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Abstract

Testis-specific protein, Y-encoded-like 2 (TSPYL2) is an X-linked gene in the locus for several neurodevelopmental
disorders. We have previously shown that Tspy/2 knockout mice had impaired learning and sensorimotor gating, and
TSPYL2 facilitates the expression of Grin2a and Grin2b through interaction with CREB-binding protein. To identify
other genes regulated by TSPYL2, here, we showed that 7spyl2 knockout mice had an increased level of H3K27
trimethylation (H3K27me3) in the hippocampus, and TSPYL2 interacted with the H3K27 methyltransferase enhancer
of zeste 2 (EZH2). We performed chromatin immunoprecipitation (ChIP)-sequencing in primary hippocampal neurons
and divided all Refseq genes by k-mean clustering into four clusters from highest level of H3K27me3 to unmarked.
We confirmed that mutant neurons had an increased level of H3K27me3 in cluster 1 genes, which consist of known
EZH?2 target genes important in development. We detected significantly reduced expression of genes including Gbx2
and Prssl6 from cluster 1 and Acvrll, Bdnf, Egr3, Grin2c, and Igfi from cluster 2 in the mutant. In support of a
dynamic role of EZH2 in repressing marked synaptic genes, the specific EZH2 inhibitor GSK126 significantly
upregulated, while the demethylase inhibitor GSKJ4 downregulated the expression of Egr3 and Grin2c. GSK126
also upregulated the expression of Bdnf in mutant primary neurons. Finally, ChIP showed that hemagglutinin-tagged
TSPYL2 co-existed with EZH2 in target promoters in neuroblastoma cells. Taken together, our data suggest that
TSPYL2 is recruited to promoters of specific EZH2 target genes in neurons, and enhances their expression for
proper neuronal maturation and function.
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Introduction

Testis-specific protein, Y-encoded-like 2 (TSPYL2) belongs to
the nucleosome assembly protein (NAP) superfamily, which
is a poorly studied group of histone chaperons [1-3]. The
NAP superfamily is divided into three families of NAP1-like
(NAPIL), SET oncoprotein, and TSPYL [4]. So far, gene
knockout has been reported for NAP1L2 and TSPYL?2 in mice
[5-8]. Targeted mutation of Nap1I2 results in abnormal pro-
liferation of neural progenitor cells and the phenotype resem-
bles spina bifida [S]. By contrast, targeted mutation of Zspyl2
results in impaired hippocampal long term potentiation and
behavioral phenotypes [6, 9, 10]. Our group has shown that
TSPYL2 directly regulates the transcription of genes for
NMDA receptor subunits 2A (Grin2a) and 2B (Grin2b) in
mice [9]. These functional studies provide evidence for the
contribution of TSPYL2 in neurodevelopmental disorders
linked to its chromosome location Xp11 in humans [11-14].
As TSPYL2 is expressed in both neuronal progenitors and
mature neurons [15], it may regulate the expression of multi-
ple genes important for proper development and function of
neurons.

One way NAPs regulate gene expression is by bridging the
transcriptional regulatory complex and chromatin through his-
tone binding [16]. In vitro evidences suggest that NAPILI,
NAPI1L4, and SET interact with histone acetyltransferases
p300 and CREB-binding protein (CBP) [16—-18].
Furthermore, NAP1 can work with CBP to facilitate transcrip-
tion by promoting nucleosome eviction at the promoter [18].
Our group has detected interaction between TSPYL2 and
CBP by a mammalian-two-hybrid assay [9]. From a proteo-
mic study designed to detect weak or transient protein inter-
actions of transcriptional co-regulators, TSPYL2 interacts
with p300 and the transcriptional co-regulator complex
“Z3,” which consists of ZMYNDS, ZNF687, and ZNF592
[19]. ZMYNDS contains domains as a reader of methylated
lysine residues of histone [20]. In carcinoma cells, TSPYL2 is
an essential component of the repressor element 1 silencing
transcription factor (REST) transcription complex. The study
also identified various interacting partner of TSPYL2, includ-
ing SIN3 and subunits of the nuclear remodeling NuRD com-
plex (LSD1, MTAI1, MTA2, RbAp46, and RbAp48) [21].
Therefore, we hypothesize that TSPYL2 interacts transiently
with various transcription regulatory complexes and regulates
gene expression in neurons.

Post-translation modifications of histone tails play a pivotal
role in regulating gene expression. In general, histone acety-
lation at lysine positions, such as H3K9, 14, and 56, signifies
transcription initiation [22, 23]; trimethylation at H3K36 is a
hallmark of transcription elongation [23], while H3K27
trimethylation (H3K27me3) is a key repressive histone mark
which plays an important role during brain development, neu-
ron specification, and function [24-27]. The H3K27

methylation mark is set up by the polycomb repressive com-
plex 2 (PRC2) [28, 29]. Mammalian PRC2 consists of four
core components: enhancer of zeste (EZH), embryonic ecto-
derm development (EED), suppressor of zeste 12 homolog
(SUZ12), and RbAp46/48 [30]. The presence of other com-
ponents is context-dependent. For example, JARID2 forms
part of the PRC2 complex and facilitates its recruitment to
target genes in embryonic stem cells [31, 32], whereas in
teratocarcinoma cells, REST can recruit PRC1 and PRC2 to
target genes [33].

The main function of PRC2 is the maintenance rather than
establishment of transcription silencing through chromatin
compaction [34]. Although the level of EZH2 declines in
post-mitotic neurons, recent evidences suggest a new role of
EZH2 in regulating the expression of synaptic genes. The
level of H3K27me3 at the Grin2b promoter increases during
the first 2 months of post-natal development in rats, which is
important for the developmental switch in the expression of
Grin2bto Grin2a [35]. EZH2 also binds to the promoter of the
gene for brain-derived neurotrophic factor (BDNF), but is
released upon activation of primary neurons [36, 37].
Furthermore, the change in H3K27 methylation is associated
with changes in the expression of specific transcript variants
of BDNF in both humans and mice [38, 39].

Based on the expression of TSPYL2 in the developing and
adult brain [7, 15] and its interaction with diverse histone
modifiers and readers, we examined the effect of Tspyl2
loss-of-function on histone modifications, which are correlat-
ed with gene activity. Intriguingly, we discovered an increased
level of H3K27me3 in the mutant hippocampus. Since we
found that TSPYL2 pulled down EZH2, we mapped
H3K27me3 and EZH2 marked genes in primary hippocampal
neurons using chromatin immunoprecipitation-sequencing
(ChIP-seq). We further identified marked genes with signifi-
cantly reduced expression in mutant neurons. Our data show
that TSPYL2 is important for fine tuning the expression of
important neuronal genes including Bdnf, Egr3, and Grin2c2
and provide novel molecular insights into the behavioral
changes in Tspy/2 mutant mice.

Materials and Methods
Mice

Mouse experiments were performed in accordance with the
relevant guidelines and regulation of the Laboratory Animal
Unit at the University of Hong Kong, a facility accredited by
the Association for Assessment and Accreditation of
Laboratory Animal Care. Experiments were approved by the
Committee on the Use of Live Animals in Teaching and
Research at the University of Hong Kong (approval no.
3273-14). Detailed procedures for the generation and
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genotyping of 7spyl2 loss-of-function mutant mice on a pure
129/SvEv genetic background have been described [7].

Cell Culture

HEK293 cells were cultured in DMEM supplemented with
10% FBS and Be(2)-C cells in DMEM/F12 supplemented with
10% FBS. Cells were transfected with Fugene HD (Promega
Corporation). Primary hippocampal neurons were isolated
from 16.5-days mouse embryos and seeded in neurobasal me-
dium (Invitrogen) supplemented with 1% FBS, B27
(Invitrogen), and penicillin/streptomycin on poly-D-lysine-
coated culture dishes at days in vitro (DIV) 0. Glutamate
(25 uM) was added at plating only, and half of the medium
was replaced by medium without glutamate the next day and
every 4 days afterwards. For drug treatment, 0.5-uM GSK 126
(Selleckchem) was dissolved in DMSO and applied from DIV
7, replaced with fresh drug containing medium at DIV 10, and
samples were collected at DIV 14. For GSK J4 treatment, GSK
J4 (Selleckchem) in DMSO was applied at 0.1 uM at DIV 7
and samples were collected at DIV 10 before neurons showed
morphological signs of suboptimal growth.

