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Histone demethylase PHF2 activates CREB and
promotes memory consolidation
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Abstract

Long-term memory formation is attributed to experience-dependent
gene expression. Dynamic changes in histone methylation are essen-
tial for the epigenetic regulation of memory consolidation-related
genes. Here, we demonstrate that the plant homeodomain finger
protein 2 (PHF2) histone demethylase is upregulated in the mouse
hippocampus during the experience phase and plays an essential role
in memory formation. PHF2 promotes the expression of memory-
related genes by epigenetically reinforcing the TrkB-CREB signaling
pathway. In behavioral tests, memory formation is enhanced by
transgenic overexpression of PHF2 in mice, but is impaired by silenc-
ing PHF2 in the hippocampus. Electrophysiological studies reveal that
PHF2 elevates field excitatory postsynaptic potential (fEPSP) and
NMDA receptor-mediated evoked excitatory postsynaptic current
(EPSC) in CA1l pyramidal neurons, suggesting that PHF2 promotes
long-term potentiation. This study provides insight into the epigenetic
regulation of learning and memory formation, which advances our
knowledge to improve memory in patients with degenerative brain
diseases.
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Introduction

Learning and remembering are neural processes by which humans
and other animals modify their behavior based on past experience,
reacting to changes in environment, or after social interactions. The

formation of long-term memory is inevitably associated with
dynamic gene expression [1-3]. In this process, post-translational
modifications (PTMs) of receptors, signaling molecules and tran-
scription factors, contribute significantly to the regulatory processes
involved in memory formation [4].

Histone PTMs induce remodeling of the chromatin structure,
thereby epigenetically regulating gene expression and eliciting
profound effects on synaptic plasticity, memory formation, and
other long-lasting complex behavior. Histone acetylation, which
usually facilitates gene transcription, has been implicated in synap-
tic plasticity and learning [5-8]. This role of histone acetylation has
also been supported by studies showing that histone deacetylase
inhibitors enhance the consolidation of associative memory in
rodents [9-11]. On the other hand, histone methylation plays vari-
able roles in gene transcription, depending on specific methylated
residues of histones. For example, di/tri-methylation at histone 3
lysine 9 (H3K9) and H3K4 elicits gene repression and activation,
respectively. A growing body of evidence supports the involvement
of histone methylation in learning and memory. The haploinsuffi-
ciency of euchromatin histone methyltransferasel (EHMTI) is clini-
cally associated with intellectual disability in Kleefstra syndrome
[12]. The loss of the gene Kmt2b in forebrain excitatory neurons
induces impaired hippocampal memory formation in mice [13].
Compared to histone methyltransferases, histone demethylases have
been investigated less extensively as modulators in memory forma-
tion. For example, LSD1+8a, which is a neuron-specific variant of
LSD1/KDM1A, was reported to participate in the balance of memory
formation and emotional behavior as a co-regulator of the activity-
evoked transcription of immediate early genes [14]. Based on these
reports, it appears that histone demethylases might participate in
learning and memory processes as epigenetic regulators, but their
precise roles have not been clearly defined.

Plant homeodomain finger protein 2 (PHF2) is a Jumonji-C
(JmjC) domain-containing demethylase that specifically targets
H3K9me2. Of its domains, the plant homeodomain (PHD)
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recognizes methylated lysine residues and JmjC demethylates the
residues using ferrous iron, oxygen, and 2-oxoglutarate [15]. Func-
tionally, PHF2 is believed to act as an epigenetic activator by erasing
the repressive mark H3K9me2 [16]. PHF2 has been reported to act
on many transcription factors, such as HNF4 [17], CEBPa [18], NF-
kB [19], p53 [20], and Runx2 [21]. Usually, PHF2 functions to
promote cell differentiation or to strengthen the cellular response to
external stress. Yet, little is known about the role of PHF2 in learn-
ing and memory.

Long-term memory formation requires de novo protein synthesis
at the transcriptional levels, and the post-training transcription of
memory-related genes may be epigenetically programed. Therefore,
investigation of the roles of histone demethylases in hippocampal
neurons should provide important information that leads to a better
understanding of learning and memory formation. In this study, we
found that the PHF2 histone demethylase is upregulated in mouse
hippocampus after training and facilitates memory formation by
epigenetically activating CREB-driven transcription of memory-
related genes.

