knockdown = 180, Error bars are SEM, ***P < 0.0001, Student’s t test. (E) Experimental outline for patch clamp electrophysiology to measure
SEPSCs. (F) Two representative traces of sEPSC measurements in hippocampal neurons following control or GM12371 knockdown (KD) using gapmeRs. (G)
Representative traces of sEPSCs recording show a decrease in sEPSC amplitudes in gapmeR B2 (green) and gapmeR B3 (red) groups relative to the control
gapmeR (black). (H and /) Quantitation of changes in SEPSC amplitude and frequency, respectively. Bar graphs show percent changes in amplitude/frequency
of sEPSCs. Error bars are SEM, *P < 0.05, ***P < 0.0001, one-way ANOVA followed by Tukey test. (/ and K) Cumulative probability of changes in sEPSC
amplitude and frequency respectively following GM12371 knockdown by gapmeRs. (Control gapmeR, n = 37; gapmeR B2, n = 35; gapmeR B3, n = 35). HP,
hippocampus.
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Fig. 2. GM12371 regulates spine density, spine morphology, and dendritic tree complexity in hippocampal neurons. (A) Experimental outline. (B) Two
representative confocal projection images of spines collected at different conditions are shown. (Scale bar, 20 um.) Two different gapmeRs were used to
knock down GM12371. A nontargeting gapmeR was used as control for knockdown. (C) Quantification of total spine density. Bar graphs show number of
spines per 100 pm of distal dendrites quantified in EGFP control, control gapmeR, and gapmeR B2 and B3 knockdown neurons. (D) Quantitation of specific
changes in spine morphology. Number of neurons analyzed for EGFP control = 20, gapmeR control = 18, gapmeR B2 = 17, gapmeR B3 = 24. (E) Sholl analysis to
assess the effect of GM12371 knockdown on dendritic tree complexity. Shown are confocal projection images of EGFP expressing hippocampal neurons
following transfection by nontargeting gapmeR (neg control), gapmeR B2 (GM12371 KD_B2), and B3 (GM12371 KD_B3) to specifically knock down GM12371.
(Scale bars, 20 um.) (F) Bar graphs show number of intersections at varying distances from soma. Number of neurons analyzed for gapmeR control = 18, gapmeR

B2 = 18, gapmeR B3 = 25. Error bars are SEM, *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA followed by Tukey test.

nontargeting gapmeR was used as a specificity control. gPCR
analysis in Fig. 1B shows that the gapmeRs we synthesized could
specifically knockdown GM12371 in hippocampal neurons [fold-
change in GM12371 levels compared with control nontargeting
gapmeR: 0.88 + 0.012, gapmeR B1 0.32 + 0.05, B2 0.19 + 0.01,
B3 0.12 + 0.02, mix (B1 + B2 + B3) 0.27 + 0.05; fold-change in
actin mRNA levels compared with vehicle control: nontargeting
gapmeR 1.5 + 0.2, gapmeR B1 1.2 + 0.2, B2 1.2 + 0.0.14, B3
1.2 + 0.0.13, mix (B1 + B2 + B3) 1.3 + 013; n = 4 for all; P <
0.05, one-way ANOVA followed by Tukey test] (Dataset S1,
Table S1). We then confirmed the gapmeR-mediated knock-
down of GM12371 in hippocampal neurons using FISH analysis
(Fig. 1 C and D) (percent mean fluorescence intensity of
GM12371 staining in neurons following knockdown by gapmeR
B3 compared with nontargeting gapmeR: 52.4 + 8.7, P < 0.05;
n = 20; unpaired two-tailed ¢ test) (Dataset S1, Table S1).

To examine whether GM12371 has a critical role in synaptic
communication, we measured the effect of knockdown of GM12371
on spontaneous excitatory postsynaptic currents (SEPSCs), using
whole-cell patch-clamp recordings (Fig. 1 E and F). To knock
down GM12371, we used two different gapmeRs (B2 and B3) (SI
Appendix, Fig. S1B) identified from the above experiments. A
nontargeting gapmeR was used as a specificity control. As shown
in Fig. 1 F-K, we found that both gapmeRs produced a decrease
in SEPSCs. Specifically, we observed a decrease in the amplitude
and frequency of sEPSCs following GM12371 knockdown com-
pared with the nontargeting gapmeR control (amplitude: control
gapmeR, n =37, 100 + 7.8% vs. gapmeR B2 knockdown, n = 35,
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7212 + 5.07%, and gapmeR B3 knockdown, n = 35, 66.24 +
4.86%, P = 0.0003139, one-way ANOVA followed by Tukey test;
frequency: control, n = 37, 100 + 24.12%, gapmeR B2 knock-
down, n = 35, 35.79.12 + 8.52%, and gapmeR B3 knockdown,
n =35,45.94 + 11.29%, P = 0.01418, one-way ANOVA followed
by Tukey test).

