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LSD1n is a H4K20 demethylase regulating memory formation via
transcriptional elongation control
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2Beijing University of Chinese Medicine
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Abstract

We report that a neuron-specific isoform of LSD1, LSD1n, resulting from an alternative splicing
event, acquires a novel substrate specificity targeting histone H4 K20 methylation, both in vitro
and in vivo. Selective genetic ablation of LSD1n leads to deficits in spatial learning and memory,
revealing the functional importance of LSD1n in the regulation of neuronal activity-regulated
transcription in a fashion indispensable for long-term memory formation. LSD1n occupies
neuronal gene enhancers, promoters and transcribed coding regions, and is required for
transcription initiation and elongation steps in response to neuronal activity, indicating the crucial
role of H4K20 methylation in coordinating gene transcription with neuronal function. This study
reveals that the alternative splicing of LSD1 in neurons, associated with altered substrate
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specificity, serves as an underlying mechanism acquired by neurons to achieve more precise
control of gene expression in the complex processes underlying learning and memory.

Introduction

Results

Evidence of the importance of epigenetic mechanisms underlying complex neuronal
processes, including learning and memory, is rapidly emerging~4; hence, neuron-specific
alternative splicing events affecting the histone modification machinery become an
intriguing potential molecular mechanism for the epigenetic control of neuronal gene
transcriptional programs involved in synaptic plasticity and cognition. LSD1/KDM1A was
initially described as a cofactor of the REST-COREST complex® 6, and was reported to
harbor intrinsic enzymatic activity to remove mono- or di- methyl lysine on histone H3 K4
and, in specific circumstances, H3 K9 respectively’: 8. While LSD1 can function as a co-
repressor of specific transcription factors, such as REST, by removing H3K4 methylation on
gene promoters and enhancers, it also has been reported to function as a co-activator of
specific transcription factors by removing H3K9 methylation, suggesting that its intrinsic
substrate specificity determines its biological function on transcription regulation’-10,
Recently, a neuronal splicing variant of LSD1 has been identified, which is dynamically
expressed during mammalian brain development and regulates neurite morphogenesis®.
This initial report suggested that the alternatively spliced LSD1 isoform in neurons has
distinct biological functions compared to its canonical form, even though it adopts a similar
structure compared to the canonical LSD1 in association with CoREST and a histone H3
peptidell.

We investigated the role of the neuronal specific splicing variant of LSD1 (LSD1n) in the
regulation of neuronal gene expression programs and in the cognitive functions of learning
and memory, based on the generation of a conditional knockout mouse model that
specifically deletes LSD1n. In this study, we documented impaired transcriptional response
to neuronal activity with defects in both initiation and elongation steps in the LSD1n
knockout cortical neurons. In addition, the behavioral analysis of LSD1n knockout mice
revealed the essential role of LSD1n for spatial learning and long-term memory formation.
Intriguingly, the neuron-specific alternatively spliced isoform of LSD1 exhibits novel
substrate specificity for histone H4 K20 methylation, suggesting that neuronal specific
alternative splicing event is a mechanism underlying the epigenetic regulation of learning
and memory processes.

LSD1n functions as a histone H4 K20 methylase in vitro

The alternatively spliced exons occur in intron 2 and in intron 8 resulting in the inclusion of
a 60nt exon in intron 2 (E2a), which is ubiquitously expressed, or in the inclusion a 12nt
exon in intron 8 (E8a), which is observed exclusively in neurons (Fig. 1a and Suppl Fig.
S1a)ll. We refer to LSD1 without E8a inclusion as LSD1c (canonical form, which includes
LSD1 and LSD1-E2a), and to LSD1 with E8a inclusion as LSD1n (neuronal form, which
includes LSD1-E8a and LSD1-E2a& E8a) respectively. Using mouse embryonic stem cell
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(ES) as a model of in vitro differentiation, we found that LSD1n was absent in
undifferentiated ES cells, but its expression was highly induced upon retinoid acid (RA)-
induced ES differentiation towards neuronal lineages (Suppl Fig. S1b). Sequence analysis of
vertebrates other than mammals revealed that similar alternative splicing events are present
in turtle and fish, in which four or six amino acids are included upon exon inclusion (Suppl
Fig. S1c), indicating that the alternative splicing of LSD1 gene is conserved during
evolution. Because the LSD1n splicing variant has distinct biological functions compared to
its canonical form1, we were intrigued to know if this variant exhibits distinct enzymatic
activity towards novel substrates. Therefore, we performed in vitro demethylase assays
using recombinant LSD1c and LSD1n proteins purified from bacterial cells (Suppl Fig.
S1d). Surprisingly, when using core histones as substrates, while LSD1c showed an H3 K4
demethylase activity as expected, recombinant LSD1n lost its intrinsic activity toward H3
K4 methylation, but gained a specific demethylase activity towards histone H4 K20 (Suppl
Fig. Sle). In support of our hypothesis that LSD1n specifically removes H4 K20
methylation, we showed that none of the major methylation sites on histone H3 could be
used as a substrate (Suppl Fig. S1e). Moreover, when the lysine 685 in the catalytic domain
of LSD1n was mutated (LSD1m, K685A mutant), the demethylase activity towards H4 K20
was lost (Suppl Fig. S1f, S1g), implying that LSD1n also used a FAD-dependent mechanism
to remove mono- and di-methylation on lysine in vitro, as previously reported’. Similar
H4K20 demethylase activity was observed when nucleosomes were used as substrates in a
CoREST-dependent fashion (Fig. 1b). To further characterize the enzymatic activity of
LSD1n, we used H3K4mel, H3K4me2, H3K9mel, H3K9me2, H4K20mel and H4K20me2
peptides as substrates in the in vitro demethylase assays (Suppl Fig. S2a, S2b, S2c).
Interestingly, LSD1n, although not as robustly as LSD1c, removed methylations on
H3K4mel and H3K4me2 peptides upon adding recombinant COREST (Suppl Fig. S2a), in
accordance with previously reported H3K4 demethylase activity of LSD1n on histone
peptidesl. However, even in the presence of COREST, the H3K4 demethylase activity of
LSD1n was not observed on substrates of core histones or nucleosomes (Fig. 1b and Suppl
Fig. S1e). In similar experiments, neither LSD1n nor LSD1c could demethylate the
H3K9mel or H3K9me2 peptides (Suppl Fig. S2b). Furthermore, we show that LSD1n, but
not LSD1m or LSD1c, removed the methyl group from the H4K20mel and H4K20me2
peptides, although not as robustly as observed on core histones (Suppl Fig. S2c), indicating
that histone peptides are not as effective as core histones for LSD1n as substrates. In
addition, we found that both LSD1c and LSD1n interact with histone H3 or H4 tails in vitro
(Suppl Fig. S3a, S3b), while CoREST interacts with H4 tail (Suppl Fig. S3c). We further
mapped the COREST-H4 interaction region to the N-terminal ELM2 domain of COREST
(Suppl Fig. S3d, S3e), which has been identified in many chromatin-associated proteins
while its function is largely unknown. These observations suggest that COREST enhances
LSD1n enzymatic activity through direct interaction with histone H4. Because LSD1n can
demethylate H4K20 on a truncated histone H4 peptide (H4 aa1l0-30), we speculate that it
may adopt a different conformation compared to the previously reported structure of
LSD1n/CoREST complex with the N-terminal of histone H3 tailll. Novel conformations of
LSD1 have been suggested when LSD1 removes methylation on non-histone substrates such
as p5312.
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The finding that the purified LSD1n was incapable of H3K4 or H3K9 demethylation is in
agreement with the recent report that LSD1n can mediate H3K9me2 demethylation only in
association with Supervilin-containing complex in differentiated neuronal cell lines!3. These
results emphasize the importance of uncovering the global genomic distribution of the
distinct LSD1 isoforms in neurons.