Results

PHF2 is upregulated in the mouse hippocampus after contextual
fear conditioning

As shown in Appendix Fig S1A, mice were subjected to hippo-
campus-dependent contextual fear conditioning (CFC) training. To
identify the histone methyltransferases (HMTs) and histone
demethylases (HDMs) related to learning and memory, we
performed LC/MASS-based proteomic analyses in the hippocampal
tissues obtained from untrained and CFC-trained mice. The heat
map of the proteomics data is presented in Fig 1A. Hierarchical clus-
tering was performed using only the genes that showed a significant
difference (P < 0.056) in protein expression between the trained and
untrained groups. A total of 233 upregulated and 291 downregulated
hippocampal proteins were identified in the trained group relative to
controls, which is summarized in Dataset EV1. Among these
proteins, 2 HDMs (PHF2 and KDM1A) and 1 HMT (ASH2L) were
found to be upregulated after training, with no HDMs or HMTs
significantly downregulated. We also confirmed significant induc-
tion of Phf2 and Ash2l mRNA levels from the same hippocampal
tissues used for proteomics, whereas this was not found for Kdmla
(Fig 1B). Further analysis was performed by dividing the mice into
untrained (NT), contextual-only trained (CTO), tone and shock
trained (T+S), and CFC-trained (T) groups. We found that ASH2L
showed no significant change in any of the groups, while KDM1A
showed significant increased expressions only in the CTO and T+S
groups (Fig 1C, left). However, PHF2 showed the most significant
increase in the T group when compared to the NT group. Further-
more, we examined the histone methylation levels and confirmed
that H3K9me2 showed a significant decrease in the T group (Fig 1C,
right). Since PHF2 is known to be a histone demethylase, and
considering the significant increase in the T group, we focused on
the role of PHF2 in learning and memory. The increased expression
of immediate early genes (IEG) plays an important role in the long-
term synaptic plasticity necessary for associative memory consolida-
tion in many behavioral paradigms. Thus, we analyzed the
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correlation between c-FOS and PHF2 levels in the hippocampal CA1
region of each group by immunofluorescence staining, revealing
evidence that PHF2 may regulate IEG expression in the process of
memory consolidation (Fig 1D). Additionally, we examined gene
expression in the hippocampus of WT and PHF2 t/g mice by
QuantSeq analysis (Appendix Fig S2). The heat map depicts the
changes in gene expression between WT and PHF2 t/g hippocampal
tissue (Appendix Fig S2A), and the Venn diagrams show the
number of genes that were upregulated or downregulated between
WT and PHF2 t/g, revealing 119 upregulated and 56 downregulated
genes in the PHF2 t/g group relative to controls (Appendix Fig S2B).
Gene ontology analysis for RNA-seq was followed from KEGG path-
way analyses (Appendix Fig S2C and D). These results prompted us
to test the possibility that PHF2-mediated H3K9 demethylation plays
a role in hippocampal learning and related memory processes.

PHF2 is essential for hippocampus-dependent learning
and memory

To further examine the role of PHF2 in learning and memory, we
injected GFP-expressing sh-control (sh-Con) or sh-PHF2 lentiviruses
into the bilateral hippocampal CAl regions of 4-month-old mice.
Time-dependent knocked-down expression of PHF2 by sh-PHF2
lentivirus was verified by immunoblotting after transfection into the
primary neurons (Appendix Fig S3A). The appropriate injection of
lentivirus was confirmed by measuring the GFP fluorescence
(Fig EV1A). Knockdown efficiency of PHF2 was analyzed by
immunoblotting or immunofluorescence staining using anti-PHF2
antibody in the hippocampal tissues at the indicated times
(Appendix Fig S3B), or on the third day after stereotactic injection
of sh-PHF2 lentiviruses (I and II) or si-PHF2 into the CA1 region
(Fig EV1B, Appendix Fig S3C, Appendix Fig S4, and Appendix Fig
S5). As expected, PHF2 knockdown significantly increased the
hippocampal level of H3K9me2, but not of H3K4me2, H3K9me3, or
H3K27me2 (Figs 2A and EV1C). Interestingly, Phf2 and 13 memory-
related genes (Nr2b, Glurl, Glur2, Trkb, CamklIl, Creb, CdkS5,
Shank3, Psd95, Bdnf, Egrl, c-Fos, and Npas4) were all downregu-
lated in the PHF2-depleted hippocampi, but two of them (Glurl and
Npas4) did not statistically differ (Fig 2B). We observed the general
behavior of mice after hippocampal injection with shRNAs. The
anxiety and locomotor activity of mice in the sh-Con and sh-PHF2
groups did not differ in either the open field test (Fig EV1D), or the
rotarod test (Fig EV1E). We next examined the role of PHF2 in CFC
memory. The day after CFC training, freezing behavior, which is
indicative of associative memory consolidation, was observed in the
mice re-exposed to the conditioning context. Mice lacking PHF2 in
the hippocampus showed a shorter freezing time than control mice
(Fig 2C). This result suggests that PHF2 is essential for the forma-
tion of contextual fear memory. Next, we analyzed spatial learning
and memory in mice using the Morris water maze test, as shown in
Appendix Fig S1B. The probe test was actuated by designating the
2 days that constituted statistical significance as the end point. Mice
were placed in the area opposite to the platform in the water tank.
In the sh-Con group, the latency before escape from the original
placement site was shorter on training days 3 and 4 than it was on
training day 1. The control mice typically learned to swim out of
their original location to a platform by day 3. On the other hand, the
escape latency time was significantly prolonged in the sh-PHF2

© 2019 The Authors
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Figure 1. PHF2 is upregulated in mouse hippocampus after training.

A

Hierarchical clustering of 524 DEPs (P < 0.056, Pearson’s correlation) was performed as indicated, delineating samples into two groups (not training and training).

Log2-transformed protein expression values were normalized by Z-score transformation to a scale of —2 to 2 prior to clustering. Color bars show a heat map of
Z-scores and log2-transformed ion intensities.

proteomic analysis. Relative mRNA levels were normalized to 18S rRNA levels.

RT—qPCR analysis revealed a significant upregulation of Phf2 and Ash2l expression in the same hippocampal lysates of the untrained and trained mice used for

Immunoblot assays of hippocampal lysates from four groups: untrained (NT), contextual-only control (CTO), tone + shock (T+S), and CFC trained (T), were performed. The

T group showed increased levels of PHF2, but there were no statistical changes in ASH2L expression (left). Decreased methylation of H3K9me2 with no changes in
H3K4me2, H3K9me3, or H3K27me2 was observed in the T group (right). Quantification of the immunoblot analysis (Bottom). The protein levels were normalized against
tubulin and quantified as fold change relative to the NT group. H3Kme protein levels were normalized against H3 and quantified as fold change relative to the NT group.

Immunofluorescence of PHF2 and c-Fos levels in the hippocampus of WT mice divided into untrained (NT), contextual-only control (CTO), tone + shock (T+S), and CFC

trained (T) (left panel). Scale bar, 200 pm. Quantification of PHF2 and c-Fos double positive stained cells (arrowheads) by immunofluorescence analysis (right panel).