Plasmids

Full length UTX and JMJD3 c¢cDNAs were PCR amplified
from a human liver cDNA library. The FLAG tag was intro-
duced through the downstream PCR primer, and the cDNAs
were subcloned into pBabe which allowed expression in
HEK293 cells. Cloning of hemagglutinin (HA)-tagged
TSPYL2 in pcDNA3 has been described [9]. The full-length
TSPYL2 cDNA was inserted into pGEX-4T1 (GE Healthcare
Life Sciences) to generate pGEX-GST-TSPYL2 for produc-
tion of bacterial recombinant proteins. All plasmids were ver-
ified by sequencing.

Western Blotting

Brain samples were removed from 2-month-old male litter-
mate mice in ice-cold HBSS (Sigma). Hippocampi were col-
lected and lysed with a Dounce homogenizer in IP buffer (10-
mM Tris, pH 8.0, I-mM EDTA, I-mM EGTA, 150-mM
NacCl, 0.5% Nonidet P-40, 1% Triton X-100) supplemented
with complete protease inhibitors (Roche) and 100-uM
MG132 (Sigma). Proteins (50 ng) were resolved and detected
with standard immunoblotting procedures and ECL reagents
(Millipore). Quantitation of the protein bands was done with
software from GeneTools (Syngene). For cultured cells, pro-
teins were collected in IP buffer with protease inhibitors and
freeze-thaw once. The following primary antibodies were
used: rabbit anti-H3K9, 14Ac (Cell Signaling, #9677), rabbit
anti-H3K56Ac (Cell Signaling, #4243), rabbit anti-
H3K27me3 (Cell Signaling, #9755), rabbit anti-H3K36me3
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(Cell Signaling, #9758), rabbit anti-H3 (Cell Signaling,
#4499), rabbit mAb anti-EZH2(D2C9) (Cell Signaling,
#5246), mouse anti-Flag (M2) (Sigma, P3165), mouse
anti-f3 tubulin (Upstate, 05-661), and goat anti-lamin B
(Santa Cruz, sc-6220).

Pull Down Assay

The production of GST in BL2] was as described by GE
Healthcare. Production of GST-TSPYL2 was optimized as
follows. After IPTG induction, the total cell lysate was pre-
pared by incubation in lysis buffer (PBS pH 7.5, 2-mM DTT,
1-mM PMSF) and freeze-thaw three times. Triton X-100 was
added to the final concentration of 1%, and the lysate was
purified with Glutathione Sepharose 4B following the manu-
facturer’s instructions (GE Healthcare), with the addition of 2-
mM DTT and 0.5% Triton X-100 in the washing buffer. For
pull down assays, nuclear lysates from 5 x 10® HEK293 cells
were resuspended in Buffer A (10-mM HEPES pH 8.0, 1.5-
mM MgCl,, 10-mM KCl, 0.5-mM DTT, 0.05% NP40). After
centrifugation, the pellet (nuclear fraction) was lysed in buffer
B (5-mM HEPES pH 8.0, 1.5-mM MgCl,, 0.2-mM EDTA,
0.5-mM DTT, 26% glycerol v/v, 312.5-mM NaCl), incubated
30 min on ice with vortex at 10-min intervals, and centrifuged
to remove debris. Nuclear lysates (150 pug) were added onto
the washed Glutathione Sepharose 4B beads with GST or
GST-TSPYL2 and incubated for 3 h at 4 °C with rotation.
The beads were washed four times with IP buffer and boiled
in sample buffer for western blot analysis.

Far-Western Assay

To elute the recombinant proteins, washed Glutathione
Sepharose 4B beads with GST or GST-TSPYL2 produced as
above were incubated at room temperature for 10 min with 10-
mM glutathione in 50-mM Tris-HCI pH 8.0. EZH2 complex
consisting of EZH2, EED, SUZ12, RbAp48, and AEBP2
(BPS Bioscience) was loaded in triplicate of 0.2 pg per well
of'a 7.5% polyacrylamide gel, separated, and transferred to a
nitrocellulose membrane. The triplicate lanes were cut sepa-
rate and blocked with 3% BSA. One strip was probed with
rabbit mAb anti-EZH2 (D2C9) for western blot. The other two
strips were incubated in either 0.6-ug GST or 2-ug GST-
TSPYL2 in 5-ml TBST with 3% BSA overnight at 4 °C with
rotation. After incubation, the membranes were probed by
GST antibody (GE Healthcare, #27-4577-01) following stan-
dard procedures for western blot.

Immunocytochemistry
Cells were plated onto coverslip coated with 0.1% gelatin in a

24-well. The coverslips were picked up and cells were fixed in
4% PFA for 10 min, washed by PBS for three times, and
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blocked by 5% normal goat serum in PBST for 1 h. Cells were
incubated with primary antibodies in 5% normal goat serum in
PBST and washing three times in PBST. The primary antibod-
ies were mouse anti-NeuN (Chemicon, MAB377) and rabbit
anti-Ezh2 (Cell Signaling, D2C9). Signals were visualized
with Alexa Flour 488 or 594 labeled-goat antibodies (Life
Technologies) and counterstaining with DAPI (Sigma).
Coverslips were mounted onto slides and examined under the
epifluorescence microscope (Carl Zeiss, Axioplan 2 imaging).

Hybridization to Peptide Arrays

For testing the specificities of H3K27me3 antibodies for
ChIP (Diagenode, pAb-069-050), antibodies were applied
to EpiTitan Histone Peptide Array (Epicypher, #11-2001),
washed three times with PBST (PBS pH 7.4, 0.1% Triton-
X 100), then hybridized with Alexa Fluor-594 goat anti-
rabbit secondary antibodies (Life Technologies), and sig-
nals were detected by a Typhoon Scanner (GE Healthcare
Life Sciences).

ChIP-seq

Wild-type and mutant primary neurons were collected and
cultured in parallel. One thousand cells were seeded per
mm? at DIV 0. Neurons were cross-linked by 1% formalde-
hyde for 10 min and harvested in lysis buffer with protease
inhibitors. DNA was fragmented using Biorupter (Diagenode)
with 18 cycles of 30 s on and 60 s off. The DNA fragments
were mainly at 300-500 bp as checked by fluorometric quan-
titation (Qubit). An aliquot of chromatin from one million
cells were used for each IP, washed once with IP buffer, twice
with low salt wash buffer (0.1% SDS, 1% Triton X-100, 2-
mM EDTA, 20-mM Tris-HCI pH 8.0, 150-mM NacCl), once
with high salt buffer (0.1% SDS, 1% Triton X-100, 2-mM
EDTA, 20-mM Tris-HCI pH 8.0, 500-mM NaCl), and once
with TE buffer containing 50-mM NaCl. All antibodies used
were ChIP grade: H3K27me3 (Diagenode, pAb-069-050) and
EZH2 (D2C9) rabbit mAb (Cell Signaling, #5246). DNA was
eluted and purified according to X-ChIP protocol (Abcam).
After ChIP, purified DNA samples were size-selected (around
300 bp), and libraries were constructed with NEBNext®
ChIP-Seq Library Prep Reagent Set (NEB) and sequenced
by the Genome Analyzer IIx System and HiSeq1500
(Illumina). Sequencing data was mapped to mouse mm9 ge-
nome using BWA with default parameters [40]. MASC 2.0
was used for generating tags pileup [41]. Pileup files were
scaled to one million mappable reads for downstream analy-
sis. Gene annotations (refGene.txt.gz) were downloaded from
UCSC repository. The longest transcript of each gene was
selected for analysis. Metagene analysis was performed using
customized Perl and R scripts. The H3K27me3 modification

level was averaged in every 100-bp bins from 5-kb up- and
down-stream of TSS for k-mean clustering.