LSD1 occupies gene promoters and enhancers

LSD1 has been previously reported to regulate gene expression by occupying active gene
promoters and enhancers® 14, and to function as an enhancer “decommissioner” during
embryonic stem cell differentiation4. However, its roles in differentiated neurons remain
relatively unexplored. In order to identify which genes were direct targets of LSD1c or
LSD1n, genome-wide mapping experiments by chromatin immuno-precipitation coupled
with deep sequencing (ChIP-seq) were performed in mouse cortical neurons using an
antibody that recognizes total LSD1. Using a standard KCI-mediated depolarization protocol
to mimic neuronal activity stimulationl®, we identified 11,218 and 12,701 LSD1-binding
sites in primary cortical neurons in resting and active states respectively, of which 5471
were common binding sites under both conditions (Fig. 1c). LSD1 binding sites were
enriched on gene promoters and enhancers, consistent with previously published LSD1
genome-wide localization analyses® 4. To distinguish LSD1n from LSD1c, we generated
LSD1c and LSD1n transgenic mice, which express FLAG-tagged isoform-specific LSD1
upon tamoxifen-induced Cre-mediated recombination (Suppl Fig. S4a). The expression level
of the transgenic LSD1 isoforms was similar to the endogenous level (Suppl Fig. S4b). We
observed similar genome-localization of LSD1c and LSD1n in ChIP-seq experiments using
anti-FLAG antibody to specifically detect each isoform, indicating that the recruitment of
LSD1 was not isoform-specific (Fig. 1d and Suppl Fig. S4c, S4d). Interestingly, we
observed decreased level of H4K20mel on signal-dependent LSD1-binding sites at
promoters and enhancers after KCIl-mediated depolarization (Fig. 1d, 1e), without significant
changes of other histone marks, except a slightly increased level of H3K4mel on those
LSD1-binding promoters, based on meta-analysis of ChlP-seq experiments (Fig. 1e). These
data suggest that the recruitment of LSD1 correlates with specific removal of H4K20
methylation in a genome-wide fashion. In addition, we observed that neurons over-
expressing LSD1n exhibited decreased global level of H4K20 methylation (Suppl Fig. S4e),
consistent with the observation of LSD1n-dependent H4K20 demethylation activity in vitro.

To explore which transcription factors might recruit LSD1 to these sites, we performed de
novo sequence motif analyses using the HOMER software package®. We found that CTCF
or CTCF-like Boris recognition motifs were specifically enriched in enhancer sites where
LSD1 occupancy was lost after KCIl-mediated depolarization (Suppl Fig. S4f). Conversely,
MEF2 binding motifs were specifically enriched in LSD1-bound enhancer sites gained after
depolarization (Suppl Fig. S4g), while CREB hinding motifs were specifically enriched in
gained LSD1-bound promoter sites (Suppl Fig. S4h). This result suggests that LSD1 may
target enhancer and promoter elements regulated by transcription factors MEF2 and CREB,
which are known to be crucial for neuronal activity-regulated gene transcriptionl’. Indeed,
immuno-precipitation assays revealed that LSD1 could form a complex with both MEF2 and
CREB (Suppl Fig. S4i), supporting the idea that LSD1 might function as a co-regulator of
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these transcription factors. Furthermore, genome-wide mapping of MEF2 by ChIP-seq
confirmed that both LSD1 and MEF2 occupy a subset of neuronal enhancers (Suppl Fig.
S4j, S4k, SalyL7. Specifically, 4482 of 5320 (84%) gained LSD1-occupied enhancers were
also bound by MEF2 (Suppl Fig. S4j), suggesting that MEF2 might recruit LSD1 to these
enhancer sites. Consistent with this prediction, depolarization-induced recruitment of LSD1
was observed on known enhancer elements regulated by MEF2, including those in Npas4,
Arc and Egrl loci (Fig. 1f and Suppl Fig. S4m, S4n). These data suggest a regulatory role of
LSD1 on the neuronal activity-regulated genes.

LSD1n controls neuronal activity-regulated gene expression

To investigate the in vivo role of LSD1n in transcriptional control, we initially performed
global transcriptional profiling analysis by RNA-seq using a conditional knockout model of
LSD1, which deleted both LSD1c and LSD1n upon Cre-mediated recombinationl?. Primary
cortical neurons were cultured for 10 days in vitro before KCI-mediated depolarization (6
hours). We found that KCI-induced gene transcription was largely compromised in cortical
neurons following LSD1 deletion (Suppl Fig. S5a), providing initial evidence that LSD1 is
involved in the regulation of neuronal activity-regulated gene transcription. To assess the
extent by which LSDZ1n contributes to this regulatory mechanism, we generated a
conditional knockout mouse model targeting LSD1n (Fig. 2a). Upon Nestin-Cre mediated
recombination, the LSD1n conditional knockout mice express LSD1c only, while WT
control mice express LSD1n as the dominant form in cortical neurons (Suppl Fig. S5b), and
the total level of LSD1 appeared to be unchanged (Suppl Fig. S5b, S5c). By using this
strategy, we performed global transcriptional profiling experiments by RNA-seq in cortical
neurons isolated from E15.5 embryos of LSD1n knockout or WT control. RNA-seq analysis
revealed that 454 genes were up-regulated following 6 hours of KCI-mediated
depolarization in WT neurons (Suppl Fig. S5d), and that LSD1n-deficient cortical neurons
exhibited an impaired transcriptional response (Suppl Fig. S5d), suggesting that LSD1n was
indispensable for the neuronal activity-regulated gene expression. To determine whether
LSD1n regulates gene expression at the transcriptional or post-transcriptional level, we
performed global run-on coupled with deep-sequencing analysis (GRO-seq)!8, which
enabled us to directly measure transcriptional events. Analysis of the GRO-seq experiments
revealed that 1548 genes were up-regulated 1 hour of KCIl-mediate depolarization in WT
control neurons (Fig. 2b, 2¢). The transcriptional response was significantly impaired in
LSD1n-deficient cortical neurons (Fig. 2b, 2c). For example, transcription of Npas4,
encoding a critical neuronal activity-regulated transcription factor!®, was up-regulated upon
KCI treatment in WT neurons, while its activation was compromised in LSD1n-deficient
neurons (Fig. 2d). Similar results were observed for other neuronal activity-regulated genes,
such as Arc and Egrl (Suppl Fig. S5e, S5f), and were validated by RT-gPCR (Fig. 2e). It
has been reported that some of neuronal activity-regulated enhancers express non-coding
RNAs, called eRNAs®: 20, We found that expression of KCl-induced eRNAs, such as
eRNAs from enhancers of Arc, Fos, Npas4 and Nr4al loci (Suppl Fig. S5g), are decreased
in LSD1n-deficient neurons measured by RT-qPCR (Suppl Fig. S5h), suggesting a
regulatory role of LSD1n on enhancer activity. In addition, LSD1n is bound to the
promoters of the majority of neuronal activity-regulated genes, as shown by LSD1n ChlIP-
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seq (Suppl Fig. S5i), suggesting that LSD1n regulates gene expression of its target genes
acting on binding to both gene promoters and enhancers.