Because the amplitude of EPSCs is related to the postsynaptic
strength, whereas the frequency is correlated to the number of
functional synapses and to the presynaptic release machinery,
these results suggest that GM12371 has a significant role in ex-
citatory synaptic transmission in hippocampal neurons. We then
calculated the multiplicative shift in sEPSCs and found that
SEPSC events from neurons with gapmeR B2 knockdown and
with gapmeR B3 knockdown were decreased by a multiplicative
factor of 0.72 and 0.66, respectively (compared with control
gapmeR). It was previously shown that a multiplicative shift in
the cumulative probability fraction of EPSC amplitudes is in-
dicative of a cell-wide change in synaptic strength (44, 45). Taken
together, these results suggest that normal expression of GM12371
is necessary for maintaining excitatory synaptic transmission in
hippocampal neurons.

GM12371 Expression Regulates Spine Density and Dendritic Tree
Complexity. The changes we observed in synaptic communica-
tion with GM12371 knockdown suggested specific disruptions
at the synapse, such as reduction in spine density or a specific
change in spine morphology. Alternatively, the reduction in
synaptic transmission may be indicative of more subtle molecular
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defects at pre- and postsynaptic compartments. Therefore, to
understand the mechanism underlying the regulation of synaptic
transmission by GM12371, we first assessed whether knockdown
of GM12371 can produce structural changes in hippocampal
neurons. To address this, hippocampal neurons were transfected
with pEGFPNI1 to visualize neuronal architecture and confocal
projection images were collected (Fig. 24). Using confocal live
cell imaging, we examined spine morphology and assessed spine
density and spine type in GFP-labeled hippocampal neurons
following knockdown of GM12371 by the two gapmeRs we used
in the electrophysiology experiments. The image analyses (Fig. 2
B-D) showed that knockdown of GM12371 produced a decrease
in total synapse density in hippocampal neurons, a specific de-

A <

crease in mushroom and stubby spines, and an increase in thin
spines (total spine density expressed as percentage of EGFP
control; nontargeting gapmeR: 90.6 + 1.6; gapmeR B2: 58.1 +
1.7; gapmeR B3: 60.7 + 3.1, P < 0.05, unpaired two-tailed ¢ test;
spine morphology: mushroom, stubby, thin spines: EGFP control
48.2 +£5.5; 5.9 + 1.8; 45.8 + 3.9; nontargeting control gapmeR:
41.5 £ 2.8; 17.3 = 3; 41.2 + 3.8; gapmeR B2 25.5 3; 154 + 4.6;
58.9 + 2.1; gapmeR B3 30.6 + 2.3; 16.5 + 3.5; 529 + 3.1 P <
0.05 for mushroom and thin spines, one-way ANOVA followed
by Tukey test) (Dataset S1, Table S2) following GM12371 knockdown.

Because we observed a major change in spine morphology
with GM12371 knockdown, we asked whether GM12371 expres-
sion might be critical for dendritic tree complexity. As described in
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Fig. 3. Mechanism of action of GM12371. (A) Circos plot showing genome-wide differentially expressed IncRNAs and mRNAs from RNAseq analysis (n = 3) of
hippocampal neurons transfected with gapmeR B2 to knock down GM12371 and a control nontargeting gapmeR. The outer ring displays the chromosomes
annotated with GM12371 and two IncRNA:mRNA pairs. The middle track shows log, relative changes of IncRNAs, and the inner track shows log, relative change of
protein-coding genes belonging to three selected functions (cellular development, growth, and differentiation in red) and all other protein-coding genes (blue).
(B) Experimental outline for assessing regulation of INcRNA:mRNA pairs by qPCR. (C-E) qPCR analysis of IncRNAs and mRNAs following GM12371 knockdown n =5
(C), IncRNA GM 10863 knockdown, n = 6 (D), and GM13292 knockdown n = 6 (E). Expression of GAPDH, Kif2A, and CamK2G were used as controls for
nonspecific effects of gapmeRs in D and E. Data normalized to 185 rRNA levels. Error bars are SEM, *P < 0.05, **P < 0.01, unpaired two-tailed t test.
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the spine analysis experiments above, hippocampal neurons were
transfected with pEGFPN1 to visualize neuronal architecture
and confocal projection images of dendritic arbors were col-
lected for Sholl analysis (46). Intriguingly, GM12371 knockdown
produced a significant reduction in dendritic tree complexity
(Fig. 2 E and F) (distance from soma 30, 40, 50, 60, and 70 pm;
number of intersections EGFP control: 35.2 + 3,2; 47.6 + 4.2;
47.8 £3.2;46.4 +£3;37.2 + 3.7; gapmeR B2: 18.1 £ 1.1; 25 + 2.5;
277 + 4; 26.4 + 3.6; 17.1 + 1.5; gapmeR B3: 23.2 + 2.3; 27.2 +
2.9;26 £ 2.5;31.4 £ 3.9; 23.75 £ 5.2, n = 12, P < 0.05, one-way
ANOVA followed by Tukey test) (Dataset S1, Table S2). To
assess whether the morphology changes that we observed in day
in vitro (DIV) 17 neurons also occur in younger neurons that we
used in the electrophysiology experiments, we carried out im-
aging analysis as described in Fig. 2. Data shown in SI Appendix,
Fig. S2 suggest that expression of GM12371 is also required for
dendritic arborization and spine density in DIV 10-12 neurons.
Taken together, these results suggested that normal expression
of GM12371 is essential for spine density and morphology and
dendritic tree complexity.