RT-qPCR

RNA was extracted using Trizol or RNAzol (Invitrogen). Two
pg of total RNA was used for reverse transcription in 20 ul
using oligo(dT) and reverse transcriptase (Invitrogen).
Quantitative PCR was done with 0.5 pl of cDNA by using
QuantiFast SYBR green PCR kit (Qiagen) in 7900HT Fast
Real-Time PCR System (Applied Biosystems). The expres-
sion level of Hprt is within two-cycle difference to that of
neuronal genes, for example Bdnf and Grin2b in RT-qPCR,
and therefore, we used it as the internal control. Relative ex-
pression was determined by the AACt method. Sequences of
primers (5" — 3') were:

Hprt-F(AACTGGAAAGAATGTCTTGATTG) and Hprt-
R(TCAAATCCAACAAAGTCTGGC); Acvrll-F
(CAGACACCCACCATCCCTAA) and Acvrll-
R(TGGGGTACCAGCACTCTCTC); Bdnf-E1F(TGCATCTG
TTGGGGAGACAAG) and Bdnf-E9R (CACACCTG
GGTAGGCCAAG); Cldn2-F(TGTTGGTGCCAGCA
TTGTGA) and Cldn2-R(TGTCCTTAGCTCGAGAATCC);
Egr2-F(GGCCGTAGACAAAATCCCAG) and Egr2-
R(AGGGTACTGTGGGTCAATGG); Egr3-F (GACCAACG
AGAAGCCCAATC) and Egr3-R(GTTGGAATAAGGAG
GCAGCG); Gbx2-F (CAACTTCGACAAAGCCGAGG) and
Gbx2-R (CTTGCCCTTCGGGTCATCTT); Grin2a-
F(CATCAGCAGGGGCATCTACA) and Grin2a-R
(CCCTTGGACTCATTGAGAGT); Grin2b-F (CCATCAGC
AGAGGTATCTAC) and Grin2b-R (CAGTCTGAATGCGT
GAAGCT); Grin2¢-F(TGGCTCAAACACAGTCGTTG) and
Grin2c-R (CTGTAGCCTGTACCTAGCCC); Grik3-
F(TACAGGTCTCATCCGTCTGC) and Grik3-
R(CCCGCTTCATCTCTTTGAGC); Igfl-F (ACTGGAGA
TGTACTGTGCCC) and Igfl-R (GATAGGGACGGGGA
CTTCTG); Kif4-F (GAAATTCGCCCGCTCCGATGA) and
KIf4-R (CTGTGTGTTTGCGGTAGTGCC); Med12-
F(GTGGCTATGTGCATCAGCAG) and Medl12-
R(GCACTCAACGGAGTCATGGT); Otx2-F(CGTTCTGG
AAGCTCTGTTTG) and Otx2-R (GCCACTTGTTCCAC
TCTCTGA); Pax6-F (ACCCAAGAGCAGATTGAGGC) and
Pax6-R(GCCTGTCTTCTCTGGTTCCTC); Prssl6-F
(GAACCGCAAGTGTCTGGTGT) and Prss16-R
(GCTGGGAAAAAGGACACTGA); Skor2-F (CACAGACA
AGAGCCCTCAGQG) and Skor2-R (TTGACGGAACTGAG
TGGGTG); Slc27a2-F(AACACATCGCGGAGTACCTG) and
Slc27a2-R (TTGAAGCCCTCTTCCATCAG).

ChIP-PCR

Cells were transfected with Fugene HD (Promega
Corporation). After 48 h, ChIP was performed according to
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the X-ChIP protocol (Abcam) with minor modifications.
Briefly, after cell harvesting, 250-pl cell lysates were sonicat-
ed as for primary neurons and checked by electrophoresis to
give mainly small fragments of 300-500 bp. Lysates were
immuno-precipitated with 2-pg mouse anti-HA antibodies
(Sigma, H3663) overnight, followed by adding 20-ul
DiaMag protein A-coated magnetic beads for 2 h. The com-
plex was washed three times with IP buffer, once with low salt
wash buffer and once with TE plus 50-mM NaCl. DNA was
eluted and purified according to X-ChIP protocol. Input
(3.5%) was used for comparison. DNA fragments were de-
tected by PCR using Hotstart Taq (Qiagen) with specific
primers. The sequences of ChIP Primers (5" — 3') were:

GBX2-F (TGCTAACTGCAGGATGGAGC) and GBX2-R
(CTTGGAGACTCGAGGAAGCC); PRSS16-F (ATGAATCT
GTTGGGCTGCGA) and PRSS16-R (TGGGTTTGCTTCCA
GTACCC); BDNF-F (GCATTCAGTGGCTGCTTCAAGG)
and BDNF-R (GGGCTGCAATGAACAGAGGTC);
GRIN2A-F (GCTTAGAAGTGGCAGCCTCA) and GRIN2A-
R(AATGCTTCTCCCTGTGCCTC); ACTB-F (GCGCCGCT
GGGTTTTATAGG) and ACTB-R (CTCCTCTTCCTCAA
TCTCGCTC).

Statistical Analysis

Gene Ontology enrichment analysis was done at DAVID
Gene Ontology Bioinformatic Resources (https://david.
nciferf.gov/home.jsp), and cutoff was set to 0.05 for P value
(a modified Fisher’s exact P value) adjusted by Benjamini-
Hochberg correction.

For RT-qPCR analysis of untreated primary hippocam-
pal neurons, each set of samples consisted of a litter of
five to six embryos (i.e., n=5 or 6) collected in parallel
from one wild-type and one mutant females. A total of
two sets of embryos were collected. The mean ACt of
wild-type, here designated as ACtycan, Was used for

normalization. The relative expression in WT was shown
as 2 AL AC can). The relative expression in mutant
was calculated according to 2" A" can). Data were
analyzed using Student’s ¢ test by Prism software. For
drug treatment, hippocampal neurons collected from each
embryo were divided equally onto two wells of a 12-well
plate, with one well receiving vehicle (v) and one well
receiving the drug (d). The relative expression in the ve-
hicle side was set as 1. The relative expression in drug
treated side was calculated according to 2 (A€t ~ACt),
Data were analyzed using paired ¢ test by Prism.

Results

TSPYL2 Affects the Level of H3K27me3
in Hippocampal Neurons

We tested whether the Tspyl2 loss-of-function would affect the
levels of well-known chromatin marks associated with tran-
scription as described in introduction. Intriguingly, we detect-
ed a specific upregulation of H3K27me3, a key histone mod-
ification important for brain development and neuron func-
tion, in the mutant hippocampus by western blot (Fig. 1a).
To test whether TSPYL2 directly affects the methylation of
H3K27, we performed affinity pull down using bacterial re-
combinant GST-tagged TSPYL2 with HEK293 nuclear ex-
tract. We detected EZH2 and interestingly, only weak signals
of the H3K27 demethylases UTX and JMJD3 were detected
even when they were overexpressed individually (Fig. 1b). To
test if the interaction between TSPYL2 and EZH2 was direct
or indirect, we separated components of the PRC2 core com-
plex consisting of EZH2, EED, SUZ12, RbAp48, and AEBP
and probed with recombinant GST or GST-TSPYL2. GST-
TSPYL2 specifically bound EZH2, as confirmed by western

3 o
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\(\Q «,\r
R 130 =
Y MY iy omy
H3K9, 14Ac [ m—— EZH2 . [ 100 =
HakseAc [ —
H3K27me3 - J— S Flag-UTX .. AN
50 =
Hak36mes I o FlagJMJD3 e =
. o 1 2
Histone H3 - Relative protein level H3 == =1 40 =

Fig. 1 TSPYL2 reduces trimethylation of H3K27 and interacts with
EZH2. a Left: representative western blot of hippocampal lysates
collected from 2-month-old male littermates. Right: a specific upregula-
tion of H3K27me3 in the mutant hippocampus. Relative protein level to
H3 in the wild-type was set as 1. n =4 per genotype. Error bars represent
SEM. *P < 0.05, Student’s ¢ test. b GST-tagged TSPYL2 (GST-L2) pull-
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down using nuclear lysates from non-transfected (first and bottom rows),
Flag-UTX-transfected (second row), and Flag-JMJD3-transfected
HEK293 cells (third row). Western blot for proteins indicated on the left.
¢ Components of PRC2 complex (EZH2, EED, SUZ12, RbAp48, and
AEBP) were separated by a polyacrylamide gel, probed with recombinant
GST, GST-L2, or antibodies to EZH?2 as indicated on the top
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Fig. 2 EZH2 is expressed in primary hippocampal neurons. a Western
blot detecting EZH2 expression in primary neurons during the 14 days in
vitro (DIV). Thirty pg of total protein was loaded in each lane and the

blot using antibodies to EZH2 to probe the enzyme complex
in parallel (Fig. 1c).