Data information: In (B, C), data are presented as the mean + SD (n = 6). **P < 0.01, *P < 0.05 (unpaired, two-sided Student’s t-test). In (D), data are presented as the
mean =+ SD (n = 5). *P < 0.05 (unpaired, two-sided Student’s t-test).
Source data are available online for this figure.
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group (Fig 2D, left), suggesting that the mice lacking PHF2 in the
hippocampus were less competent in terms of their learning and
memory abilities. Additionally, we evaluated spatial memory using
the probe trial test and found that PHF2-knocked-down mice stayed
longer at their original location, but shorter at the target area
(Fig 2E, left; Movie EV1). To exclude the possibility of PHF2
affecting motor ability during the water maze test, swimming ability
was tested between sh-Con and sh-PHF2 groups, but no differences
were observed (Fig 2F, left). Compared with control mice, mice in
the sh-PHF2 group approached or crossed over the vestige of the
pre-existing platform less frequently (Fig 2G, left). To further con-
firm the effect of PHF2 knockdown on spatial memory formation,
we injected PHF2-silencing siRNA, instead of the shRNA lentivirus,
bilaterally into mouse hippocampi. Subsequently, the Morris water
maze test revealed that mice in the si-PHF2 group were less able to
learn and to remember compared to mice in the si-Con group
(Fig 2D, E, and G, right). As expected, hippocampal injection with
si-PHF2 did not affect swimming ability (Fig 2F, right). We addition-
ally confirmed whether reduction in learning and memory due to
PHF2 knockdown could be rescued by ectopic expression of PHF2.
Equal injection of GFP-Con siRNA or GFP-PHF2 siRNA vector was
verified by measuring both GFP and PHF2 fluorescence
(Appendix Fig S5). In the Morris water maze test, the escape latency
time was shorter in the co-transfected siPHF2+F/S-PHF2 group than
in the si-PHF2 + F/S vector group. In addition, starting on training
day 2, co-transfected siPHF2 + F/S-PHF2 group of mice stayed
longer in the target quadrant (Fig 2H). This increase in the number
of platform crossings observed in the si-PHF2 + F/S-PHF2 mice
group with no difference in swimming ability (Fig 2I) confirmed the
role of PHF2 in memory formation recovery (Fig 2J). Overall, PHF2
is probably required for hippocampus-dependent memory forma-
tion.

PHF2 transgenic mice show high hippocampus-dependent
learning and memory

To confirm the role of PHF2 in learning and memory, we generated
homozygous transgenic mice expressing human PHF2 (PHF2 t/g)

Hye-Jin Kim et al

[21]. Expression of the transgene in mouse hippocampi was verified
by Western blotting (Fig 3A, Top) and ImageJ-based densitometry
(Fig EV2A). Immunofluorescence images showed that PHF2 was
widely overexpressed at the hippocampal CAl region, and PHF2
expression in hippocampal CAl of PHF2 t/g mouse was stronger
than that of wild-type mice (Fig EV2B). Given that the hippocampal
level of H3K9me2 alone was reduced in the transgenic mice (Fig 3A,
Bottom and Fig EV2C), transgenic PHF2 might be functionally active
in the hippocampus. Basically, PHF2 overexpression did not
substantially affect the anxiety, general locomotor activity, or swim-
ming ability of mice (Fig EV2D-F). We initially analyzed the mRNA
levels of the genes related to memory formation. In PHF2 t/g mice,
Phf2 and 9 of 13 memory-related genes (Nr2b, Glurl, Camkll, Creb,
CdkS, Shank3, Psd95, Bdnf, and Ergl) were significantly upregu-
lated, whereas four genes (Glur2, Trkb, c-Fos, and Npas4) were not
(Fig 3B). The day after CFC training, PHF2 t/g mice showed a longer
freezing time than did their wild-type littermates (Fig 3C), suggest-
ing that PHF2 facilitated the formation of contextual fear memory.
However, PHF2 did not affect cued-dependent memory formation
(Appendix Fig S6). In the Morris water maze test, the escape latency
time was shorter in the PHF2 t/g group than in the wild-type litter-
mate group, starting on training day 5 (Fig 3D). Compared to wild-
type littermate, PHF2 t/g mice stayed longer in the target quadrant
(Fig 3E; Movie EV2). Additionally, the closer proximity (Fig 3F) and
increasing number of platform crossings (Fig 3G) of the PHF2 t/g
group indicate higher efficiency in searching for platform area. In
summary, these results suggest that PHF2 potentiates hippocampus-
dependent memory formation.

PHF2 facilitates long-term potentiation in
CA1l pyramidal neurons

Long-lasting synaptic plasticity underlies learning and memory
formation. To understand the mechanism underlying the PHF2
enhancement of hippocampus-dependent memory, long-term poten-
tiation (LTP) was induced in the Schaffer collateral-CA1 synapses of
hippocampus by high-frequency stimulation (100 Hz; HFS). Field
excitatory postsynaptic potential (fEPSP) was significantly impaired

Figure 2. PHF2 is essential for hippocampus-dependent learning and memory. »

A Immunoblot analysis of hippocampal lysates collected from sh-Con and sh-PHF2 mice revealed decreased PHF2 expression in sh-PHF2 mice. Increased methylation of
H3K9me2 was observed in sh-PHF2 mice, with no changes in either H3K4me2 or H3K9me3.

B RT—qPCR analysis revealed strong downregulation of memory formation-related genes in the hippocampus of sh-PHF2 mice, relative to sh-Con mice. Relative mRNA
levels were normalized to 18S rRNA levels.

C Re-exposure of mice kept at the home cage for 24 h after T+S to the context elicited less freezing in sh-PHF2 mice relative to that in sh-Con mice.