Molecular Targets of GM12371 Reveal a trans Mechanism of Action.
We next investigated the molecular mechanism underlying
GM12371 function in neurons. Because of its nuclear localiza-
tion, we considered its role as a regulator of transcription. As
described earlier, several studies have shown that IncRNAs im-
pact cell function by modulating transcription of their RNA
targets that may lie within close proximity of the IncRNA tran-
scription site (cis regulation) or elsewhere in the genome (trans
regulation) (25, 27, 28). Therefore, to understand the molecular
basis of the neuronal phenotypes we observed due to GM12371
knockdown, using the University of California, Santa Cruz
(UCSC) Genome Browser (mm10) we first searched for tran-
scripts that are within 200 kb of the GM12371 locus, on chro-
mosome 4. Changes in the levels of specific transcripts within the
200-kb region of GM12371 following its knockdown would sug-
gest cis regulation of targets by GM12371. The only such gene we
identified within its genomic locus was the protein-coding gene
lingo2. However, our qPCR results showed that GM12371
knockdown did not produce any significant change in the lingo2
mRNA levels (SI Appendix, Fig. S3 and Dataset S1, Table S3),
suggesting that GM12371 likely modulates the expression of its
molecular targets by a frans mechanism. To address the possi-
bility of trans regulation of gene expression, we analyzed global
changes in the neuronal transcriptome using next-generation
RNA sequencing (RNAseq) following GM12371 knockdown.
Differential expression analysis between GM12371 knockdown
and control yielded 908 mRNAs and 7 IncRNAs (n = 3 biological
replicates; adjusted P < 0.05) (Dataset S1, Tables S4-S7) in
hippocampal neuronal cultures. Circos plot analysis of the
RNAseq data show that these mRNAs and IncRNAs are tran-
scribed from different chromosomes (Fig. 34), suggesting a
genome-wide effect, and possibly a frans mechanism underlying
GM12371 function.

We then validated the RNAseq data by analyzing 19 differen-
tially expressed mRNAs (10 down-regulated and 9 up-regulated)
by gPCR following knockdown of GM12371. Consistent with the
RNAseq data, qPCR analyses of these mRNAs also showed a
differential expression pattern following GM12371 knockdown
(81 Appendix, Fig. S4 and Dataset S1, Table S8) (n = 6, P < 0.05,
unpaired two-tailed ¢ test).

Indicative of the lack of IncRNA characterization in neurons,
none of the differentially expressed IncRNAs we identified are
known to have any specific neuronal function. To understand the
biological significance of the differentially expressed mRNAs, we
looked to see if any pathways were either down- or up-regulated
with GM12371 knockdown. Ingenuity pathway analysis of dif-
ferentially expressed mRNAs (Dataset S1, Tables S9-S12) have
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identified three canonical pathways: glutamate receptor signal-
ing, bone morphogenetic protein (BMP) signaling, and synaptic
long-term depression, which are significantly down-regulated
(P < 0.05) following GM12371 knockdown. We next analyzed
RNAseq data by gene ontology (GO) analyses and identified
molecules involved in cell-cell signaling, cellular development,
maintenance, nervous system development and function, and
tissue morphology that are down-regulated (SI Appendix, Figs.
S5 and S6) following GM12371 knockdown. These pathways are
indicative of the structural and morphological phenotypes we
observed upon knockdown of GM12371, suggesting that GM12371
regulates expression of specific genes that are critical for
synapse function.