To identify the H3K27me3 marked genes in neurons, we
employed DIV 14 primary hippocampal neurons for ChIP-seq
in order to minimize heterogeneity in cell types and
experience-dependent variations in gene expression. The pu-
rity of neurons as determined by NeuN and DAPI staining was
95-97% throughout the 14 days culture period (not shown).
We also clarified that EZH2 was expressed in primary hippo-
campal neurons at DIV 14 by western blotting (Fig. 2a) and by
co-immunostaining with the neuronal marker Neu N (Fig. 2b).
For ChIP-seq, the specificity of H3K27me3 antibodies used
was confirmed using a peptide array (Fig. 3a). We performed
ChIP-seq in biological duplicates. To ensure sufficient se-
quencing depth, ~50 million non-duplicated reads were
mapped for each sample. We did not detect any obvious
changes in the genomic localization of H3K27me3 marks in
neurons isolated from 7spyl2 mutant embryos. To confirm that
TSPYL2 is not generally required for the recruitment to or
maintenance of EZH2 at specific target sites, we further per-
formed ChIP-seq using ChIP-validated EZH2 antibodies with
one pair of samples. We collected more than 43 million reads
for each sample and identified no redistribution of EZH2 ge-
nomic binding sites (data not shown).

By k-mean clustering, we divided all RefSeq genes into
four clusters from high to low modification levels based on
H3K27me3 occupancy +5 kb of transcription start sites
(TSS). Cluster 1-3 consists of 275, 1516, and 9069 genes,
respectively (Online Supplemental Table). Through
metagene analysis, the distribution pattern of H3K27me3
marks in the four clusters was analyzed (Fig. 3b). In gen-
eral, cluster 1 metagene shows a broad peak of H3K27me3,
whereas for cluster 2 and 3 metagenes, the summit is at the
TSS. Cluster 4 genes are regarded as unmarked. Cluster 1

-

nuclear cytoplasmic ratio decreased with neurite growth. b
Immunofluorescence of EZH2 in DIV14 hippocampal neurons labeled
with NeuN. WT: wild-type; scale bar =20 pm

metagene is well separated from the others. The mutant
showed an increase level of H3K27me3 in cluster 1
metagene, while there was a noticeable decrease in cluster
2 and 3 metagenes (Fig. 3b). Gene Ontology analysis
(DAVID Gene Ontology Bioinformatics Resources,
https://david.ncifcrf.gov/home.jsp) of cluster 1 genes
shows that they are enriched in regulation of transcription
and developmental processes, which include anterior/
posterior pattern specification and neuron differentiation
(Fig. 3c¢).

As H3K27me3 is associated with transcription repression
which can be inherited during cell division [42], in mutant
neurons, there should be unchanged or reduced expression
of cluster 1 genes. We randomly tested several genes in cluster

Fig. 3 TSPYL2 regulates the level of H3K27me3 in neurons. a P>
Verification of the specificity of H3K27 antibodies for ChIP-seq by hy-
bridization to a histone peptide array. Dotted line divides the sub-arrays.
Authentic positive signals appearing in triplets were boxed and peptide
identities are 1, H3K27me3 + R36me2; 2, H3K27me3; 3, H4K12ac +
K16 ac + H3K27me3. All unmarked triplet peptide signals are from
IgG controls to indicate binding of primary antibodies and secondary
antibodies. b ChIP-seq results of primary hippocampal neurons at 14 days
in culture. H3K27 me3 occupancies at a 10-kb window centering at the
TSS were classified into four clusters by k-mean clustering. Metagene
analysis shows the increased level of H3K27me3 for cluster] metagene in
Tspyl2 mutant primary neurons. ¢ Selected Gene Ontology of top-
enriched biological pathway annotations of cluster 1 genes (DAVID
Gene Ontology Bioinformatic Resources, https://david.nciferf.gov/
home.jsp). Dotted line, P<0.05 from P value (a modified Fisher’s
exact P value) adjusted by Benjamini-Hochberg correction. d RT-qPCR
of example marked genes in cluster 1. Transcript level relative to Hprt and
the wild-type level are set as 1. n =4. Error bars represent SEM. **P < 0.
01, Student ¢ test. e Genome browser views showing ChIP-seq pileups for
Gbx2 and Prss16. Areas of increased H3K27me3 in mutant neurons were
boxed. WT: wild-type; Mut: mutant
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Negative regulation of peptidase activity

lon transport
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Fig. 4 Gene Ontology analysis of genes with a low level of H3K27me3
in primary neurons. a Selected Gene Ontology of top-enriched biological
pathway annotations of cluster 2 H3K27me3 marked genes shows en-
richment in processes related to multicellular organism development
(DAVID Gene Ontology Bioinformatic Resources). b Cluster 3 marked
genes are enriched in G-protein coupled receptor signaling pathway.
Dotted line, P<0.05 from P value (a modified Fisher’s exact P value)

1. As predicted, their expressions were low in both wild-type
and mutant neurons with high threshold cycles by RT-qPCR
analysis. Nevertheless, we could detect a further reduction in
the expression of a few of them in mutant samples, for exam-
ple Gbx2 (n=4 per genotype, P=0.0095) and Prssi6 (n=4
per genotype, P=0.0025) (Fig. 3d). When we viewed their
ChIP-seq pileups, the increase in the level of H3K27me3 in
mutant neurons was only limited to small regions. The pileups
for EZH2 show unremarkable variations between wild-type
and mutant neurons (Fig. 3e).

TSPYL2 Regulates the Expression of EZH2 Target
Genes Important for Neuronal Functions

Gene Ontology analysis (DAVID Gene Ontology
Bioinformatics Resources) of the 1516 cluster 2 genes shows
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adjusted by Benjamini-Hochberg correction. ¢ Distribution of neuronal
genes from all RefSeq genes according to the level of H3K27me3. Cluster
1 genes have the highest H3K27me3 level, while cluster 4 genes are
unmarked. d Metagene analysis shows a peak of H3K27me3 at TSS for
cluster 2 neuronal genes, which is reduced in Zspy/2 mutant primary
neurons

that they are enriched in processes important for multicellular
organism development, including positive regulation of neu-
ron differentiation (Fig. 4a), in comparison to 9069 cluster 3
genes which are enriched in diverse pathways including G-
protein coupled receptor signaling pathway, sensory percep-
tion of smell, and immune responses (Fig. 4b). Well known
genes related to neuron functions, for example Bdnf, Grin2a,
and Grin2b, are marked by H3K27me3 in mouse embryonic
stem cells and primary embryonic fibroblasts [43]. To validate
that neuronal genes lose this mark during neuron maturation,
we further analyzed the number of neuronal genes, as defined
by the annotation “synapse” or “synaptic” in Gene Ontology
or “neuron” in cellular component in clusters 1-4. Of all the
2394 neuronal genes (Online Supplemental Table), 0.92,
10.07, 38.14, and 50.88% were found in clusters 1-4, respec-
tively (Fig. 4c). We further constructed the metagene for
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Fig. 5 Loss of TSPYL2 reduces a
expression of specific H3K27me3
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cluster 2 neuronal genes, and it is similar to that of all cluster 2
genes. The metagene showed that T3py/2 knockout decreased
the level of H3K27me3 around the TSS of neuronal genes
(Fig. 4d).