LSD1n removes histone H4 K20 methylation in vivo

To determine the causality between LSD1n-dependent transcriptional changes and histone
demethylation, we performed H3K4mel, H3K9me2, H3K36me3 and H4K20mel ChIP-seq
experiments using WT or LSD1n deficient neurons. While the levels of H3K4mel,
H3K9me2 or H3K36me3 were not significantly changed on LSD1-binding sites at
promoters or enhancers in LSD1n deficient cortical neurons based on meta-analysis of ChlP-
seq experiments (Suppl Fig. S6a, S6b, S6c), the H4K20 methylation levels were
significantly increased on LSD1-bound promoters and enhancers in a genome-wide fashion
(Suppl Fig. S6d). This is consistent with our initial result showing that LSD1n can function
invitro as a H4K20 demethylase (Fig. 1b). Furthermore, we observed no signification
changes or slight decrease of other histone methylation markers including H3K4me2,
H3K9me2 and H3K79me2 on promoters of LSD1n gene targets, including Naps4 and Arc
(Suppl Fig. S6e, S6f, S6g), consistent with our hypothesis that LSD1n specifically targets
H4K20mel but not other methylated histone substrates. Further analysis of
H4K20melChlP-seq revealed that this histone mark was significantly increased on
transcribed coding regions of neuronal activity-regulated genes (Fig. 3a) that are LSD1n-
dependent (Fig. 2b, 2c), consistent with a repressive role of H4K20mel on gene expression.
Supporting the idea of a direct effect of LSD1n deletion on H4K20 methylation, we observe
that the global H4K20 methylation levels are increased in LSD1n deficient neurons (Suppl
Fig. S6h), but reduced in LSD1n over-expressing neurons (Suppl Fig. S4e). These results
strongly support our finding that LSD1n can remove the H4K20 methylation mark in vivo.
Furthermore, the expression level of known H4K20 methyltransferases (Pr-Set7/Setd8,
Suv420h1, Suv420h2) 21 22 and demethylases (Phf8, Phf2) 23-25 js not significantly changed
in LSD1n deficient neurons (based on RNA-seq and GRO-seq experiments), except for a
slight increase of PHF8 proteins (Suppl Fig. S6h), supporting our conclusion of a direct role
of LSD1n as a H4K20 demethylase in cortical neurons. Furthermore, we noticed that the
expression level of Phf8 was low in cortical neurons where LSD1n was abundant (Suppl Fig.
S6i). Consistent with these data, sShRNA-mediated down-regulation of Phf8 did not alter the
KCl-induced transcriptional response of LSD1n target genes (Suppl Fig. S6j, S6k),
suggesting that LSD1n, but not PHF8, mediates the H4K20 demethylation events in
response to neuronal activity in vivo.

We investigated the possibility that LSD1n may utilize both H3K9 and H4K20 methylated
substrates to activate gene expression in cortical neurons, which is particularly intriguing
based on the finding that LSD1n can mediate H3K9me2 demethylation in association with
Supervilin-containing complex?3 that occurs during differentiation protocols. However, we
do not observe significant changes of H3K9me2 levels on LSD1n-binding sites at promoters
or enhancers in cortical neurons (Suppl Fig. S6b, S6f). Instead, we find increased
H4K20mel levels on those targets (Fig. 3a and Suppl Fig. S6d). Because Svil expression is
reported to be transiently induced upon neuronal differentiation in a human neuroblastoma
cell linel3, we determined the expression level of Svil in mouse cortical neurons.
Surprisingly, using validated primer sets and RNA-seq results, Svil expression was found to
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be extremely low in cortical neurons compared to the levels of LSD1 (Suppl Fig. S6i),
suggesting that Svil-dependent H3K9 demethylation may not play a role in LSD1n-
dependent transcriptional control in cortical neurons.

LSD1n promotes transcriptional initiation and elongation

The finding that H4K20mel levels were high across transcribed coding regions, consistent
with a previous reportZ6, suggested that LSD1n might regulate elongation. To test this
hypothesis, we performed RNA polymerase 1l (Pol Il) ChIP-seq experiments using WT
control or LSD1n deficient neurons. Analysis of RNA Pol Il genome-wide distribution
revealed that KCI-mediated depolarization leads to an induction of both transcriptional
elongation and initiation steps, as shown by the increased RNA Pol Il signals on the
transcription start sites (TSS) and transcribed coding regions of neuronal activity-regulated
genes, including Npas4 (Fig. 3b), Arc and Egr1 (Suppl Fig. S7a, S7b). To examine the
global effect of LSD1n on elongation, we calculated the RNA Pol 11 traveling ratio (TR) of
neuronal activity-regulated genes, based on RNA Pol Il ChIP-seq experiments, which
revealed a statistically significant shift of RNA Pol Il signals (increased pausing) in LSD1n
deficient neurons compared to WT controls (Fig. 3¢, 3d), supporting the hypothesis that
LSD1n is involved in regulation of elongation in a genome-wide fashion. These results were
further confirmed by the analysis of the traveling ratio based on GRO-seq experiments by
comparing WT and LSD1n deficient neurons after KCI-mediated depolarization (Suppl Fig.
S7c). To further validate the roles of LSD1n on transcription initiation and/or elongation
steps, we analyzed the RNA Pol Il binding on the TSS and across the transcribed coding
regions of KCI depolarization-induced transcription units, including Arc, Egrl and Npas4.
Because RNA Pol Il density over transcribed coding regions was dependent on initiation and
elongation steps, the RNA Pol Il density ratio between the 3’ region (coding region) and the
5’ region (TSS) can serve as a surrogate index for RNA Pol Il pause-release status. In this
analysis, higher values indicate increased release, and lower values indicate increased
pausing. One hour after KCIl-mediated depolarization, the RNA Pol Il intensity on Npas4
TSS (measured by 5’ PCR probe) was significantly increased in WT neurons, but this effect
was compromised in LSD1n deficient neurons (Fig. 3e), suggesting that the transcription
initiation of Npas4 gene was compromised in the LSD1n deficient neurons. Simultaneously,
the RNA Pol Il density across the Npas4 coding region (measured by 3’ PCR probe) was
increased in WT neurons after KCI treatment, but was compromised in LSD1n deficient
neurons (Fig. 3f). Furthermore, we observed that in WT control neurons, the RNA Pol 11
3’I5’ ratio for Npas4 gene was increased after treatment, indicating that KCIl-mediated
depolarization had a greater effect on the elongation step compared to the initiation step; this
effect was reduced in the LSD1n deficient neurons, indicating a role of LSD1n in
transcriptional elongation control (Fig. 3g). Similarly, transcription elongation of Arc and
Egr1 were also compromised in LSD1n deficient neurons, as measured by RNA Pol 1l ChIP
(Suppl Fig. S7d-S7i).

Our findings are consistent with a previous report demonstrating that Arc gene expression is
regulated by promoter-proximal RNA polymerase 11 stalling upon neuronal activity
stimulation?’. We confirmed this previous observation in our genome-wide analysis (Fig. 3d
and Suppl Fig. S7j). Here, we provide evidence that this mechanism is LSD1n-dependent
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(Fig. 3c, 3d and Suppl Fig. S7c). A similar promoter-proximal RNA Pol Il pause/release
regulation has also been reported for genes induced upon TLR4-mediated gene activation?8,
suggesting that elongation control plays an important role in signal-dependent trancription°,

Because H4K20me1l has been reported to inhibit CBP/p300 histone acetyltransferase
activity toward H4K16Ac in vitro?, we examined whether the increased level of
H4K20mel observed in LSD1n deficient neurons might affect H4K16Ac in vivo. We found
decreased levels of H4K16Ac on promoters of LSD1n target genes, such as Npas4 and Arc
(Suppl Fig. S7K). This observation correlates with the increased levels of LSMBTL1 (Suppl
Fig. S71), an H4K20me1 reader3?, and the decreased recruitment of Brd4 (Suppl Fig. S7m),
a reader of histone acetylation and a critical regulator of transcriptional elongation3L, on
LSD1n binding sites. Together these results imply that H4K20mel may prevent Brd4
recruitment by affecting H4K16 acetylation and/or recruitment of repressive L3IMBTL1,
hence inhibiting transcriptional elongation. Consistent with the results based on RNA Pol 11
ChIP-seq experiments, we found that the levels of H3K36me3, a histone marker associated
with elongation2, were decreased on transcribed coding regions of neuronal activity-
regulated genes in LSD1n KO neurons (Fig. 3h), but not on LSD1-binding sites at promoters
or enhancers (Suppl Fig. S6¢), indicating that LSD1n deficiency causes a defect in
transcriptional elongation of neuronal activity-regulated genes. In addition, we observed
increased recruitment of LSD1n on the transcribed coding regions of neuronal activity-
regulated genes after KCI-mediated depolarization (Suppl Fig. S7n, S70, S7p), suggesting
that LSD1n promotes neuronal activity-regulated transcriptional elongation by removing
H4K20 methylation in transcribed coding regions.