To better understand the frans regulation mechanism of gene
expression by GM12371, we next studied RNA targets of dif-
ferentially expressed IncRNAs we identified from RNAseq data.
Using the UCSC Genome Browser we searched for IncRNA:
mRNA pairs (mRNAs located within 200 kb of the IncRNA gene
body). We then examined whether these mRNAs are also dif-
ferentially expressed due to knockdown of GM12371 (Dataset
S1, Tables S4-S7). This analysis identified four IncRNA:mRNA
pairs of potential interest (49305:BMP6, GM10863:Sox10,
GM13292:PRKCq, 393042:IRS2).

To assess whether these IncRNA:mRNA pairs are indeed
targets of GM12371, we examined GM12371 knockdown-
induced changes in gene expression using qPCR (Fig. 3B and
Dataset S1, Table S13). Fig. 3C shows that the expression levels
of BMP6, Sox10, and PRKCq (protein kinase C 6) are down-
regulated upon GM12371 knockdown (normalized fold-change
compared with control gapmeR: BMP6 0.5 + 0.05; Sox10: 0.5 +
0.07; PRKCq 0.74 + 0.09, n = 5, P < 0.05, unpaired two-tailed
t test), whereas expression of IRS2 did not change. Among
the four IncRNA candidates, the expression levels of three
(GM10863, GM13292, 393042) changed significantly (normal-
ized change compared with control gapmeR: GM 10863 0.52 +
0.18; GM13292 2.4 + 0.09; 393042 0.6 393042 0.01, n =5, P <
0.05, unpaired two-tailed ¢ test) with GM12371 knockdown.
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tive chromatin. (4) Schematics of the native ChiP to assess transcriptionally active
chromatin and associated RNAs. A histone marker of transcriptionally active
chromatin, H3K27ac, was used in the ChIP analysis. (B) Experimental timeline
for GM12371 knockdown and forskolin treatment for ChIP experiments. (C)
qPCR analysis of GM12371 and cFOS promoter in ChIP. (D) qPCR analysis of
GM12371 and cFOS RNA in ChIP. (E) gqPCR analysis of GM12371 and
GM10863 IncRNAs in the ChIP following the knockdown of GM12371 by
gapmeR B3. A nontargeting gapmeR was used as a specificity control. All
groups are normalized to IgG control, before indicated control group nor-
malization. Bar graphs show fold-enrichment in the ChIP following forskolin
stimulation. Error bars are SEM, n = 5, unpaired two-tailed t test, *P < 0.05,
**P < 0.01. FSK, forskolin; Prm, promoter.
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Importantly, these results show that expression of Sox10 mRNA
is positively correlated with the expression of its cognate IncRNA
GM10863, whereas expression of PRKCq is negatively corre-
lated with the expression of its cognate IncRNA GM13292. The
expression of IncRNA (#49305) for BMP6 did not change sig-
nificantly with GM12371 knockdown (normalized change com-
pared with control gapmeR 1.2 + 0.13). Similarly, IRS2 mRNA
did not change (normalized change compared with control
gapmeR 1.07 + 0.22), although levels of its putative IncRNA
changed with GM12371 knockdown.

We thus focused our efforts on the two IncRNA:mRNA pairs
validated by qPCR. Sox10 is a transcription factor known to be
involved in neuronal crest differentiation (47-50) and PRKCq is
involved in modulating synapse elimination (51). Recently, the
Sox family member, Sox5, has been implicated in autism spec-
trum disorder (52). However, the regulation of Sox10 and
PRKCq expression by IncRNAs in neurons remains unknown.

We first examined whether gapmeR-mediated knockdown of
GM10863 and GM13292 IncRNAs would result in the predicted
corresponding expression of the respective mRNA targets (Sox10
and PRKCq) by qPCR (Fig. 3B). GAPDH, Camk2G, Kif2A,
IncRNA MALAT1, and GM12371 levels were used as controls
(Dataset S1, Table S13). Consistent with our hypothesis that
GM10863:Sox10 and GM13292:PRKCq are indeed IncRNA:
mRNA pairs, we found that knockdown of GM10863 specifically
reduced the expression of Sox10 mRNA and that knockdown of
GM13292 enhanced the expression of PRKCq mRNA (Fig. 3 D

and E) (n = 6; P < 0.05, unpaired two-tailed ¢ test). Taken to-
gether, our results indicate that these two IncRNA:mRNA pairs
are regulated by GM12371 by a frans mechanism.