We moved on to examine individual snapshots of well-
studied neuronal genes, and these agreed with the mild differ-
ences in the metagenes (Fig. 5a). We further quantitated their
expression and found reduced expression in mutant neurons in
all seven neuronal genes being tested, with five genes showing
statistical significant differences. These include Acvril (WT:
n==6; Mut: n=5, P=0.0243), Bdnf transcript variant 1, the
longest transcript and therefore used for clustering (WT: n =5;
Mut: n=5, P=0.0324), Egr3 (WT: n=7; Mut: n=11, P=

Il WT-DMSO
1 WT-GSK126
I Mut-DMSO
[ Mut-GSK126

Relative mRNA expression Q)

O

& Y
N O ©
& ¢

&
N &

¢ &
Fig. 6 GSK126 and GSK J4 affect synaptic genes which are sensitive to
Tspyl2 knockout. a Effect of GSK126 on the expression of synaptic
genes. Igf] is a neuronal but not a synaptic gene as the control. WT:
wild-type, n=8; Mut: mutant, n=12. b The effect of GSK J4 on
transcription of synaptic genes. WT, n=9; Mut, n=10. Hippocampal
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0.0234), Grin2c (WT: n=7; Mut: n=11, P=0.0061), and
Igfl (WT: n=7;Mut: n=11, P=0.0299). By contrast, cluster
3 neuronal genes Grin2a and Grin2b did not show a differ-
ence in expression between genotypes. The non-neuronal
cluster 2 gene Slc27a2 also had reduced expression in mutant
neurons (WT: n=6; Mut: n=6, P=0.0295) (Fig. 5b).

To test whether there is dynamic deposition of the
H3K27me3 mark in synaptic genes, we applied GSK126, a
specific inhibitor of EZH2, before we collected samples at
DIV 14. In both wild-type and mutant neurons, GSK 126 caused
a significant increase in the expression of Egr3 (WT: n=8, P=
0.0387; Mut: n=12, P=0.0429) and Grin2c (WT: n=8, P=
0.0181; Mut: n=12, P=0.0147). Interestingly, Bdnf was
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neurons from one embryo were seeded equally onto two wells and

treated with vehicle or drug for pairwise comparison. Transcript level

relative to Hprt and the value in the paired vehicle control was set as 1.
Error bars represent SEM. * P<0.05, **P <0.01, paired ¢ test
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Fig. 7 TSPYL2 and EZH2 co-exist in target promoters. Direct ChIP
showing both HA-TSPYL2 and EZH2 binding at the promoter of
GBX2, PRSS16, BDNF, and GRIN2A, but not the negative control
ACTB in Be(2)-C. Cells were transfected with pcDNA3.1 (V) or expres-
sion vector for HA-TSPYL2 (HA-L2). Representative of three indepen-
dent transfections

significantly upregulated by GSK126 in mutants only (n =12,
P =0.0053) (Fig. 6a). Conversely, pre-treatment with GSKJ4, a
selective inhibitor of JIMJD3 and UTX, significantly reduced
the expression the Egr3 (WT: n=9, P=0.0095; Mut: n =10,
P=0.0001), and less significantly Grin2c (WT: n=9, P=
0.0227; Mut: n=10, P=0.0670) in both genotypes (Fig. 6b).

TSPYL2 Binds to Promoters of EZH2 Target Genes

Finally, we determined whether TSPYL2 and EZH2 co-
existed in target promoters. Since we could not identify
TSPYL2 antibodies suitable for ChIP after an extensive
search, we resolved to transfect HA-TSPYL2 into Be(2)-C
human neuroblastoma cells. Cells were transfected with HA-
TSPYL2 or the vector pcDNA3.1 and subject to ChIP with
HA and EZH2 antibodies in parallel. As revealed in the vector
control, HA antibodies gave background signals in some pro-
moters. Nevertheless, we detected increased binding of
TSPYL2 to promoters of GBX2, PRSS16, BDNF, and
GRIN2A in three independent transfections. EZH2 bound
equally to these regions in vector and HA-TSPYL2
transfected cells in two independent experiments (Fig. 7).
The results revealed the binding of both TSPYL2 and EZH2
to the promoters of GBX2, PRSS16, BDNF, and GRIN2A in
this cellular context.

Discussion

This investigation reveals a previously unrecognized role of
TSPYL2 in regulating the expression of EZH2 target genes in
hippocampal neurons. Through H3K27me3 ChIP-seq, we
have indirectly identified a specific subset of EZH2 target
genes, which are also regulated by TSPYL2. We found that

TSPYL2 interacts with EZH2 but did not affect its genomic
distribution. In hippocampal neurons, some of the H3K27me3
marked genes, including Bdnf, Egr3, and Grin2c, are dynam-
ically regulated by EZH2 and TSPYL2. Since Tspyl2 loss-of-
function caused reduced expression of these marked genes,
TSPYL2 normally enhances the expression of these genes in
differentiated neurons.

TSPYL2 interacts with transcriptional regulators such as
histone acetyltransferase CBP [9], as well as histone
deacetylase complexes [21] and Z3 complex [19]. In order
to identify the biological relevance of these interactions, in
this study, we first evaluated the effect of Tspyl2 loss-of-
function on histone modifications. Our data reveals that
TSPYL2 affects the global level of H3K27 trimethylation in
the hippocampus. Trimethylation of H3K27 stably repressed
developmental genes in embryonic stem cells [44] and adult
neurons [26]. However, a recent study also identified neuronal
genes marked by H3K27me3 in neuron progenitors and post-
mitotic neurons in the developing neocortex [45]. In agree-
ment with these studies, our ChIP-seq analysis shows that
genes in embryonic development and cell fate decision have
the highest level of H3K27me3 mark in hippocampal neurons.
These genes belong to cluster 1 in the current study and have a
broad peak of H3K27me3 around the TSS. Metagene analysis
shows that the level of H3K27me3 in cluster 1 genes was
increased in 75pyl2 mutant neurons. In correlation with this
finding, these genes are repressed in primary neurons and
further reduced expression in mutant neurons can only be
detected for some genes including Gbx2 and Prssi6. Gbx2
encodes a homeo-domain protein important for the develop-
ment of the mid/hind brain region [46] and is transiently re-
quired for the development of specific neuron types [47, 48],
whereas Prss]6 encodes a serine protease [49].

We have also clearly identified cluster 2 marked genes,
which have only half or less of the level of H3K27me3 when
compared to cluster 1genes, and there is a sharp peak of
H3K27me3 at TSS. These genes have not only a reduced peak
of H3K27me3 but also reduced transcript levels in mutants.
We propose that TSPYL?2 is recruited to these promoters
through interaction with the PRC2 complex. The interaction
may be strengthened by REST, which has been shown to
recruit PRC2 complex to a subset of neuronal genes in mouse
embryonic stem cells [33]. Furthermore, TSPYL2 is an
interacting partner of REST [21]. TSPYL2 could remain in
these promoters and is involved in subsequent gene activation.

We moved on to test the importance of EZH2 and TSPYL2
in the regulation of well-known synaptic genes. Treatment
with selective inhibitors of EZH2 and H3K27 demethylases
confirmed that synaptic genes perturbed in 75pyl2 mutant neu-
rons (Bdnf, Egr3 and Grin2c) were upregulated by inhibition
of EZH2, while synaptic genes unaffected in mutant neurons
(Egr2 and Grik3) were not sensitive to such treatment.
Collectively, the data strongly suggest that TSPYL2 and
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Fig. 8 Model of TSPYL2 in transcription regulation of neuronal genes

EZH2 dynamically regulated the expression of important syn-
aptic genes in hippocampal neurons. Defects in the fine tuning
of gene expression can contribute to the phenotype of our
Tspyl2 knockout mice reported previously [9, 10]. For exam-
ple, Egr3 is important for hippocampal long-term potentiation
and fear conditioning [50]. Both of these processes are impaired
in our Tspyl2 mutant mice [9]. The regulation of Bdnfis complex
and involves multiple splice variants [37, 51]. REST, EZH2,
JMJD3, and CBP have all been reported to regulate the transcrip-
tion of Bdnf [36, 37, 52]. Using our simplified culture model,
there is impaired transcription of Bdnf exon 1 in the Tspyl2
mutant neurons which can be rescued by inhibiting EZH2.
Specifically, increase in the transcription of Bdnf'exon 1 has been
reported after fear conditioning and its extinction [53-55].