LSD1n is required for spatial learning and memory

Because LSD1n is required for regulated gene expression induced by neuronal activity,
which regulates its genomic localization, we hypothesize that LSD1n might play a critical
role in learning and memory. Therefore, we analyzed the behavioral phenotype of the brain-
specific LSD1n knockout mice (LSD1n NesCre). LSD1n knockout mice can survive to
adulthood and show no obvious anatomical abnormality (Suppl Fig. S8a). In addition,
LSD1n deficient mice show normal activity in the optomotor and locomotor activity tests
(Suppl Fig. S8b, S8e), indicating that LSD1n deficient mice have normal vision and
movement abilities, permitting the behavioral assessment experiments to determine the roles
of LSD1n in learning and memory. To this aim, we used a set of standard behavioral tasks
assessing spatial learning and memory, which have been previously linked to mechanisms of
neuronal activity-regulated gene transcription32. While LSD1n knockout mice did not show
any impairment in the Y Maze Spontaneous Alternation test, which measures simple
working memory (Suppl Fig. S8c, S8d), we observed cognitive deficits when the Barnes
maze test was performed using sex- and age-matched WT control and LSD1n knockout mice
(Fig. 4a). While WT control mice identified the target quadrant relative to the other non-
target quadrants of the maze, LSD1n knockout mice failed to identify the target after training
(Fig. 4a), indicating that LSD1n knockout mice exhibited impaired spatial learning. In
addition, LSD1n knockout mice showed significant impairments in performing the novel
object recognition task. Indeed, LSD1n knockout mice failed to distinguish novel objects
from familiar objects in this behavioral paradigm (Fig. 4b, 4c), indicating that LSD1n was
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required for recognition memory. While it has been reported that LSD1 plays an important
role in circadian rhythmicity33, LSD1n knockout mice appeared to have normal motor
activities when tested in dark and light cycles (Suppl Fig. S8e), suggesting that LSD1n is not
required for this behavior.

In order to examine the extent of which LSD1n-dependent transcriptional regulation was
correlated to the defects in learning and memory, we measured the expression level of
neuronal activity-regulated genes, including Arc, Btg2, Egrl and Npas4. We observed that
the expression of those genes was decreased in LSD1n knockout mice compared to their WT
littermate controls (Fig. 4d). Additionally, LSD1n knockout mice exhibited increased levels
of H4K20 methylation (Suppl Fig. S8f), consistent with our observations that LSD1n plays
an active role as a histone H4K20 mono- and di- methyl demethylase in cortical neurons
(Suppl Fig. 6h).

It has been documented for more than forty years that histone H4K20 methylation level
increased in aged rat brain34, and that histone H4K20me3 level increased in quiescence and
senescence3®, Here, we find that LSD1n level was decreased, while total level of LSD1
transcript was almost unchanged, in aged mice (Suppl Fig. S8g, S8h). It will be interesting
to determine whether the decreased expression of LSD1n contributes to the age-related
H4K20me level increases and cognitive impairments, such as memory loss.

Taken together, we found that an alternative splicing event occurring only in neurons
switches the enzymatic demethylase activity of LSD1 from histone H3K4 to histone H4K20
methylated substrates in post-mitotic cortical neurons, and that this unique isoform of LSD1
promotes neuronal activity-regulated gene expression, facilitating both transcription
initiation and elongation steps. This has proven to be essential for spatial learning and long-
term memory formation (Suppl Fig. S9).

Discussion

Because LSD1n can mediate H3K9me2 demethylation in association with Supervilin-
containing complex during neuronal differentiation events3, it is possible that both H3K9
and H4K20 demethylase activities of LSD1n contribute to its brain functions. Interestingly,
it has been reported that the deficiency of G9a/Glp, the major H3K9 methyltransferases for
H3K9me2, can induce de-repression of a subset of genes involved in neuronal
differentiation36:37, Thus, it is likely that LSD1n-dependent H4K20 demethylation is linked
to transcriptional events essential for learning and memory, while its H3K9 demethylase
function is required for gene expression during neuronal differentiation.

Although CoREST enhances LSD1n-dependent H4K20 demethylation in vitro, COREST/
Rcor1 is not required for LSD1n function in neurons since CoREST/Rcor 1 knockout mice
have normal brain functions (personal communications with Dr. Gail Mandel). However,
Rcor 1/Rcor2 double knockout mice are embryonic lethal, revealing similar phenotype with
total LSD1 knockout mice (Our unpublished data and personal communications with Dr.
Gail Mandel). It is possible that Rcor2, a homologue of CoREST/Rcor1, can compensate
functions of COREST in vivo. It is interesting that COREST complex contains both
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HDACL1/2 and LSD1, while HDAC1/2 and LSD1 have distinct function in neuronal gene
expression regulation. It will be an interesting topic to investigate in the future.

Because LSD1 is not only located at promoters and transcribed coding regions, but high
enrichment is also observed at enhancers elements, we cannot exclude that LSD1-bound
enhancers play a role in regulating neuronal gene expression (Suppl Fig. S5i, S7n, S7o0,
S7p). It is possible that promoter-enhancer looping may act as a mechanism to deliver
LSD1n from distal enhancers to promoters and transcribed coding regions to remove
negative H4K20mel mark. eRNAs expression could also contribute to neuronal activity-
dependent gene expression as recently reported?%49, and we hypothesize that LSD1n may
regulate eRNA expression in a fashion mechanistically similar to the regulation of protein-
coding genes, enhancing transcription elongation by facilitating H4K16 acetylation and
Brd4 recruitment, and/or inhibiting LsMBTL1 recruitment

H4K20 methylation is the major lysine methylation site on histone H4, and is involved in
cell cycle regulation, DNA damage response, mitotic chromatin condensation and
transcription regulation38. However, the effect of H4K20me1 on transcriptional control and
brain function is poorly understood. Our data suggest that H4K20me1 serves as a negative
regulator of gene expression/elongation, which is signal-dependent, and is associated with
neuronal-specific events. PHF8 deficiency has been linked to mental retardation39; however
it is not clear whether the defects observed are due to cell cycle regulatory functions of
PHF8. The characterization of LSD1n reveals the important role of H4K20 methylation on
transcription elongation control and cognitive functions such as spatial learning and
memory.

One cannot help but speculate about why this unique alternative splicing event of LSD1
occurs specifically in neurons. There are at least two non-mutually exclusive possibilities. It
could be that neurons require this novel demethylase to maintain proper H4K20 methylation
level since they have lost the ability to reset H4K20 methylation state by cell cycle-
dependent histone mark deposition, which would appropriately methylate newly
incorporated histones. The other possible explanation is that H4K20 methylation serves as a
novel marker to regulate transcription in neurons because its role during cell cycle has been
relieved. Neurons might have acquired this enzymatically-unique isoform to remove
H4K20mel/2 and achieve more precise control of gene expression in complex processes
such as learning and memory.

Materials and Methods

Generation of conditional knockout mice of LSD1n and transgenic mice

The conditional knockout mice of LSD1n were generated by targeted mutagenesis in
embryonic stem cells to insert two LoxP sites using pLNL vector provided by Dr. Ju Chen
(UC San Diego), flanking exon 8a of LSD1. Correct targeting was established by Southern
blots with 5" and 3’ external probes and PCR. The Neo-cassette was removed by using flpase
mice. FLAG-LSD1c and FLAG-LSD1n transgenic mice were generated by targeted
mutagenesis in embryonic stem cells to insert pPCAG-LSL-FLAG-LSD1c or pCAG-LSL-
FLAG-LSD1n into Rosa26 locus using pCAG-LSL vector provided by Dr. Sen Wu and
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Mario Capecchi (U of Utah). Correct targeting was established by PCR. Embryos were
genotyped using PCR. All mice were maintained according to standard animal protocols
approved by UC San Diego. The histological analysis by Nissl staining was performed to
analyze brain anatomy and was successfully repeated one time.