GM12371 Is Associated with Transcriptionally Active Chromatin. Given
its nuclear localization, we hypothesized that GM12371 regulates
transcription by direct association with chromatin. We asked
whether neuronal activation could lead to recruitment of GM12371
RNA to the transcriptionally active chromatin. Therefore, we car-
ried out native chromatin immunoprecipitation (ChIP) (53) exper-
iments and isolated both DNA and RNA from immunoprecipitated
complexes (Fig. 4 A and B). Specifically, we analyzed the H3K27ac
modification, which has been previously studied in activity-
dependent hippocampal function (54). We immunoprecipitated
H3K27ac complexes from hippocampal neurons exposed to for-
skolin that increased cAMP levels leading to transcriptional
changes. Forskolin has been used to elicit chemically induced long-
term potentiation in neuronal cultures (55) as well as in hippo-
campal slices (56). To assess the promoter of GM12371, we utilized
publicly available ENCODE data from mouse early-postnatal
forebrain H3K27ac ChIP (Gene Expression Omnibus accession
no. GSE82428) and designed primers spanning the region upstream
of the transcriptional start site with the most sequencing coverage.
As a positive control, we also measured enrichment of the cFos
promoter. IgG alone in ChIP assays were used to normalize data.
We find that the GM12371 promoter was enriched in H3K27ac
complexes immunoprecipitated from forskolin-treated neurons

A & Y A
Primary HP neuron GM12371 KD/control Forskolin,
culture DIV 0 DIV 14 gRTPCR
B DIV 17
— 2.5)8 FsK [ FSK+Control GapmeR C
(] + [ FSK+GM12371KD
2 I ) . A A A
3 20 Primary HP Neuron GM12371 KDJcontrol PF?rﬁk‘?"”v
S . . Culture DIV 0 DIV 6-9 aDTV; ?;“P
w 45 i . :
o D Control Forskolin
3 T T
O 1.0
g T T T
= * i
o B 10 pA
5 o5 . Forskolin + GM12371 KD P
x E 1sec
00 NDO O D D
AT 0070 N 97 (O
&8
@"P{’b@@%60+§\%m ¢ Forskolin
[N (&) J40 pA Forskolin + nontargeting gapmeR
0.04 sec Forskolin + gapmeR B3
% 75 250 o
2 2. =10
=1 200 =1.0 3"
o) ©
€ 50 © o
< 150 ] o
£ a o
(9]
qé’zs 100 gos5 - Control _(_zs 0.5 _control
g 50 3 ~GM12371KD 3 - GM12371KD
&) . 2 €
° 0 =
X =1 (@]
0 O 0.0/ 0
& O 0 100 200 300 400 0 5000 10000
S 00«\ ,54\ Amplitude (pA) Inter-events interval (msec)
NV
OQ OQ

Fig. 5. Expression of GM12371 is necessary for the forskolin-induced enhancements in synaptic transmission. (A) Experimental outline for assessing forskolin
(FSK)-induced changes in GM12371 and its INcRNA:mRNA targets. (B) gPCR analysis of forskolin-induced changes in the expression of INcRNA:mRNA targets
following GM12371 knockdown. Bar graphs show fold-changes. Data normalized to 18s rRNA levels. *P < 0.05, Student'’s t test. (C) Experimental outline for
assessing the necessity of GM12371 expression for forskolin-induced changes in synaptic transmission. (D) One representative sEPSC traces of control, for-
skolin, and two representative traces of forskolin + GM12371 knockdown (KD) are shown. (E) Representative sEPSC traces showing changes in amplitude in
the presence of forskolin, forskolin + control KD, and forskolin + GM12371 KD. (F and G) Bar graphs showing percent changes in the amplitude and frequency
following GM12371 KD in the presence of FSK. ****P < 0.0001, one-way ANOVA followed by Tukey test. (H and /) Cumulative probability analysis showing

changes in the amplitudes and frequencies of sEPSCs.
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(Fig. 4C) (fold-change compared with DMSO, cFos: 1.9 + 0.26;
GM12371: 1.7 + 0.14, n = 5; unpaired two-tailed ¢ test, P < 0. 01).
We then purified chromatin-associated RNAs from H3k27ac
ChIP and assessed the abundance of GM12371 IncRNA using
cFos RNA as a negative control. Consistent with its role in tran-
scription, we find that GM12371 is enriched in transcriptionally
active chromatin (Fig. 4D) (fold-enrichment in forskolin com-
pared with DMSO 2.9 + 0.39, n = 5, unpaired two-tailed ¢ test, P <
0.01). Despite its being an immediate early gene, cFos RNA was
not detected, indicating that the RNAs associated with the com-
plexes are not nascent transcripts, but are likely regulatory.