The mild changes in H3K27me3 level, but significantly
reduced gene expression in mutant neurons, suggest that
TSPYL2 is involved in multiple steps in regulating gene ex-
pression. As NAPs can tether the transcription regulatory
complex to chromatin, a possible explanation is the impaired
dynamic localization of EZH2 and other transcriptional regu-
lators, such as p300 and CBP, in the absence of TSPYL2 at
target promoters. Highlighting the dynamic and transient na-
ture of protein interactions in transcription regulation,
RbAp46/48, a core component of the PRC2 complex, also
interacts with CBP and enhances its activity. Importantly, im-
pairment in this process can lead to memory-loss during aging
[56]. Interestingly, we also identified RbAp48 as a weak
TSPYL2 interacting protein in a pull-down assay using
HEK?293 cells (not shown), confirming the findings in carci-
noma cells [21]. To account for the reduced expression of
synaptic genes such as Egr3 and Grin2c in Tspyl2 mutants,
our current model is that TSPYL2 is recruited to promoters of
neuronal genes via the EZH2 enzyme complex. Upon gene
activation, TSPYL2 remains as a bridge between histone and
the new transcription regulatory complex. Upon histone
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acetylation, TSPYL2 may also play a role in nucleosome evic-
tion, which facilitates transcription initiation (Fig. 8).

In summary, our data show that TSPYL2 and EZH2 are
involved in the dynamic regulation of the expression of a
number of neuronal genes. Specifically, loss of Tspy/2 im-
paired the expression of these important genes including
Bdnf, Egr3, and Grin2c in hippocampal neurons. Even though
the exact target genes might vary as neurons continue to ma-
ture post-natally, our work provides a proof of principle study
to show that TSPYL2 epigenetically regulates gene expres-
sion in neurons through multiple interacting partners. This
fine tuning of gene expression provides an attractive mecha-
nism of how TSPYL2 contributes to intellectual performance
and neurodevelopmental syndromes in humans.

Accession number: All raw sequencing data and normal-
ized tag pileup files can be accessed from GEO Series entry
GSE74733. (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE74733)

Acknowledgements We thank Centre of Genomic Sciences, HKU for
library construction and next generation sequencing.

Funding Information The work was supported by the Research Grants
Council of the Hong Kong Special Administrative Region, China
(Reference No. 17102014) and Edward Sai Kim Hotung Paediatric
Education and Research Fund. The funders had no role in study
design, data collection and interpretation, or the decision to submit
the work to publication.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. Gurard-Levin ZA, Quivy JP, Almouzni G (2014) Histone chaper-
ones: assisting histone traffic and nucleosome dynamics. Annu Rev
Biochem 83:487-517. https://doi.org/10.1146/annurev-biochem-
060713-035536

2. Venkatesh S, Workman JL (2015) Histone exchange, chromatin
structure and the regulation of transcription. Nat Rev Mol Cell
Biol 16(3):178-189. https://doi.org/10.1038/nrm3941

3. Andrews AJ, Chen X, Zevin A, Stargell LA, Luger K (2010) The
histone chaperone Napl promotes nucleosome assembly by elimi-
nating nonnucleosomal histone DNA interactions. Mol Cell 37(6):
834-842. https://doi.org/10.1016/j.molcel.2010.01.037

4. Park YJ, Luger K (2006) Structure and function of nucleosome
assembly proteins. Biochem Cell Biol 84(4):549-558. https:/doi.
org/10.1139/006-088

5. Rogner UC, Spyropoulos DD, Le Novere N, Changeux JP, Avner P
(2000) Control of neurulation by the nucleosome assembly protein-
1-like 2. Nat Genet 25(4):431-435. https://doi.org/10.1038/78124

6. Chung WC, Huang TN, Hsueh YP (2011) Targeted deletion of
CASK-interacting nucleosome assembly protein causes higher


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74733
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74733
https://doi.org/10.1146/annurev-biochem-060713-035536
https://doi.org/10.1146/annurev-biochem-060713-035536
https://doi.org/10.1038/nrm3941
https://doi.org/10.1016/j.molcel.2010.01.037
https://doi.org/10.1139/o06-088
https://doi.org/10.1139/o06-088
https://doi.org/10.1038/78124

Mol Neurobiol (2019) 56:2640-2652

2651

10.

12.

13.

14.

16.

17.

18.

19.

20.

locomotor and exploratory activities. Neurosignals 19(3):128-141.
https://doi.org/10.1159/000327819

Tao KP, Fong SW, Lu Z, Ching YP, Chan KW, Chan SY (2011)
TSPYL2 is important for G1 checkpoint maintenance upon DNA
damage. PLoS One 6(6):¢21602. https://doi.org/10.1371/journal.
pone.0021602

Chai Z, Dai A, Tu Y, LiJ, Wu T, Wang Y, Hale LJ, Koentgen F et al
(2013) Genetic deletion of cell division autoantigen 1 retards
diabetes-associated renal injury. J Am Soc Nephrol 24(11):1782—
1792. https://doi.org/10.1681/ASN.2013010060

Tsang KH, Lai SK, Li Q, Yung WH, Liu H, Mak PH, Ng CC,
McAlonan G et al (2014) The nucleosome assembly protein
TSPYL2 regulates the expression of NMDA receptor subunits
GluN2A and GluN2B. Sci Rep 4:3654. https://doi.org/10.1038/
srep03654

Li Q, Chan SY, Wong KK, Wei R, Leung YO, Ding AY, Hui TC,
Cheung C et al (2016) Tspyl2 loss-of-function causes
neurodevelopmental brain and behavior abnormalities in mice.
Behav Genet 46(4):529-537. https://doi.org/10.1007/s10519-015-
9777-8

Dann J, DeLisi LE, Devoto M, Laval S, Nancarrow DJ, Shields G,
Smith A, Loftus J et al (1997) A linkage study of schizophrenia to
markers within Xp11 near the MAOB gene. Psychiatry Res 70(3):
131-143

Annunziata I, Lanzara C, Conte I, Zullo A, Ventruto V, Rinaldi
MM, D'Urso M, Casari G et al (2003) Mapping of MRXS81 in
Xpl1.2-Xq12 suggests the presence of a new gene involved in
nonspecific X-linked mental retardation. Am J Med Genet A
118A(3):217-222. https://doi.org/10.1002/ajmg.a.10144

Thiselton DL, McDowall J, Brandau O, Ramser J, d'Esposito F,
Bhattacharya SS, Ross MT, Hardcastle AJ et al (2002) An integrat-
ed, functionally annotated gene map of the DXS8026-ELK1 inter-
val on human Xp11.3-Xp11.23: potential hotspot for neurogenetic
disorders. Genomics 79(4):560-572. https://doi.org/10.1006/geno.
2002.6733

Moey C, Hinze SJ, Brueton L, Morton J, McMullan DJ, Kamien B,
Barnett CP, Brunetti-Pierri N et al (2016) Xp11.2 microduplications
including IQSEC2, TSPYL2 and KDMS5C genes in patients with
neurodevelopmental disorders. Eur J Hum Genet 24(3):373-380.
https://doi.org/10.1038/ejhg.2015.123

Lin CW, Huang TN, Wang GS, Kuo TY, Yen TY, Hsueh YP (2006)
Neural activity- and development-dependent expression and distri-
bution of CASK interacting nucleosome assembly protein in mouse
brain. ] Comp Neurol 494(4):606—619. https://doi.org/10.1002/cne.
20825