LSD1 ab17721, Histone H4 ab31830, H4K20mel ab9051, H4K20me2 ab9052, H3K79me2
ab3594, L3MBTL1 ab51880, H3K9me2 ab1220, H3K4mel ab8895 and GST ab9085
(Abacm); ANTI-FLAG M2 Affinity Gel (A2220) (Sigma); HAK16Ac 39167 (Active Motif);
H3K4me2 07-030, H3K36me3 07-549, COREST 07-455 and CREB 17-600 (Millipore);
Brd4 A301-985A (Bethyl Laboratories); H4 sc-10810, H3 sc-8654 and MEF2 sc-313, RNA
Pol 11 sc-899 and His-probe sc-803 (Santa Cruz Biotechnology); histone H3 #9715 and
H3K27me2 #9755 (Cell Signaling Technology)

Generation of recombinant proteins, in vitro demethylase assay and histone peptide array

Recombinant LSD1 proteins with N-terminal His6 tag and C-terminal FLAG tag were
bacterially expressed and purified using a two-step affinity purification approach: Ni-NTA
affinity chromatography followed by M2-anti-FLAG affinity purification. The purified
proteins were desalted after FLAG-peptide elution. Recombinant COREST proteins with a
N-terminal GST tag and a terminal HIS6 tag were purified using a similar strategy. Histone
demethylase assays were performed as previously described’. Briefly, core histones,
nucleosomes or histone peptides were incubated with purified recombinant proteins in the
histone demethylase activity (HDM) assay buffer (50mM TrisHCI pH 8.5, 50mM KCl,
5mM MgCl,, 0.5% BSA, and 5% glycerol) from 1 to 4 hours at 37°C. The reaction mixture
was analyzed by SDS-PAGE/Western blots using specific antibodies, or by MALDI-TOF
mass spectrometry to identify the demethylated peptides. The histone demethylase
experiments were successfully repeated one time. The histone peptide binding assay was
successfully performed one time using the MODified Histone Peptide Array (#13005,
Active Motif) following the manufacturer’s instructions.

Cortical neuronal culture and membrane depolarization by potassium chloride (KCI)

Cortical neurons were prepared as previously described®. Briefly, E15.5 mouse embryo
cortices were dissected and then dissociated in 1x Hank’s Balanced Salt Solution (HBSS) in
the presence of 0.1% trypsin (Invitrogen). Trypsin treatment was terminated with trypsin
inhibitor and triturated in presence of DNase | (Sigma). Neurons were pooled after
genotyping and seeded on poly-D-lysine coated dishes. Neurons were maintained in
Neurobasal medium containing B27 supplement, antibiotics and glutamine. Neurons were
cultured invitro for 10 days. One third of the medium was replaced with fresh warm
medium every two days.

For KCI depolarization, neurons were quieted overnight in 1 uM tetrodotoxin (TTX, Tocris),
and then were incubated for 0, 1, 3, 4 or 6 hours in 55 mM KClI as described previously1®.
ChiIP-seq experiments were performed after 0 or 1 h KCI-mediated depolarization. RNA-seq
experiments were performed after 0 or 6 hours KCI-mediated depolarization. GRO-seq
experiments were performed after 0, 1 or 3 hours KCI-mediated depolarization. 3X
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depolarization buffer (170mM KCI, 1mM MgCl,, 2 mM CaCl,, 10mM HEPES pH=7.9)
was added as 1:3 ratio into culture medium (final 55mM KCI) to induce depolarization of
cortical neurons.

Total protein extracts and immunoprecipitation

Primary neurons were collected in cold PBS. Brain cortical dissections were homogenized in
cold PBS. Samples were lysed with lysis buffer (20mM Tris pH 7.4, 150mM NaCl, 1mM
EDTA, 1% IGEPAL, protease inhibitor cocktail). For immunoprecipitation assay, 1mg of
total lysate was incubated overnight at 4°C with 2ug of specific antibody. The day after the
antibody-protein complexes were bound to protein G dynabeads (Thermo Fisher) and then
washed 3 times with lysis buffer and boiled for Western blots analysis. Western blots were
successfully repeated one time.

ChlIP, ChlIP-seq, RNA-seq and GRO-seq

Chromatin Immuno-precipitation (ChIP) assays were performed according to the previously
described protocoll4. For all ChIP-seq experiments, cortical neurons were harvested after
crosslinking in presence of 1% formaldehyde for 10 minutes with the exception of LSD1,
FLAG-LSD1c or FLAG-LSD1n ChlP-seq experiments, in which cortical neurons were
cross-linked using 2mM disuccinimidyl glutarate (DSG) (ProteoChem ¢1104-100mg) for 45
minutes before formaldehyde treatment. ChlP experiments were performed using the
specific antibodies.

ChIP libraries were prepared as previously described*0. RNA-seq experiments were
performed as previously described*l. GRO-seq experiments were performed as previously
described!8. The sequencing experiments were successfully repeated one time.

Behavioral studies

Behavioral studies were conducted at The Scripps Research Institute (TSRI) Mouse
Behavioral Assessment Core according to approved animal protocols. The behavioral
assessments were performed as previously reported*2-47. Ten pairs of age- (2-month-old)
and sex-matched (20 male and 20 females) WT control or LSD1n KO mice (C57BI/6
background) were used in all the behavioral assessment experiments. Mouse behavioral
specialists blind to the genotype scored all parameters. Locomotor activity was measured for
24 hours in polycarbonate cages placed into frames mounted with two levels of photocell
beams at 2 and 7 cm above the bottom of the cage (San Diego Instruments, San Diego, CA).
Vision was assessed by counting head tracks made by mice on a stationary elevated platform
surrounded by a rotating drum with black and white striped walls. Simple working memory
and exploration was measured in the Y maze test4>. Spatial learning and memory were
examined in the Barnes maze essentially as described6: 47, Four sequential daily acquisition
sessions were performed using a maze containing 20 holes, where mice were trained to
identify the correct hole and enter the escape tunnel below. Subsequently, memory was
assessed in the probe test in which the escape tunnel was removed and the mice were free to
explore the maze for 3 minutes. The time spent in each quadrant was determined and the
percent time spent in the target quadrant (the one originally containing the escape box) was
compared with the average percent time in the other three quadrants. A two trial novel
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object recognition test was used in which the mice were exposed to 2 identical objects in a
rectangular arena on day 1. 24 hour later the mice were returned to the arena with one of the
same objects (familiar) as well of a new object (novel) in the same locations as the previous
day. Contacts made with the objects in the second 5 min test were used to determine if the
mice recognized novelty by exploring the novel object more than the familiar object during
this trial.

RT-qPCR, ChIP-qgPCR

Total RNAs were isolated from cultured cortical neurons or dissected brain tissues using
Qiagen RNeasy Mini Kit according to the standard protocol. cDNA was synthesized using
Invitrogen Superscript 111 cDNA synthesis kit according to manufacturer’s protocol. Real
time PCR (gqPCR) was performed by standard SYBRGreen™ protocol using a Stratagene
Mx3000 machine. For normalization, expression levels were calculated relative to the levels
of Actb transcripts. ChIP-qPCR experiments were performed according to the previously
described protocol4. Experiments involving WT or LSD1-KO mice were performed after
pooling cortices from 8 to 12 individual embryos and gPCR experiments were repeated 3 to
4 times as reported in the Reporting Checklist and figure legends, and one representative
result was shown in the figures. ShRNA experiments were performed from 3 independent
replicates. P-values were calculated using an unpaired t-test. Primer sets were listed in the
supplemental method section.