We next asked whether knockdown of GM12371 by gapmeR
would reduce the levels of GM12371 associated with transcrip-
tionally active chromatin and whether its targets are also sub-
sequently affected. As suggested earlier, the GM10863:Sox10
IncRNA:mRNA pair is a trans target of GM12371 (Fig. 3).
Therefore, we assessed the association of GM10863 IncRNA (Fig.
3 C-E) to transcriptionally active chromatin after knockdown of
GM12371. We found that knockdown of GM12371 resulted in a
decrease in the association of both GM12371 and its target
GM10863 IncRNA to transcriptionally active chromatin (Fig.
4F) (fold-change compared with knockdown using nontargeting
control gapmeR, GM12371: 0.17 + 0.07; GM10863: 0.13 + 0.04;
n =5, unpaired two-tailed 7 test, P < 0.05). Taken together, these
results suggest that GM12371 IncRNA associates with active
chromatin to regulate transcription of its targets.

GM12371 Expression Is Necessary for the Activity-Dependent Changes
in Synaptic Transmission. We next asked whether expression of
GM12371 RNA is regulated by forskolin. qPCR analysis of
the expression of GM12371 and two other IncRNAs randomly
selected from our previous study (23) (GM11549, A43008) in ST
Appendix, Fig. S7 shows that IncRNA GM12371 is up-regulated
in response to exposure of 25 uM forskolin (fold-change 2.2 +
0.3; n = 12; P < 0.05, one-way ANOVA followed by Tukey test)
(Dataset S1, Table S14), whereas PKA inhibitor 14-22 amide
blocked this up-regulation (fold-change 1.2 + 0.03; n = 12; P <
0.05, one-way ANOVA followed by Tukey test) (Dataset SI,
Table S14), suggesting cAMP-PKA signaling can regulate
GM12371 levels in hippocampal neurons. Expression levels of
two other IncRNAs were unchanged in primary hippocampal
neurons with forskolin exposure (n = 12; P > 0.05) (Dataset S1,
Table S14). We then investigated the temporal regulation of
forskolin-induced GM12371 expression by carrying out a time
course analysis (SI Appendix, Fig. STB). We observed a signifi-
cant change in GM12371 expression within 10 min of forskolin
exposure; this then increased and peaked at 20 min, but persisted
for 3 h after forskolin treatment [fold-change compared with
DMSO (vehicle) 10 min, 1.9 + 0.09, n = 3; 20 min, 3.6 + 0.78,n =
3;30 min, 3.11 = 0.58,n =6; 1 h, 1.96 + 0.29,n =4; 3 h, 1.86 =
021, n =3; 6 h, 1.23 + 0.18, n = 3; P < 0.05 except for 6 h,
unpaired two-tailed ¢ test]. This activity-dependent expression
pattern suggests that GM12371 acts as an immediate response
gene in the cAMP-PKA signaling pathway.

To further understand the up-regulation of GM12371 by
cAMP signaling, we asked whether expression of GM12371
targets are also affected by activation of the cCAMP signaling.
Based on our data that gapmeR-mediated reduction in GM12371
levels resulted in corresponding changes in two IncRNA:mRNA
pairs—GM10863:Sox10 and GM13292:PRKCqg—we assumed
that we would observe a change in the expression levels of
GM10863:Sox10 and GM13292:PRKCq pairs in a GM12371-
dependent manner in response to activation of cAMP-PKA sig-
naling (SI Appendix, Fig. S7C). We assessed these possibilities by
examining the expression of GM12371 and the two IncRNA:
mRNA pairs following exposure to forskolin in the presence of
GM12371 knockdown (Fig. 5 A and B). qPCR analysis shown
in Fig. 5B suggest that consistent with the trans regulation of

Raveendra et al.