D Morris water maze training revealed increase in escape latency for both sh- and si-PHF2 mice compared to that of control mice when trained for 4 and 5 days,
respectively.

E Heat plots of search intensity during probe trial were conducted for both sh- and si-PHF2 mice on days 5 and 6, respectively. Both sh- and si-PHF2 mice spent less
time in the target quadrant during the probe trial. See also Movie EV1.

F Swimming ability in sh- and si-PHF2 mice did not differ from that of the control group.

A decrease in the number of platform crossings was observed for both sh- and si-PHF2 mice compared to that of the sh-Con mice.

H Morris water maze training showed decreased escape latency for si-PHF2 + F/S-PHF2 mice compared to that of si-PHF2 + F/S mice when trained for 5 days (left).
Heat plots of search intensity during probe trial were conducted on day 6. Si-PHF2 + F/S-PHF2 mice spent more time in the target quadrant than si-Con + F/S mice
during the probe trial (right).

| Swimming ability did not differ between si-PHF2 + F/S and si-PHF2 + F/S-PHF2 mice.

J The number of platform crossings increased in si-PHF2 + F/S-PHF2 mice, relative to si-Con + F/S mice.

Data information: In (B), data are presented as the mean + SD (n = 6). In (C-J), data are presented as the mean values + SEM (n = 8). ***P < 0.001, **P < 0.01, and
*P < 0.05 (unpaired, two-sided Student’s t-test).
Source data are available online for this figure.
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Figure 3. PHF2 transgenic mice show high hippocampus-dependent learning and memory.
A
H3K27me2 relative to WT mice.

RT-qPCR data analysis revealed upregulation of memory formation-related genes in PHF2 t/g mice.
The context elicited increased freezing time in PHF2 t/g mice relative to that in WT littermate mice.
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(right). See also Movie EV2.
F Decrease in proximity to the platform for PHF2 t/g mice relative to WT littermate mice was observed.
G Anincrease in the number of platform crossings was observed for PHF2 t/g mice relative to WT littermate mice.

Immunoblot analysis revealed overexpression of PHF2 and decreased methylation of H3K9me2 in PHF2 t/g mice, with no changes in H3K4me2, H3K9me3, or

Results from the Morris water maze showed that the escape latency of PHF2 t/g mice was shorter than that of WT littermate mice.
Heat plots of search intensity during probe trial were conducted on day 8 (left). PHF2 t/g mice spent more time in the target quadrant than WT littermate mice

Data information: In (B), data are presented as the mean + SD (n = 6). In (C-C), data are presented as the mean values + SEM (n = 9). ***P < 0.001, **P < 0.01, and

*P < 0.05 (unpaired, two-sided Student’s t-test).
Source data are available online for this figure.
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in hippocampi transduced with sh-PHF2 (mean + SEM,
118.0% =+ 7.8), compared to those transduced with sh-Con
(165.3% =+ 9.2) (Fig 4A). This result suggests that PHF2 is required
for hippocampal LTP that is attributable to synaptic plasticity. The
baseline synaptic properties, including the fiber volley—fEPSP rela-
tionship and the paired-pulse ratio, were not different between the
two groups (Fig EV3A and B). Next, we examined whether
hippocampal LTP is enhanced in PHF2 t/g mice showing improved
learning and memory. The basal synaptic properties revealed that
the basal synaptic transmission was normal in PHF2 t/g mice
(Fig EV3C and D). Interestingly, we observed a weak but significant
increase of LTP when PHF2 was transiently overexpressed in the
hippocampi (F/S, 111% =+ 4.11%; Flag-PHF2, 120.5% =+ 2.75%)
(Fig EV4A and B). The hippocampi of PHF2 t/g mice also showed a
robust enhancement of early LTP compared with those of their wild-
type littermates (Fig 4B). After a brief post-tetanic potentiation was
observed, the LTP in PHF2 t/g mice was reinforced in a time-depen-
dent way and reached over twofold level of the LTP in the wild-type
group (WT, 135.9% =+ 6.0; PHF2 t/g, 308.7% + 34.8). Such a
kinetic profile of early LTP has not been reported previously,
although it is evident in the late LTP generated through brain-
derived neurotrophic factor (BDNF)-TrkB signaling [22]. Indeed,
BDNF induced the gradual enhancement of LTP in wild-type
hippocampal neurons (Fig EV3E), as shown in PHF2 t/g neurons. A
protein synthesis inhibitor cycloheximide abolished the time-
dependent LTP enhancement by BDNF, but did not affect the initial
LTP (Fig EV3E). This supports the previous notion that TrkB signal-
ing enhances LTP through the de novo syntheses of memory-related
proteins. Therefore, we tested the possibility of whether PHF2 t/g
neurons induce LTP due to pre-activation of the TrkB-target genes.
When the PHF2 t/g hippocampal neurons were pretreated with
cycloheximide or a Trk kinase inhibitor K252a, the increment in
early LTP was almost completely abolished (Fig 4C). This result
suggests that the LTP enhancement in PHF2 t/g hippocampal
neurons is attributable to TrkB-induced de novo protein synthesis.
All fEPSP data were statistically analyzed and are presented as bar
graphs in Fig 4D.