ChlP-seq analysis and de novo motif discovery

ChlIP-seq peak identification, quality control, and motif analysis were performed using
HOMER (http://biowhat.ucsd.edu/homer) as described8. Genome binding peaks for LSD1
were identified using the ‘findPeaks’ command in HOMER with setting of ‘—style factor’:
500 bp peaks with 4- fold enrichment and 0.001 FDR significance over local tags, and
normalization to 10 million mapped tags per experiment. Peaks from separate experiments
were considered co-bound if their peak centers were located within 1kb region of each other.
For de novo motif analysis, transcription factor motif finding was performed on +/-500 bp
relative to the peak center defined from ChlP-seq. Peak sequences were compared to
random genomic fragments of the same size and normalized G/C content to identify motifs
enriched in the ChlP-seq targeted sequence. To generate histograms for the average
distribution of tag densities, position-corrected, normalized tags in 50 bp windows were
tabulated within the indicated distance from specific sites in the genome. Clustering plots for
normalized tag densities at each genomic region were generated using HOMER and then
clustered using Cluster (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm/) and
visualized using Java TreeView, as described?S.

To determine LSD1-binding active enhancers, putative enhancers sites were first defined
based on ChlP-seq enrichment of H3K4mel flanking —/+ 1,000 bp from the center of the
LSD1 peaks. Putative enhancers were defined by the following criteria: (1) regions were at
least 3 kb away from annotated TSSs; (2) regions had at least 16 tags from H3K4mel ChiP-
seq normalized to 10 million tags; and (3) regions had at least 10 tags from GRO-seq
normalized to 10 million tags.
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Genome-wide gene expression analysis with GRO-seq

GRO-seq analysis of genome-wide gene expression was performed by HOMER followed by
edgeR16: 49, Briefly, HOMER was used to generate a gene expression matrix by identifying
uniquely mapped RNA tags to gene body that is from 500bp downstream of TSS to 13kb the
annotated end if gene body is shorter than 13kb, based on RefSeq annotation for the mouse
genome (mm9). Statistical analysis for differential expression was performed using edgeR
on raw sequencing reads from neurons that were treated with or without KCI. To identify the
different expressed genes that were governed by LSD1n, cultured cortical neurons were
incubated for 0, 1, 3h and then were used for GRO-seq experiments. All six GRO-seqs were
normalized to 10 million tags, and HOMER was used to quantify gene expression by
tabulating normalized RPKM value for the gene body of each gene. Genes with a >1.5-fold
change in GRO-seq signal was considered to be differentially expressed.

Traveling Ratio (TR) Calculation

Statistics

TR calculation was performed as described®0. TR was defined as the relative ratio of RNA
Pol 1l density in the promoter-proximal region and the gene body. The promoter proximal
region refers to the window from —50bp to +300bp surrounding transcription start site
(TSS). The significance of the change of TR between wild type and LSD1n knockout
samples was calculated using two-tailed Kolmogorov—Smirnov (KS) test.

No statistical methods were used to pre-determine sample sizes but our sample sizes are
similar to those generally employed in the field. No randomization and blinding were
employed. Data distribution was assumed to be normal but this was not formally tested.
There was correction for multiple comparisons. No animals or data points were excluded
from analyses.

The p value, degree of freedom and t value are calculated using on-line tools from http://
www.graphpad.com/quickcalcs/ttestl.cfm. The exact p-values are reported in the figure
legends; the degree of freedom T, D and F values are calculated as follow:

Fig. 2b (t(3094)=10.9466 (WT Ohr vs KO 0hr); t(3094)=19.8081 (WT 1hr vs KO 1hr)); Fig.
2e (t(4)=24.9433 (Arc); t(4)=31.5490 (Btg2); t(4)=9.4574 (Cyr61); t(4)=54.8099 (Egr3);
t(4)=16.0747 (Npasd); t(4)=13.5977 (Pcsk1)); Fig. 3c (D = 0.0879 (WT +KClI vs KO
+KCl)); Fig. 3d (t(3094)=11.1432 (WT Ohr vs KO 0hr); t(3094)=14.2081 (WT 1hr vs KO
1hr)); Fig. 3e (t=20.944 (WT KCI- vs WT KCI+); t=9.5021 (WT KClI+ vs KO KCI+)); Fig.
3f (t=19.9576 (WT KCI- vs WT KCI+); t=12.1616 (WT KCI+ vs KO KCI+)); Fig. 3g
(t=15.4007 (WT KCI- vs WT KCI+); t=7.5804 (WT KCl+ vs KO KCI+)); Fig. 4a
(F(18)=4.978 (WT); F(18)=0.791 (KO)); Fig. 4b (F(18)=14.273 (WT); F(18)=1.052 (KO));
Fig. 4c (F(18)=11.804 (WT);, F(18)=0.068 (KO)); Fig. 4d (t(6)=4.1380 (Arc), t(6)=4.5364
(Btg2); t(6)=2.9203 (Egrl); t(6)=3.6844 (Junb); t(6)=2.5411 (Npas4); t(6)=6.2686 (Nr4al));
Fig. S5a (t(944)=0.7348 (WT —-KCI vs KO -KClI); t(944)=4.8120 (WT +KClI vs KO +KCl));
Fig. S5b (t(4)=0.2669 (LSD1); t(4)=4.4133 (LSD1n)); Fig. S5d (t(906)=1.7757 (WT —-KClI
vs KO —KClI); t(944)=8.6811 (WT +KCI vs KO +KCl)); Fig. S5h (t(6)=5.7958 (Arc eRNA-
KCI+); t(6)=3.182 (Arc eRNA+ KCI+); t(6)=3.501 (Fos eRNA-KCI+); t(6)=3.705 (Fos
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eRNA+ KCI+); t(6)=8.745 (Npas4 eRNA+ KCl+); t(6)=3.852 (Nr4al eRNA- KCI+)); Fig.
S6e (1(6)=0.1253 (Npas4); t(6)=0.7265 (Arc)); Fig. S6f (1(6)=1.2827 (Npas4); 1(6)=3.1955
(Arc)); Fig. S6g (t(6)=0.9850 (Npas4); t(6)=3.4472 (Arc)); Fig. S6j (t (4) = 5.0265 (shC KCI
- vs shPhf8 KCI-) t (4) = 5.5407 (shC KCI+ vs shPhf8 KCI+)); Fig. S6k (t(4) =
0.8241(Arc); t(4) = 1.0072 (Btg2); t (4)= 1.5791(Cyr61); t (4)= 0.9688 (Egr3); t (4) = 1.2397
(Npas4); t (4)= 1.0180 (Psckl)); Fig. 7c (D = 0.1063 (WT +KClI vs KO +KCl)); Fig. 7d
(t(6)=4.9448 (WT KCI- vs WT KCI+); t(6)=2.3124 (WT KCI+ vs KO KCI+)); Fig. 7e
(t(6)=7.6956 (WT KCI- vs WT KCI+); t(6)=5.2179 (WT KCI+ vs KO KCI+)); Fig. 7f
(t(6)=5.2133 (WT KCI- vs WT KCI+); t(6)=6.2577 (WT KCIl+ vs KO KCI+)); Fig. 79
(t(6)=7.4153 (WT KCI- vs WT KCI+); t(6)=4.3140 (WT KCI+ vs KO KCI+)); Fig. 7h
(t(6)=37.8704 (WT KCI- vs WT KCI+); t(6)=24.5796 (WT KCI+ vs KO KCI+)); Fig. 7i
(1(6)=7.7317 (WT KCI- vs WT KCI+); t(6)=4.6164 (WT KCI+ vs KO KCI+)); Fig. 7j (D =
0.1545 (-KCl vs +KCI)); Fig. 7k (t(6)=2.6156 (Npas4); t(6)=4.1147 (Arc)); Fig. 7k
(t(6)=2.6156 (Npas4); t(6)=4.1147 (Arc)); Fig. 71 (t(4)=7.2086 (Npas4);t(4)=5.1777 (Arc));
Fig. 7m (t(4)=7.5372 (Npas4); t(4)=18.3843 (Arc)); Fig. 8b (F(31)=2.701); Fig. 8c
(F(31)=0.108); Fig. 8d (F(31)=0.2577); Fig. 8h (t(4)=1.4330 (LSD1); t(4)=3.9409 (LSD1c);
t(4)=4.2848 (LSD1n)).