GM10863:Sox10 and GM13292:PRKCq pairs by GM12371, for-
skolin exposure produced an increase in the levels of IncRNAs as
well as their cognate mRNAs (forskolin exposure alone mean fold-
change + SEM: GM12371, 19 + 0.12; GM10863, 1.7 = 0.15;
SOX10, 1.9 + 0.17; GM13293, 0.9 + 0.14; PRKCq 1.7 + 0.16; for-
skolin + nontargeting gapmeR control: GM12371, 2.2 + 0.15;
GM10863, 1.5 + 0.0.09; SOX10, 1.5 + 0.0.05; GM13293, 0.65 + 0.16;
PRKCq 1.6 + 0.04; forskolin + GM12371 knockdown: GM12371,
0.49 + 0.11; GM10863, 0.17 + 0.19; SOX10, 0.51 + 0.06; GM13293,
0.98 + 0.09; PRKCq 0.4 + 0.03, n = 6, unpaired two-tailed ¢ test,
P < 0.05 for comparison between forskolin alone/forskolin +
control gapmeR vs. GM12371 gapmeR, expression changes were
not significant for GM13293). Taken together, these results
suggest that forskolin-induced changes in the GM10863:Sox10
pair depends on GM12371 levels, whereas regulation of the
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Fig. 6. Regulation of GM10863-Sox10 pair by GM12371. (A) Experimental
outline for assessing regulation of GM10863-Sox10 by GM12371. (B)
Western blot analysis of Sox10 protein levels following GM12371 knock-
down, n = 5, and GM10863 knockdown, n = 3. Sox10 protein levels in
protein extracts from hippocampal neurons following IncRNA knockdown
using a specific targeting gapmeR and a nontargeting gapmeR are esti-
mated using Western blots. (Cand D) Quantification of Western blots in B.
Data were normalized to o-tubulin levels. Error bars are SEM, ***P <
0.001, Student’s t test. (E and F) Immunocytochemistry (ICC) analysis of
expression of Sox10, a putative cognate mRNA target of IncRNA
GM10863 following GM12371 knockdown. (E) Two representative con-
focal projection images are shown for each condition (gapmeR B3 to
knock down GM12371 and control nontargeting gapmeR). (Scale bar,
20 pm.) (F) Quantitation of immunocytochemistry data. Number of neurons
analyzed for control gapmeR = 149, gapmeR B3 = 149. CTCF, corrected total
cell fluorescence. ***P < 0.001, Student'’s t test.
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GM13292:PRKCq pair by forskolin might involve multiple
mechanisms. However, in the basal condition, expression of the
GM13292:PRKCq pair is dependent on GM12371 levels.

Because activation of cAMP-PKA signaling produced by for-
skolin exposure results in enhanced synaptic transmission in hip-
pocampal neurons, we next asked whether expression of GM12371
is necessary for forskolin-induced changes in synaptic transmission.
Following GM12371 knockdown, we measured sEPSCs before and
after the treatment of forskolin (25 pM for 5 min) (Fig. 5 C).
Quantitative analysis of SEPSC traces (Fig. 5 D and E) showed a
decrease in sEPSC amplitudes (Fig. 5F) (mean + SEM, non-
targeting gapmeR control: 48.7 + 10.93; GM12371 knockdown
using gapmeR B3: 1.67+ 3.02; P < 0.01, one-way ANOVA followed
by Tukey test) and frequencies (Fig. 5G) (mean + SEM: control
knockdown: 172.12 + 42.51; GM12371 knockdown: —1.71 + 9.9;
P < 0.01, one-way ANOVA followed by Tukey test). Consistent
with these results, cumulative frequency analysis of electro-
physiology data (Fig. 5 H and I) showed differences in both am-
plitude and frequencies, indicating that expression of GM12371 is
necessary for the forskolin-induced changes in synaptic transmission
in hippocampal neurons.

trans Regulation of GM10863:S0x10 Pairs by GM12371. To further
understand the regulation of the specific IncRNA:mRNA pairs,
we next investigated the expression of Sox10 protein levels by
Western blotting and immunocytochemistry following GM12371
knockdown. Western analysis showed a significant reduction in
protein levels (Fig. 6 A-D) (n = 5, normalized intensity per-
centage of control gapmeR 59.6 + 5.25, P < 0.05, unpaired two-
tailed ¢ test) (Dataset S1, Table S15) in the total protein extracts
prepared from hippocampal neurons following 72 h of GM12371
knockdown. We then examined the effect of knockdown of the
IncRNA GM10863 on Sox10 protein levels following knockdown
of GM10863 by gapmeRs. Consistent with our qPCR results (Fig.
6 D-G), our Western analyses (Fig. 6 A-D) (n = 3, normalized
intensity, percentage of control nontargeting gapmeR 3.6 + 2.2, P <
0.05, unpaired two-tailed ¢ test) suggest that Sox10 protein levels
were reduced with GM10863 knockdown. In agreement with the
Western data, immunolabeling of the Sox10 protein in hippocampal
neuron cultures following GM12371 knockdown showed a reduced
level of this protein (Fig. 6 E and F) (normalized mean intensity
percent control gapmeR 63 + 5.2, n = 149, P < 0.05, unpaired two-
tailed ¢ test) (Dataset S1, Table S15). Collectively, these experi-
ments suggest that GM12371 exerts its effects on mRNA expres-
sion levels through a frans mechanism whereby GM12371 expression
on chromosome 4 regulates the expression of IncRNA:mRNA
pairs on chromosome 15 (GM10863:Sox10) and on chromosome 2
(GM13292:PRKCq). Alternately, this regulation can occur indi-
rectly, through activation of downstream cellular pathways might
eventually result in changes in Sox10 and PRKCq expression.