PHF2 acts as an epigenetic co-activator of CREB
in the hippocampus

PHF2 is an epigenetic regulator that interacts with and regulates the
activity transcription factors. To identify the transcription factors
interacting with PHF2, we reanalyzed our proteomics data (Dataset
EV1) obtained from the hippocampi of CFC-trained mice and listed
the results in Appendix Fig S7A. Of these proteins, we focused on
CREB, TCF4, and GTF2l because they are known to express
memory-related genes. Of the three candidates, we determined that
PHF2 was co-precipitated only with CREB, and vice versa (Fig 5A).
The CREB-PHF2 interaction was also confirmed by co-immuno-
precipitating ectopically expressed proteins (Fig 5B). When four
domains of PHF2 were co-expressed with CREB, the C-terminus (the
4th fragment) of PHF2 (Appendix Fig S8) was identified as the
CREB-interacting domain (Fig 5C). The post-training induction of
CREB was evaluated by Western blotting. The hippocampal level of
phospho-CREB was enhanced to a greater extent than total CREB
(Appendix Fig S7B), suggesting that hippocampal CREB was acti-
vated during learning and memory formation. To examine whether

© 2019 The Authors

EMBO reports

PHF2 epigenetically regulates the CREB-driven transcription of
target genes Bdnf and Nr2b, chromatin immunoprecipitation (ChIP)-
gPCR analyses were performed. The Gapdh gene was also examined
as the representative non-target gene of CREB. We found that both
PHF2 and CREB were more abundantly recruited to CREB target
genes in the hippocampal tissues of CFC-trained mice than in those
of untrained mice (Fig 5D and E). Additionally, CREB recruitment to
target genes depended on PHF2 expression (Fig 5G and H). To
examine the role of PHF2 as an epigenetic regulator of CREB-driven
transcription, we analyzed the binding of H3K9me2 to the promot-
ers of CREB target genes. The binding levels of H3K9me2 to the
promoters of CREB target genes were reduced after CFC training
(Fig 5F), and it was inversely correlated with PHF2 expression
(Fig 5I). These results indicate that PHF2 works actively as a H3K9
demethylase at the promoter region of CREB target genes. To under-
stand how PHF2 regulates the CREB binding to DNA, we measured
the CREB and phospho-CREB proteins in hippocampal tissues. Both
CREB and phospho-CREB were up- and downregulated by PHF2
overexpression and knockdown, respectively (Fig 5J, Top). The
induction of total CREB protein may be significant; however, the
phosphorylation of CREB seems to be more actively regulated by
PHF2 (Fig 5J, Bottom). Next, we used a domain study to assess the
interaction between PHF2 and CREB, confirming the involvement of
the C-terminal region in this interaction (Fig 5K). Additionally, we
confirmed that deletion of the C-terminal region of PHF2 disrupts
CREB-dependent transcription due to reduced interaction between
CREB and PHF2-CREB-dependent promoter recruitment (Fig 5L and
M). Given that hippocampal memory consolidation is mediated by a
positive autoregulatory CREB-BDNF feedback loop [23], PHF2 may
activate this autoregulatory loop, i.e., PHF2 activation of CREB
promotes the self-induction of CREB, and induce BDNF and NR2B
expression, which stimulates the phosphorylation of CREB.

PHF2 activates CREB by NMDA receptor-dependent signaling

BDNF-TrkB signaling and N-methyl-D-aspartate (NMDA) receptors
induce synaptic plasticity in hippocampal neurons to promote
memory consolidation [22,24-26]. CREB is phosphorylated
through this signaling cascade and then transactivates many
genes essential for synaptic plasticity [27,28]. In the present
study, we found that PHF2 enhanced memory formation through
the BDNF-TrkB-CREB signaling pathway (Figs 4C and D, and
Fig 5D-I, and EV3E). When the NMDA receptor was stimulated
by NMDA and glycine, the CREB in hippocampal neurons was
noticeably phosphorylated, but this was attenuated by a CaMKII
inhibitor KN-62. However, PHF2 knockdown attenuated the
NMDA-induced phosphorylation of CREB and total CREB levels
(Fig 6A), as well as NMDA-mediated inductions of Bdnf, Nr2b,
Glur2, and Trkb genes (Fig 6B). Additionally, PHF2 and CREB
were recruited together to the CREB target genes under the
NMDAR signaling activation, which was blocked by PHF2 knock-
down (Fig 6C and D). Concomitantly, the H3K9me2 levels at the
CREB target genes were inversely related to PHF2 recruitment
(Fig 6E). ChIP-ChIP sequential analysis using two antibodies
against PHF2 and CREB showed that PHF2 and CREB are
recruited together to the same regions of the Bdnf and Nr2b
promoters (Fig 6F). These results suggest that PHF2 acted as a
positive regulator for synaptic plasticity-related gene expression
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Figure 4. PHF2 facilitates long-term potentiation via the TrkB pathway.

A LTP fEPSP recordings of sh-Con (white) and sh-PHF2 (blue) hippocampal slices induced by 100 Hz HFS showed impaired LTP in sh-PHF2 mice relative to sh-Con mice.
Representative baseline (1: black) and 40 min post-HFS (2: red) raw fEPSP traces of sh-Con and sh-PHF2 (right). Scale bar: 1 mV/5 ms.

B LTP fEPSP recordings from WT (yellow) and PHF2 t/g (orange) hippocampal slices. PHF2 t/g mice produced an enhanced potentiation after HFS. Representative raw
traces (right) of WT and PHF2 t/g during baseline (1: black) and 40 min post-HFS (2: red). Scale bar, 1 mV/5 ms.

C Bath application (10 min pre-incubation prior to baseline recording) of a protein synthesis blocker, CHX (60 pM) on PHF2 t/g slices (yellow triangles, n = 5),
significantly blocked the enhancement of LTP but had no effect on WT slices (open yellow, n = 5). Pre-incubation with K252a (200 nM), a TrkB inhibitor, 10 min prior
to baseline recordings, also inhibited the enhancement of LTP in PHF2 t/g hippocampal slices (orange triangle, n = 15). K252a showed no effect on WT slices (open
orange circle, n = 10). Representative raw traces of WT and PHF2 t/g during baseline (1: black) and 40 min post-HFS (2: red) under the influence of CHX or K252a.

Scale bars, 1 mV/5 ms.
D Comparison of LTP at 40 min post-HFS induction.