Also, the statistics are reported in Nature Neuroscience Reporting Checklist as supplemental
information.

Analysis of alternative splicing of LSD1

Expression of LSD1n or LSD1c was analyzed using PCR or gPCR. cDNA templates from
each sample were amplified using primer set jw493-494. PCR products were analyzed using
2% agarose gel, detecting LSD1n (91bp) or LSD1c (79bp). For gPCR method, LSD1n or
LSD1c specific primers and common primers (primer set 1 or 2) were used to specifically
amply LSD1n or LSD1c respectively.

Primer set jw493-494:

jw493:  GCCCACTTTATGAAGCCAATGGAC
jw494:  AGCAACCGGTTAAATTCTTGTTCT

Primer set 1:

jw771 (LSD1n specific): TATGAAGCCAATGGACAAGCTGAC
jw772 (LSD1c specific): TATGAAGCCAATGGACAAGCTGTT

jW773 (commony: ATGACAACCTCCAATGCCTGGCCA
Primer set 2:
jW774 (common): GGTGGACGAGTTGCTACATTTCGA

jw775 (LSD1n specific):  TTCTTTTGGAACCTTGACAGTGTC
jw776 (LSD1c specific):  TTCTTTTGGAACAGCTTGTCCATT
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Knockdown Phf8 in cortical neurons using shRNA

Five Lentiviral ShRNAs against mouse Phf8 and control were purchased from Sigma
MISSION shRNA library. Knockdown efficiency of each Phf8 shRNA was determined and
best two shRNAs (shPHF8-5 and shPHF8-7) were packaged and were used to infect mouse
primary cortical neurons.

ShPHF8-5: TRCNO0000086825 NM_177201.2-734s1cl
Sequence: CCGGGCAAGATGAAACTCGGTGATTCTCGAGAATCACCGAGTTTCATCTTGCTTTTTG

shPHF8-7: TRCN0000086827 NM_177201.2-1504s1cl

Sequence: CCGGCGGACTGTACAGCTCATTAAACTCGAGTTTAATGAGCTGTACAGTCCGTTTTTG

Primer sets for RT-qPCR
Mus musculus actin, beta, cytoplasmic (Actb), mMRNA NM_007393

jw761: ACCTTCTACAATGAGCTGCGTGTG
jw762: CCTGGATGGCTACGTACATGGCTG

Mus musculus activity regulated cytoskeletal-associated protein (Arc), mMRNA NM_018790

jw731l:  GAGCTGAAGCCACAAATGCAGCTG
jw732:  TCATTCTCCTGGCTCTGTAGGCTC

Mus musculus B cell translocation gene 2, anti-proliferative (Btg2), mRNA NM_007570

jw905:  GTTTTCAGTAGGGCGCTCCAGGAC
jw906: TGGTTGATACGGATACAGCGATAG

Mus musculus cysteine rich protein 61 (Cyr61), mRNA NM_010516

jw915:  TCGGAGGTGGAGTTAACGAGAAAC
jw916: CGTGGTCTGAACGATGCATTTCTG

Mus musculus early growth response 1 (Egrl), mRNA NM_007913

jw745:  GCAGCAGCGCCTTCAATCCTCAAG
jw746: GTCGTTTGGCTGGGATAACTCGTC

Mus musculus lysine (K)-specific demethylase 1A (Kdmla), mMRNA NM_133872

jw383:  AGCAGCTCGACAGCTACAGAGTTT
jw384: TGGCGCCAAGATCAGCTACATAGT

Mus musculus neuronal PAS domain protein 4 (Npas4), mMRNA NM_153553

jw903:  GCTGTCCTACCTGCACATCATGAG
jw904: TGCCACAATGTCTTCAAGCTCTTG

Mus musculus proprotein convertase subtilisin/kexin type 1 (Pcsk1), mMRNA NM_013628

jw823:  CTATCAAGTCTCTGGAACATGTGC
jw824:  GTATCTCTTTCCCTTTCAGCCAAC
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Mus musculus PHD finger protein 8 (Phf8), mMRNA NM_177201

jw769: TTTGCCAGACCACGAGGATGAGAT
jw770:  TCACTGCCATCAAGGTCCATGTCT

Mus musculus supervillin (Svil), mMRNA NM_153153

jw1091: CACTGAAAACAAGATAACCGGCTC
jw1092: AGCCCAGCATGAATAAGGTAAGAC

Primer sets for ChIP-gPCR
Mus musculus neuronal PAS domain protein 4 (Npas4), mMRNA NM_153553
Npas4 5" (-34 — 87)

jw1013: CTTCCTCTTCCTTGCTTCCCGGTC
jw1014:  AGGAGCTATATAAGGCGGATCGAG

Npas4 3’ (2086 — 2190)

jw1017: GCGGTAGTGTTGAGAAGAAGCTTG
jw1018: GTCCTAATCTACCTGGGCTTTGAG

Mus musculus activity regulated cytoskeletal-associated protein (Arc), mMRNA NM_018790
Arc % (-3-95)

jw1021: TGCCGGAGGAGCTTAGCGAGTGTG
jw1022: GGTGCAGAGCTCAAGCGAGTTCTC

Arc 3 (2012 — 2129)

jw1023: TGATGCCACTTCACTCCACCCTTG
jw1024: CCCTGCACCGTGTATCTTAGAGTG

Mus musculus early growth response 1 (Egrl), mMRNA NM_007913
Egrl 5 (42 - 26)

jw1029: CTGTTCCAGACCCTTGAAATAGAG
jw1030: CCAAGTTCTGCGCGCTGGGATCTC

Egrl 3/ (2587 — 2673)

jw1031: GAGGCAGGAAAGACATAAAAGCAC
jw1032: TGGCTCTGAGATCTTCCATCTGAC

Primer sets for eRNAs
Npas4 eRNA plus strand:

jw965: CTCTGCGGTCAAATAACAAGACTG
jw966: GTCAGAGATGTCTAGGCCCAATAG
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Arc eRNA plus strand:

jw1059: CTGGACCTCTTTCTTTCTCCGATG
jw1060: GGAGCTGGTTGTCAGTTTCAAAGC

Arc eRNA minus strand:

jws31:  ATTTGGTGGCTGGTGTTCTGGATG
jws32:  AGCCTCCCATGGCTCTTACTCATT

Fos eRNAL plus strand:

jws73:  GCACACAGACTTGGCAGGTTCAAA
jw574:  AATGACGGGAACCAAACCAACAGC

Fos eRNA1 minus strand:

jw1053: CCTGAGAGCAGTGTTTATGGCTTC
jw1054: CAAGGGGAGAGAGAAATGAGGATG

Nr4al eRNA minus strand:

jw1067: GCTTAGGCACGGTAGTCATAGGAG
jw1068: CATAGTAGGCACTCAGACTTGGTC
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LSD1n removes H4K 20 methylation in vitro
a) Diagram of alternative splicing events of LSD1 gene.

b) Histone demethylase assay in vitro using nucleosomes as substrates. Western blot
analysis using antibodies against histone marks revealing removal of H4K20 methylation by
LSD1n and enhanced in presence of CoOREST. The amount of protein is quantified based on
the intensity of the bands using ImageJ software, the 2x control has an arbitrarily assigned
value of 100.