Discussion

Proper development and maintenance of neuronal architecture
and neuronal connections are critical for functioning of neural
circuits. Formation and maintenance of synaptic connections is a
well-orchestrated process that is subjected to transcriptional
control. However, the specific roles of the noncoding tran-
scriptome, especially that of recently discovered IncRNAs in
synapse function, have been poorly understood.

The results presented in this study describe an IncRNA,
GM12371, that plays a key role in synapse function. FISH analysis
suggests that GM12371 is localized in the nucleus and is expressed
in neurons as well as glia, suggesting broad functions in the ner-
vous system. Using loss-of-function studies, we have gained critical
insights into the biological functions of GM12371. Measurements
of sEPSCs in hippocampal neurons suggested its key role in syn-
aptic transmission likely through both pre- and postsynaptic mech-
anisms (Fig. 1). Consistent with our electrophysiology results, we
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found a decrease in total spine density as well as a decrease in
mushroom spines (Fig. 2), often described as learning spines (57,
58). Further characterization of neuronal morphology following
GM12371 knockdown showed a decrease in dendritic tree complexity
(Fig. 2), accentuating the role of GM12371 in synapse function.

To understand the molecular mechanism of action of GM12371,
we first searched for cis-regulated mRNAs or miRNAs. The only
transcript we identified from was lingo2 mRNA; however, we
found that the expression of lingo2 mRNA does not depend on
GM12371 levels. It is possible that GM12371 regulate expression
of other isoforms of lingo2 by a cis mechanism. We next carried out
unbiased transcriptome profiling experiments in hippocampal neu-
rons following GM12371 knockdown to assess whether a trans
mechanism might explain GM12371 function. Analysis of RNAseq
data revealed differential expression of coding and noncoding RNAs
from different chromosomes affected by GM12371 knockdown in-
dicative of a genome-wide effect (Fig. 3). This analysis further sug-
gested that GM12371 selectively regulates the expression of genes
involved in nervous system development, differentiation, and function
(SI Appendix, Figs. S5 and S6 and Dataset S1, Tables S9-S12).

Notably, we confirmed two IncRNA:mRNA pairs among the
molecular targets of GM12371. While we cannot be certain that
all of the effects on transcription of genes are exclusively due to
the GM12371 knockdown in hippocampal neurons, our native
ChIP experiments and characterization of IncRNA:mRNA pairs
suggest transcriptional control by GM12371 consistent with its
nuclear localization. Collectively, these studies provide addi-
tional mechanistic insights into GM12371 function. In support of
a trans mechanism, loss-of-function experiments suggested that
GM12371 (transcribed from chromosome 4) regulates expres-
sion of IncRNA GM10863 and its cis target Sox 10 (on chro-
mosome 15) and IncRNA GM13292 and its cis target PRKCQ
(on chromosome 2).

Intriguingly, the expression of GM12371 and its target IncRNA:
mRNA pairs (GM10863:Sox 10 pair and GM13292:PRKCQ pair)
are regulated by cAMP-PKA signaling (SI Appendix, Fig. S7C).
Exposure to forskolin rapidly up-regulated the expression of
GM12371 as early as 10 min and its expression persisted 3 h after
forskolin exposure, suggesting the potential for GM12371 as an
immediate response gene in the cAMP-PKA signaling pathway.
Furthermore, the regulation of GM12371 expression by forskolin
suggested its possible role in activity-dependent changes in syn-
aptic communication. Consistent with this assumption, we found
that loss-of-function of GM12371 inhibited forskolin-induced en-
hancements in synaptic communication.

In summary, our electrophysiological, imaging, and molecular
experiments demonstrate that the IncRNA GM12371 is essential
for synapse function in hippocampal neurons. Importantly, GM12371
regulates expression of several genes known to be critical for synapse
function. Therefore, IncRNA GM12371 acts as an important com-
ponent of the transcriptional program that ensures proper synapse
function. These results will further advance the molecular biology of
synapse function and the physiological roles of IncRNAs in the
nervous system.

Materials and Methods

Animals, electrophysiology, reagents, imaging, genomics and bio-
informatics, qPCR, and native ChIP are described in S/ Appendix, Experi-
mental Methods. Results of the bioinformatics analysis are given in Dataset
S1. Housing, animal care, and experimental procedures were consistent
with the Guide for the Care and Use of Laboratory Animals (59) and ap-
proved by the Institutional Animal Care and Use Committee of The Scripps
Research Institute.
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