Data information: In (A-D), data are presented as the mean values + SEM (sh-Con, n = 8; sh-PHF2, n = 6; wild type, n = 11; PHF2 t/g, n = 12, WT slices, n = 10; PHF2
t/g slices, n = 15; CHX on PHF2 t/g slices, n = 15; K252a on WT slices, n = 10). ***P < 0.001, *P < 0.05 (unpaired, two-sided Student’s t-test).

through the activation of CREB. Next, we performed whole-cell
patch-clamp recordings to analyze the evoked NMDAR- and
AMPAR-mediated excitatory postsynaptic current (EPSC). As an
index of release probability at presynaptic terminals onto CA1l
pyramidal neurons, we measured paired-pulse ratios of NMDAR-
and AMPAR-mediated EPSCs. Given that the paired-pulse ratio
was consistent regardless of PHF2 expression, PHF2 did not affect
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the vesicle release from presynaptic terminals (Fig EV5A-D). In
contrast, NMDAR-mediated eEPSC was reduced in PHF2 knocked-
down pyramidal neurons but enhanced in PHF2 t/g neurons
(Figs 7A and C, and 7B and D, left). AMPAR-mediated eEPSC was
also reduced by PHF2 knockdown, whereas it was not significantly
increased in PHF2 t/g neurons (Fig 7A and C, and 7B and D, right).
On the other hand, the ratio of NMDAR-/AMPAR-mediated

© 2019 The Authors
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Figure 5. PHF2 acts as an epigenetic co-activator of CREB in the hippocampus.

Hye-Jin Kim et al

A Hippocampal lysates prepared from WT mice were immunoprecipitated to evaluate the association of PHF2 with memory-related transcription factors. PHF2

bound to CREB. The asterisk indicates a specific band.

B Co-immunoprecipitation using Myc-CREB and Flag-PHF2 confirmed the interaction between CREB and PHF2 in HEK 293T cells.

C Examination of the binding domains of PHF2 and CREB. HEK 293T cells that had been co-transfected with Myc-CREB and one of four F/S PHF2 fragments were
subjected to streptavidin pulldown, after which the precipitated proteins were immunoblotted.

D-F ChIP analysis showed that the binding of PHF2 (D), CREB (E) to Bdnf and Nr2b promoters increased in CFC-trained mice. The binding of H3K9me2 (F) showed the

opposite pattern.

G-l ChIP analysis showed that the binding of PHF2 (G), CREB (H) to Bdnf and Nr2b promoters decreased in sh-PHF2 mice and did not increase in PHF2 t/g mice. The

binding of H3K9me?2 (I) showed the opposite pattern.

J Immunoblot analysis revealed decreased expression of PHF2, p-CREB, and CREB in Sh-PHF2 mice relative to Sh-Con, whereas expression levels were increased in
PHF2 t/g mice relative to WT littermate mice (Top). Quantification of the immunoblot analysis (Bottom).
K Co-immunoprecipitation using Flag-PHF2, Flag-PHF2 c-terminal deletion mutant (Flag-PHF2AC), and Myc-CREB confirmed the interaction between CREB and

PHF2 in HEK 293T cells. Flag-PHF2AC could not bind to CREB.

L ChIP analysis showed that the binding of CREB to Bdnf and Nr2b promoters decreased in the c-terminal deleted PHF2 mutant expressing cells.
M ChIP analysis showed that the binding of PHF2 to Bdnf and Nr2b promoters decreased in the c-terminal deleted PHF2 mutant expressing cells.

Data information: In (B—J), data are representative of three independent experiments. In (D—M), data are presented as the mean + SD (n = 3). ***P < 0.001, **P < 0.01,

and *P < 0.05 (unpaired, two-sided Student’s t-test).
Source data are available online for this figure.

postsynaptic responses was determined in a PHF2-dependent
manner (Fig 7E), suggesting that PHF2 enhanced hippocampal

LTP by specifically promoting NMDAR-mediated synaptic
plasticity.
Discussion

In this study, we found that PHF2 positively regulates memory
formation by reinforcing CREB-mediated synaptic plasticity. Among
the histone-modifying enzymes, PHF2 was shown to be induced in
the hippocampi of trained mice and was essential for CREB-depen-
dent memory-related gene transcription. PHF2 guides CREB to the
promoters of target genes and also provides a transcription-favorable
chromatin structure by erasing repressive H3K9me2-mediated
histone methylation. PHF2 epigenetically activates CREB-driven
transcription, thereby inducing transcription of BDNF, NR2A/B, and
other genes related to synaptic plasticity following spatial learning
and CFC. Notably, NMDA receptor activation in synaptic plasticity
was coupled with PHF2-mediated activation of CREB.

A subset of histone methyltransferases has been shown to regulate
gene expression programs necessary for memory formation. KMT2A
haploinsufficient mice exhibited impaired memory formation [29],
whereas mice lacking KMT2B in the dorsal dentate gyrus of the
hippocampus exhibited memory defects stemming from the deregula-
tion of memory-related genes [13]. EHMT-mutated Drosophila exhib-
ited defects in both short- and long-term courtship memory [30].
Likewise, EHMT1 heterozygous knockout mice showed deficits in
learning and memory with abnormal hippocampal dendrite branch-
ing [31]. Although many studies have investigated the role of histone
methyltransferases as epigenetic regulators of memory formation, the
role of histone demethylases in learning and memory remains poorly
understood. Given that the histone methylation status is counterbal-
anced by methyltransferases and demethylases, we sought to identify
histone demethylases responsible for memory formation, identifying
PHF2 as a critical regulator of memory consolidation via its modula-
tion activity of memory-related gene expression.