Shikama N, Chan HM, Krstic-Demonacos M, Smith L, Lee CW,
Cairns W, La Thangue NB (2000) Functional interaction between
nucleosome assembly proteins and p 300/CREB-binding protein
family coactivators. Mol Cell Biol 20(23):8933-8943

Asahara H, Tartare-Deckert S, Nakagawa T, Ikehara T, Hirose F,
Hunter T, Ito T, Montminy M (2002) Dual roles of p300 in chro-
matin assembly and transcriptional activation in cooperation with
nucleosome assembly protein 1 in vitro. Mol Cell Biol 22(9):2974—
2983

Sharma N, Nyborg JK (2008) The coactivators CBP/p300 and the
histone chaperone NAP1 promote transcription-independent nucle-
osome eviction at the HTLV-1 promoter. Proc Natl Acad Sci U S A
105(23):7959-7963. https://doi.org/10.1073/pnas.0800534105
Malovannaya A, Lanz RB, Jung SY, Bulynko Y, Le NT, Chan DW,
Ding C, Shi Y et al (2011) Analysis of the human endogenous
coregulator complexome. Cell 145(5):787-799. https://doi.org/10.
1016/j.cell.2011.05.006

Guo R, Zheng L, Park JW, Lv R, Chen H, Jiao F, Xu W, Mu S et al
(2014) BS69/ZMYNDI1 reads and connects histone H3.3 lysine 36
trimethylation-decorated chromatin to regulated pre-mRNA

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

processing. Mol Cell 56(2):298-310. https://doi.org/10.1016/j.
molcel.2014.08.022

Epping MT, Lunardi A, Nachmani D, Castillo-Martin M, Thin TH,
Cordon-Cardo C, Pandolfi PP (2015) TSPYL2 is an essential com-
ponent of the REST/NRSF transcriptional complex for TGFbeta
signaling activation. Cell Death Differ 22(8):1353-1362. https:/
doi.org/10.1038/cdd.2014.226

Rufiange A, Jacques PE, Bhat W, Robert F, Nourani A (2007)
Genome-wide replication-independent histone H3 exchange occurs
predominantly at promoters and implicates H3 K56 acetylation and
Asfl. Mol Cell 27(3):393—405. https://doi.org/10.1016/j.molcel.
2007.07.011

Guenther MG, Levine SS, Boyer LA, Jaenisch R, Young RA
(2007) A chromatin landmark and transcription initiation at most
promoters in human cells. Cell 130(1):77-88. https://doi.org/10.
1016/j.cell.2007.05.042

Pereira JD, Sansom SN, Smith J, Dobenecker MW, Tarakhovsky A,
Livesey FJ (2010) Ezh2, the histone methyltransferase of PRC2,
regulates the balance between self-renewal and differentiation in the
cerebral cortex. Proc Natl Acad Sci U S A 107(36):15957-15962.
https://doi.org/10.1073/pnas. 1002530107

Margueron R, Reinberg D (2011) The Polycomb complex PRC2
and its mark in life. Nature 469(7330):343—349. https://doi.org/10.
1038/nature09784

von Schimmelmann M, Feinberg PA, Sullivan JM, Ku SM,
Badimon A, Duff MK, Wang Z, Lachmann A et al (2016)
Polycomb repressive complex 2 (PRC2) silences genes responsible
for neurodegeneration. Nat Neurosci 19(10):1321-1330. https://
doi.org/10.1038/nn.4360

Corley M, Kroll KL (2015) The roles and regulation of Polycomb
complexes in neural development. Cell Tissue Res 359(1):65-85.
https://doi.org/10.1007/s00441-014-2011-9

Pirrotta V (1998) Polycombing the genome: PcG, trxG, and chro-
matin silencing. Cell 93(3):333-336

Lund AH, van Lohuizen M (2004) Polycomb complexes and si-
lencing mechanisms. Curr Opin Cell Biol 16(3):239-246. https://
doi.org/10.1016/j.ceb.2004.03.010

Kuzmichev A, Nishioka K, Erdjument-Bromage H, Tempst P,
Reinberg D (2002) Histone methyltransferase activity associated
with a human multiprotein complex containing the enhancer of
Zeste protein. Genes Dev 16(22):2893-2905. https://doi.org/10.
1101/gad.1035902

Peng JC, Valouev A, Swigut T, Zhang J, Zhao Y, Sidow A,
Wysocka J (2009) Jarid2/Jumonji coordinates control of PRC2 en-
zymatic activity and target gene occupancy in pluripotent cells. Cell
139(7):1290-1302. https://doi.org/10.1016/j.cell.2009.12.002

Li G, Margueron R, Ku M, Chambon P, Bernstein BE, Reinberg D
(2010) Jarid2 and PRC2, partners in regulating gene expression.
Genes Dev 24(4):368-380. https://doi.org/10.1101/gad.1886410
Dietrich N, Lerdrup M, Landt E, Agrawal-Singh S, Bak M,
Tommerup N, Rappsilber J, Sodersten E et al (2012) REST-
mediated recruitment of polycomb repressor complexes in mam-
malian cells. PLoS Genet 8(3):e1002494. https://doi.org/10.1371/
journal.pgen.1002494

Mozzetta C, Boyarchuk E, Pontis J, Ait-Si-Ali S (2015) Sound of
silence: the properties and functions of repressive Lys methyltrans-
ferases. Nat Rev Mol Cell Biol 16(8):499-513. https://doi.org/10.
1038/nrm4029

Rodenas-Ruano A, Chavez AE, Cossio MJ, Castillo PE, Zukin RS
(2012) REST-dependent epigenetic remodeling promotes the devel-
opmental switch in synaptic NMDA receptors. Nat Neurosci
15(10):1382-1390. https://doi.org/10.1038/nn.3214

Qi C, Liu S, Qin R, Zhang Y, Wang G, Shang Y, Wang Y, Liang J
(2014) Coordinated regulation of dendrite arborization by epigenet-
ic factors CDYL and EZH2. J Neurosci 34(13):4494—4508. https:/
doi.org/10.1523/INEUROSCL3647-13.2014

@ Springer


https://doi.org/10.1159/000327819
https://doi.org/10.1371/journal.pone.0021602
https://doi.org/10.1371/journal.pone.0021602
https://doi.org/10.1681/ASN.2013010060
https://doi.org/10.1038/srep03654
https://doi.org/10.1038/srep03654
https://doi.org/10.1007/s10519-015-9777-8
https://doi.org/10.1007/s10519-015-9777-8
https://doi.org/10.1002/ajmg.a.10144
https://doi.org/10.1006/geno.2002.6733
https://doi.org/10.1006/geno.2002.6733
https://doi.org/10.1038/ejhg.2015.123
https://doi.org/10.1002/cne.20825
https://doi.org/10.1002/cne.20825
https://doi.org/10.1073/pnas.0800534105
https://doi.org/10.1016/j.cell.2011.05.006
https://doi.org/10.1016/j.cell.2011.05.006
https://doi.org/10.1016/j.molcel.2014.08.022
https://doi.org/10.1016/j.molcel.2014.08.022
https://doi.org/10.1038/cdd.2014.226
https://doi.org/10.1038/cdd.2014.226
https://doi.org/10.1016/j.molcel.2007.07.011
https://doi.org/10.1016/j.molcel.2007.07.011
https://doi.org/10.1016/j.cell.2007.05.042
https://doi.org/10.1016/j.cell.2007.05.042
https://doi.org/10.1073/pnas.1002530107
https://doi.org/10.1038/nature09784
https://doi.org/10.1038/nature09784
https://doi.org/10.1038/nn.4360
https://doi.org/10.1038/nn.4360
https://doi.org/10.1007/s00441-014-2011-9
https://doi.org/10.1016/j.ceb.2004.03.010
https://doi.org/10.1016/j.ceb.2004.03.010
https://doi.org/10.1101/gad.1035902
https://doi.org/10.1101/gad.1035902
https://doi.org/10.1016/j.cell.2009.12.002
https://doi.org/10.1101/gad.1886410
https://doi.org/10.1371/journal.pgen.1002494
https://doi.org/10.1371/journal.pgen.1002494
https://doi.org/10.1038/nrm4029
https://doi.org/10.1038/nrm4029
https://doi.org/10.1038/nn.3214
https://doi.org/10.1523/JNEUROSCI.3647-13.2014
https://doi.org/10.1523/JNEUROSCI.3647-13.2014