¢) Venn diagram showing the genome-wide overlap of ChlP-seq peaks of LSD1 in primary
cortical neurons before and after KCIl-mediated depolarization (1 hour). A, C, D sites
indicate promoters and B, D, F indicate enhancers reported in Fig. 1D.

d) LSD1 genome occupancy in cortical neurons is changed after KCI-mediated
depolarization. Heatmaps display LSD1 (total), FLAG-LSD1c, FLAG-LSD1n and
H4K20mel genome occupancies before and after KCI treatment (1 hour) in cortical neurons,
centered on LSD1-peaks in —KCl and divided in 4 groups based on Fig. 1C Additional 3kb
from the center of the peaks is shown.

e) Histogram plots of normalized ChlP-seq tag intensities of LSD1, H3K4mel, H3K4me2,
H3K9me2, H3K36me3 and H4K20mel in cortical neurons, centered on gained LSD1-peaks
at promoters and enhancers before and after KCI treatment (1 hour). Additional 2kb from the
center of the peaks is shown.

f) UCSC genome browser image of Npas4 locus, revealing overlapping MEF2 and LSD1
peaks.
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Figure2. LSD1nisrequired for neuronal activity-regulated genetranscription
a) Schematic diagram of the generation of LSD1n knockout mice;

b) Neuronal activity-dependent gene expression is compromised in LSD1n KO primary
cortical neurons assessed by GRO-seq. Box-and-whisker plots of gene expression level
(RPKM) in WT and LSD1n KO neurons before and after KCI treatment (1 hour). P-values
denote statistic differences between treatment conditions (p=6.51E-27 at Ohr; p=5.24E-78 at
1hr; n=1548 number of genes up-regulated in WT control neurons, paired t-test).

¢) Scatter plots of gene expression (RPKM) in WT and LSD1n KO primary cortical neurons
before and after KCI-mediated depolarization (1 hour).

d) Neuronal activity-regulated Npas4 gene expression is compromised in LSD1n KO
primary cortical neurons assessed by GRO-seq. UCSC genome browser image showing
Npas4 locus.

e) RT-gPCR indicating that neuronal activity-dependent gene expression is compromised in
LSD1n KO cortical neurons. RNA was analyzed before and after KCI treatment (4 hours).
Data are normalized against Actb. Data are shown as mean + SD; N.S.= non-statistically
significant (p=0.004 Arc; p=0.003 Btg2; p=0.032 Cyr61; p=0.001 Egr3; p=0.011 Npas4;
p=0.016 Pcsk1; n=3 technical replicates from a pool of 8-12 embryos; unpaired t-test).
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Figure 3. LSD1n removes H4K 20 methylation in vivo and promotes transcriptional elongation
a) LSD1n removes H4K20me in vivo. Histogram plots of normalized ChlP-seq tag

intensities of H4K20mel in WT and LSD1n KO cortical neurons on transcribed coding
regions of neuronal activity-regulated genes, revealing increased level of H4K20me1l in
LSD1n KO cortical neurons.

b) Npas4 gene expression is regulated at LSD1n-dependent transcriptional elongation steps
assessed by RNA Pol Il ChiP-seq. UCSC genome browser image showing of Npas4 locus.
c) Neuronal activity-regulated gene transcription elongation is LSD1n-dependent assessed
by RNA Pol Il ChlIP-seq. RNA Pol Il traveling ratio plots is calculated for the fraction of
neuronal activity-regulated genes in WT and LSD1n KO cortical neurons. P-values denote
statistic differences between WT and LSD1n KO cortical neurons (p=1.284E-05, n=1548
up-regulated genes; two-tailed KS test);

d) Neuronal activity-dependent gene transcription elongation is LSD1n-dependent assessed
by RNA Pol Il ChIP-seq. Box-and-whisker plots of traveling ratio for neuronal activity-
regulated genes in WT and LSD1n KO cortical neurons before and after KCI-mediated
depolarization (1 hour). P-values denote statistic differences between WT and LSD1n KO
cortical neurons (p=8.57E-28 at Ohr; p=3.74E-43 at 1hr, n=1548 up-regulated genes; paired
t-test);

e) RNA Pol Il ChIP showing RNA Pol Il recruitments on Npas4 5’ region (TSS). Data are
shown as mean + SD; ** = P-value <0.01 (p=0.0002; p=0.0009, n=4 technical replicates
from a pool of 8-12 embryos; unpaired t-test);

f) RNA Pol 11 ChIP showing RNA Pol II recruitments on Npas4 3’ region (coding region).
Data are shown as mean + SD; ** = P-value <0.01 (p=5.4E-6; p=0.0004, n=4 technical
replicates from a pool of 8-12 embryos; unpaired t-test);

g) RNA Pol Il ChlP showing that elongation of RNA Pol Il on Npas4 coding region was
comprised (decreased 3//5’ ratio) in LSD1n KO cortical neurons after KCI-mediated
depolarization (1 hour). Data are shown as mean £ SD; ** = P-value <0.01 (p=0.0002;
p=0.0091, n=4 technical replicates from a pool of 8-12 embryos; unpaired t-test);
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h) LSD1n is required for transcription elongation assessed by H3K36me3 ChlIP-seq
experiments. Histogram plots of normalized ChlP-seq tag intensities of H3K36me3 in WT
and LSD1n KO cortical neurons on transcribed code regions of neuronal activity-regulated
genes, revealing decreased level of H3K36me3 in LSD1n KO cortical neurons.

Nat Neurosci. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wang et al. Page 26

a w0, Males . Females b o, Males  Females C i
* ELSDInWT i NS ELSDInWT X @LsomwT
NS. OLSPInkO B x| @LSDInko x DILSDInkO
NS. 15 15 3 20
@ 40 40 8 2
= = e
= 5 2
& © 10 10 T 0
S S £
S 2, £
& 20 20 8 g
5 5 820
0 0 0 0 40
& & & &
P & & & &
& F & & ® & i
S & £ S Q§\\\ <
< &(\z <& & <&
o o e o
d Arc Btg2 Egr1 Junb Npas4 Nr4at
1.5¢ 150, 9 14r, -9 1.5¢ 150, P 15
P=0.006 P=0.004 P=0.027 P=0010 P=0.044 P<0.001

Of-eeee- © {(r-eeco-

1o *

WT KO WT KO WT KO 0 WT KO 0 WT KO 0 WT KO
LSD1in LSD1in LSD1in LSD1in LSD1in LSD1in

Relative expression
(normalized by Actb)
g :;

®

o o
o N
) ;
S &

Figure4. LSD1n isrequired for learning and memory
a) Schematic diagram of Barnes maze behavioral test. Histograms showing percent time

spent in quadrants by male or female WT and LSD1n KO mice, revealing impaired spatial
memory in LSD1n KO mice. N.S.= non-statistically significant, * = P-value<0.05 (p=0.0379
WT; p=0.3848 KO, n=10 number of age-matched mice/group; One-way ANOVA test);

b) Schematic diagram of novel object recognition test. Histograms showing number of
object contacts identified by male or female WT and LSD1n KO mice, revealing impaired
long-term memory in LSD1n KO mice. N.S.= non-statistically significant, * = P-value<0.05
(p=0.0013 WT; p=0.3180 KO, n=10 number of age-matched mice/group; One-way ANOVA
test);

¢) Histogram showing discrimination index calculated from the novel object recognition test
results for male or female WT control and LSD1n KO mice, revealing impaired long-term
memory in LSD1n KO mice. * = P-value<0.05 (p=0.0015 WT; p=0.7961 KO, n=10 number
of age-matched mice/group; One-way ANOVA test);

d) RT-gPCR showing gene expression levels of Arc, Btg2, Egrl, Junb, Npas4 and Nr4al in
cortex of WT control and LSD1n KO mice. Data are shown as mean + SD. P-values denote
differences between WT and KO (p=0.006092474 Arc; p=0.003948391 Btg2;
p=0.02661944 Egrl; p=0.010277144 Junb; p=0.044014923 Npas4; p=0.000765615 Nr4al;
n=4 technical replicates from a pool of 8-12 embryos; unpaired t-test).
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