Here, we showed that PHF2 was essential for CREB-mediated
transcription of memory-related genes. A series of publications have
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suggested that PHF2 promotes gene expression in response to exter-
nal stress. As memory is regarded as a neuronal response to envi-
ronmental or social changes, the potentiation of memory formation
via the activation of CREB appears to be consistent with the
reported functions of PHF2.

CREB has many important roles in the nervous system, affecting
neurogenesis and neuronal differentiation, neuroprotection, axonal
outgrowth, circadian rhythms, and addiction [32-37]. In particular,
numerous studies across multiple species have built a strong
consensus that CREB is critical for synaptic plasticity and memory
formation. Deletion of CREB in mice resulted in significant deficits
in spatial and contextual memory formation with impaired LTP
[38,39]. In contrast, when CREB was overexpressed in flies, mice, and
rats, they displayed enhanced learning and memory ability [40-42].
In terms of epigenetic regulation, the transcriptional activity of CREB is
enhanced in response to reductions in histone methylation. BDNF
and nerve-growth factor (NGF) have been shown to enhance CREB-
driven gene expression via Siah-mediated degradation of the H3K9
methyltransferase SUV39H1 [43]. Accordingly, SUV39H1 is
regarded as a co-repressor of CREB, providing indirect regulation of
memory-related gene expression. In the present study, PHF2 was
found to be induced in hippocampal neurons of trained mice and
was identified as a co-activator of CREB function. Therefore, CREB-
mediated memory formation may be dynamically regulated by the
reciprocal expression of SUV39H1 and PHF2. Further research will
be necessary to identify the mechanisms underlying post-training
induction of PHF2.

Phosphorylation-mediated activation of CREB is mediated by a
number of protein kinases, such as PKA, PKC, MAPK, CamKII,
CamKIV, and RSK2, and is reversed by protein phosphatases PP1
and calcineurin [44,45]. The role of CREB phosphorylation in
memory formation is coordinated by a variety of signaling
processes, including an increase in intracellular Ca** level through
voltage- or ligand-gated channels such as NMDAR, an increase in
cAMP levels through G protein-coupled receptors, and the activa-
tion of receptor tyrosine kinase by neurotrophins such as BDNF. In
this study, we demonstrated that PHF2 plays an essential role in
the NMDA-induced phosphorylation of CREB. Because it is
unknown whether PHF2 directly  regulates protein

© 2019 The Authors
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Figure 6. PHF2 epigenetically regulates CREB-driven transcription of target genes in hippocampal neurons.

DIV 14 neurons were transfected with siRNAs, then pretreated for 30 min with KN62 (10 uM), followed by treatment with NMDA (10 pM) and glycine (2 uM).

A Samples were collected 3 min after stimulation with NMDA and glycine, and the expressions of p-CREB, CREB, and PHF2 were examined by immunoblotting.

B The mRNA levels of memory formation-related genes were analyzed using RT-qPCR normalized to 18S rRNA levels.

C-E ChIP analysis represented the binding of PHF2 (C), CREB (D), and H3K9me2 (E) to Bdnf and Nr2b promoters in neurons.

F ChIP-ChIP analysis showed that PHF2 and CREB are recruited together to the same region of Bdnf and Nr2b promoters.

Data information: In (A-F), data are representative of three independent experiments. In (B—F), data are presented as the mean + SD (n = 3). ***P < 0.001, **P < 0.01,
and *P < 0.05 (unpaired, two-sided Student’s t-test).

Source data are available online for this figure.
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Figure 7. PHF2 promotes NMDAR function by activating CREB.

A Raw traces of NMDA- and AMPA-mediated EPSCs of sh-Con (gray) and sh-PHF2 (blue) in response to different stimulus inputs. Scale bars, 50 ms/100 pA.
B Recording of evoked NMDAR- (left) and AMPAR-mediated (right) EPSCs in CA1 pyramidal neurons. Input—output curve of NMPAR- and AMPAR-mediated EPSCs at

different stimulus intensities in sh-Con and sh-PHF2 expressing neurons.

C Raw traces of NMDA- and AMPA-mediated EPSCs from WT (yellow) and PHF2 t/g (orange) mice subjected to different stimulus inputs. Scale bars, 50 ms/100 pA.
D Recording of evoked NMDAR- (left) and AMPAR-mediated (right) EPSCs in CA1 pyramidal neurons. Input—output curve of NMPAR- and AMPAR-mediated EPSCs at

different stimulus intensities in WT and PHF2 t/g mice.

E Bar graph shows decreased NMDA to AMPA ratio in sh-PHF2 mice relative to that in sh-Con mice, whereas the ratio in PHF2 t/g mice increased.
Data information: In (A-E), data are presented as the mean values + SEM (sh-Con, n = 14; sh-PHF2, n = 13; wild type, n = 16; PHF2 t/g, n = 26). ***P < 0.001,

**p < 0.01, and *P < 0.05 (ANOVA followed by Bonferroni post hoc test).

phosphorylation, it is possible that CREB phosphorylation occurs
as a result of PHF2 activation of CREB-driven gene expression. It is
also thought that PHF2 can promote binding of CREB to its target
genes by increasing the level of phospho-CREB capable of interact-
ing with DNA. However, we cannot exclude the possibility that
PHF2 per se helps CREB access its target genes. In addition to its
demethylase activity, PHF2 functions in enhancing the recruitment
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of transcription factors. Several reports have shown that PHF2
facilitates the recruitment of TP53, C/EBP-a, and C/EBP-6 to their
target genes [18,20,46]. Likewise, other JmjC demethylases
JMJD2A and JMJD3 have also been reported to increase the DNA
binding of ETV1, TBX21, and SMAD3 [47,48]. Despite this
evidence, the precise mechanism by which PHF2 enhances CREB
recruitment to target genes remains as an open question.
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Brain-derived neurotrophic factor is a neurotrophin that exerts a
wide range of functions, including promotion of neuronal survival,
differentiation, proliferation, and regeneration [49-52], as well as
inducing synaptic plasticity associated with long-term potentiation
and depression [53]. Indeed, memory deficits in many neuropsychi-
atric diseases are associated with deregulation of the BDNF-TrkB
signaling pathway [54]. Our results suggest that PHF2 accelerates
the positive feedback cycling between CREB and BDNF by epigeneti-
cally activating CREB-driven transcription of BDNF. This study may
provide a better understanding of how synaptic plasticity is potenti-
ated upon neurotrophin response.