2652

Mol Neurobiol (2019) 56:2640-2652

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Palomer E, Carretero J, Benvegnu S, Dotti CG, Martin MG (2016)
Neuronal activity controls Bdnf expression via Polycomb de-
repression and CREB/CBP/JMJD3 activation in mature neurons.
Nat Commun 7:11081. https://doi.org/10.1038/ncomms11081
Duclot F, Kabbaj M (2015) Epigenetic mechanisms underlying the
role of brain-derived neurotrophic factor in depression and response
to antidepressants. J Exp Biol 218(Pt 1):21-31. https://doi.org/10.
1242/jeb.107086

Tsankova NM, Berton O, Renthal W, Kumar A, Neve RL, Nestler
EJ (2006) Sustained hippocampal chromatin regulation in a mouse
model of depression and antidepressant action. Nat Neurosci 9(4):
519-525. https://doi.org/10.1038/nn1659

Li H, Durbin R (2009) Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25(14):1754—1760.
https://doi.org/10.1093/bioinformatics/btp324

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein
BE, Nusbaum C, Myers RM et al (2008) Model-based analysis of
ChIP-Seq (MACS). Genome Biol 9(9):R137. https://doi.org/10.
1186/gb-2008-9-9-r137

Hansen KH, Bracken AP, Pasini D, Dietrich N, Gehani SS, Monrad
A, Rappsilber J, Lerdrup M et al (2008) A model for transmission of
the H3K27me3 epigenetic mark. Nat Cell Biol 10(11):1291-1300.
https://doi.org/10.1038/ncb1787

Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E, Giannoukos
G, Alvarez P, Brockman W et al (2007) Genome-wide maps of
chromatin state in pluripotent and lineage-committed cells. Nature
448(7153):553-560. https://doi.org/10.1038/nature06008

Boyer LA, Plath K, Zeitlinger J, Brambrink T, Medeiros LA, Lee
TI, Levine SS, Wernig M et al (2006) Polycomb complexes repress
developmental regulators in murine embryonic stem cells. Nature
441(7091):349-353. https://doi.org/10.1038/nature04733

Albert M, Kalebic N, Florio M, Lakshmanaperumal N, Haffner C,
Brandl H, Henry I, Huttner WB (2017) Epigenome profiling and
editing of neocortical progenitor cells during development. EMBO
T 36(17):2642-2658. https://doi.org/10.15252/embj.201796764
Wassarman KM, Lewandoski M, Campbell K, Joyner AL,
Rubenstein JL, Martinez S, Martin GR (1997) Specification of
the anterior hindbrain and establishment of a normal mid/
hindbrain organizer is dependent on Gbx2 gene function.
Development 124(15):2923-2934

Chen L, Chatterjee M, Li JY (2010) The mouse homeobox gene
Gbx2 is required for the development of cholinergic interneurons in

@ Springer

48.

49.

50.

51,

52.

53.

54.

55.

56.

the striatum. J Neurosci 30(44):14824—-14834. https://doi.org/10.
1523/INEUROSCI.3742-10.2010

Chatterjee M, Li K, Chen L, Maisano X, Guo Q, Gan L, Li JY
(2012) Gbx2 regulates thalamocortical axon guidance by modify-
ing the LIM and Robo codes. Development 139(24):4633—4643.
https://doi.org/10.1242/dev.086991

Luther C, Wienhold W, Oehlmann R, Heinemann MK, Melms A,
Tolosa E (2005) Alternatively spliced transcripts of the thymus-
specific protease PRSS16 are differentially expressed in human
thymus. Genes Immun 6(1):1-7. https://doi.org/10.1038/sj.gene.
6364142

Li L, Yun SH, Keblesh J, Trommer BL, Xiong H, Radulovic J,
Tourtellotte WG (2007) Egr3, a synaptic activity regulated tran-
scription factor that is essential for learning and memory. Mol
Cell Neurosci 35(1):76-88. https://doi.org/10.1016/j.mcn.2007.02.
004

Boulle F, van den Hove DL, Jakob SB, Rutten BP, Hamon M, van
Os J, Lesch KP, Lanfumey L et al (2012) Epigenetic regulation of
the BDNF gene: implications for psychiatric disorders. Mol
Psychiatry 17(6):584-596. https://doi.org/10.1038/mp.2011.107
Tian F, Hu XZ, Wu X, Jiang H, Pan H, Marini AM, Lipsky RH
(2009) Dynamic chromatin remodeling events in hippocampal neu-
rons are associated with NMDA receptor-mediated activation of
Bdnf gene promoter 1. J] Neurochem 109(5):1375-1388. https://
doi.org/10.1111/5.1471-4159.2009.06058 x

Fuchikami M, Yamamoto S, Morinobu S, Takei S, Yamawaki S
(2010) Epigenetic regulation of BDNF gene in response to stress.
Psychiatry Investig 7(4):251-256. https://doi.org/10.4306/pi.2010.
7.4.251

Bredy TW, Wu H, Crego C, Zellhoefer J, Sun YE, Barad M (2007)
Histone modifications around individual BDNF gene promoters in
prefrontal cortex are associated with extinction of conditioned fear.
Learn Mem 14(4):268-276. https://doi.org/10.1101/Im.500907

Ou LC, Gean PW (2007) Transcriptional regulation of brain-
derived neurotrophic factor in the amygdala during consolidation
of fear memory. Mol Pharmacol 72(2):350-358. https://doi.org/10.
1124/mol.107.034934

Pavlopoulos E, Jones S, Kosmidis S, Close M, Kim C, Kovalerchik
O, Small SA, Kandel ER (2013) Molecular mechanism for age-
related memory loss: the histone-binding protein RbAp48. Sci
Transl Med 5(200):200rall5. https://doi.org/10.1126/
scitranslmed.3006373


https://doi.org/10.1038/ncomms11081
https://doi.org/10.1242/jeb.107086
https://doi.org/10.1242/jeb.107086
https://doi.org/10.1038/nn1659
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1038/ncb1787
https://doi.org/10.1038/nature06008
https://doi.org/10.1038/nature04733
https://doi.org/10.15252/embj.201796764
https://doi.org/10.1523/JNEUROSCI.3742-10.2010
https://doi.org/10.1523/JNEUROSCI.3742-10.2010
https://doi.org/10.1242/dev.086991
https://doi.org/10.1038/sj.gene.6364142
https://doi.org/10.1038/sj.gene.6364142
https://doi.org/10.1016/j.mcn.2007.02.004
https://doi.org/10.1016/j.mcn.2007.02.004
https://doi.org/10.1038/mp.2011.107
https://doi.org/10.1111/j.1471-4159.2009.06058.x
https://doi.org/10.1111/j.1471-4159.2009.06058.x
https://doi.org/10.4306/pi.2010.7.4.251
https://doi.org/10.4306/pi.2010.7.4.251
https://doi.org/10.1101/lm.500907
https://doi.org/10.1124/mol.107.034934
https://doi.org/10.1124/mol.107.034934
https://doi.org/10.1126/scitranslmed.3006373
https://doi.org/10.1126/scitranslmed.3006373

	TSPYL2 Regulates the Expression of EZH2 Target Genes in Neurons
	Abstract
	Introduction
	Materials and Methods
	Mice
	Cell Culture
	Plasmids
	Western Blotting
	Pull Down Assay
	Far-Western Assay
	Immunocytochemistry
	Hybridization to Peptide Arrays
	ChIP-seq
	RT-qPCR
	ChIP-PCR
	Statistical Analysis

	Results
	TSPYL2 Affects the Level of H3K27me3 in Hippocampal Neurons
	TSPYL2 Regulates the Expression of EZH2 Target Genes Important for Neuronal Functions
	TSPYL2 Binds to Promoters of EZH2 Target Genes

	Discussion
	References