Taken together, the most remarkable outcome of this study is that
overexpression of PHF2 improves memory formation in mice. This
implies that PHF2 may be a potential target for therapeutic interven-
tion in human diseases associated with memory impairment.

Materials and Methods
Animals

Male C57BL6/J mice (16 weeks of age) were purchased from the
Orient (Sungnam, Korea). Transgenic mice were generated as
described previously [21]. Transgenic mice were created by inject-
ing the CMV-Flag-PHF2 vector into fertilized eggs from C57BL6
mice. Transgenic lines were established from 9 founders that were
identified via PCR-based genotyping. Among the transgenic lines,
mice with high PHF2 expressed brains were singled out for breed-
ing. First, selected heterozygote males were bred with heterozy-
gote females which produced homozygote, heterozygote, and wild
littermates. Since it is difficult to differentiate between hetero and
homo mice with genotyping, we separated homo mice from hetero
mice by breeding each of hetero and homo mice with wild-type
mice and confirming the genotypes of their offspring. In other
words, hetero mice bred with wild-type mice would have both wild
type and hetero genotype of offspring, while homo mice bred with
wild-type mice would only have hetero genotype of offspring.
Through this process, we particularly selected the homo mice and
this transgenic line was used and maintained for this experiment.
All experiments were done in compliance with the guide included
in the Seoul National University Laboratory Animal Maintenance
Manual (approve No. SNU-150602-5-1, SNU-150116-4-1, and SNU-
130501-2).

Proteomics

Cell lysis and protein digestion

Hippocampus tissues were lysed in SDS-lysis buffer (4% SDS and
1 mM TCEP in 0.1 M Tris pH 7.5) with a sonicator for 5 min. After
measurement of protein concentration using BCA reducing agent-
compatible kit, 100 pg of proteins was precipitated overnight at
—20°C using acetone. Proteins were digested by FASP procedure
with some modifications in steps 1 and 2. Protein pellets were
resolved in SDT buffer (4% SDS and 0.1 M DTT in 0.1 M TEAB pH
8.0) and loaded onto a 30 K amicon filter (Millipore). Buffer was
exchanged with UA solution (8 M urea in 0.1 M TEAB pH 8.5) by
centrifugation at 14,000 g. Reduced cysteines were alkylated with
50 mM IAA solution for 30 min at room temperature (RT) in the
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dark. After exchanging buffer with 50 mM TEAB, protein digestion
was performed at 37°C overnight with trypsin/LysC mixture at a
100:1 protein-to-protease ratio.

Tandem mass tag labeling

Tandem mass tag (TMT) 6-plex labeling was performed according
to the manufacturer’s instruction with some modification. Briefly,
peptide concentration was measured by tryptophan assay 3. MT
reagents (0.8 mg) were dissolved in anhydrous acetonitrile (ACN)
of which 10 pl was added to the peptides (50 pg) along with
acetonitrile to achieve a final acetonitrile concentration of approxi-
mately 30% (v/v). Control samples were labeled with 126, 128, and
130, while training samples were labeled with 127, 129, and 131.
For normalization and labeling quality check, 500 ng of peptides
derived from ovalbumin standard protein was spiked into all chan-
nels. Following the incubation at room temperature for 1 h, the
reaction was quenched with hydroxylamine to a final concentration
of 0.3% (v/v). The TMT-labeled samples were pooled at a
1:1:1:1:1:1 ratio. The sample was dried using speed-Vac and
subjected to C18 solid-phase extraction for desalting.

Offline High-pH reverse-phased fractionation

The TMT-labeled peptide pooled mixtures were fractionated using
an Agilent 1260 bioinert HPLC (Agilent, Santa Clara, CA)
equipped with an analytical column (4.6 x 250 mm, 5 pum). High-
pH reverse-phase liquid chromatography was performed at a flow
rate of 0.8 ml/min during 60-min gradient using Solvent A
(15 mM Ammonium hydroxide in water) and solvent B (15 mM
Ammonium Hydroxide in 90% ACN). Peptides were separated
with a gradient of 5-35% acetonitrile at 0.2 ml/min. Total 96
fractions were collected every minute within the time period of
40 min and were non-contiguously concatenated into 12 frac-
tions.

LC-MS/MS analysis

MS analysis was performed using Quadrupole Orbitrap mass spec-
trometers, Q-exactive plus (Thermo) coupled to an Ultimate 300
RSLC systems (Dionex) via a nano electrospray source. Fractionated
samples were separated on a 2-column system with a trap column
and an analytical column (75 pm inner diameter, 50 cm length)
with 240-min gradients from 7% to 32% acetonitrile at 300 nl/min
and analyzed on the mass spectrometer. The column temperature
was constantly set to 60°C by using column heater. The survey
scans (350-1,650 m/z) were acquired with a resolution of 70,000 at
m/z 200. Top 20 methods were used to select up to the 20 most
abundant precursor ions with an isolation windows of 1.2 m/z. The
selected precursor ions were subjected to high-energy collisional
dissociation (HCD) fragmentation at a normalized collision energy
of 32 with a resolution of 35,000 at m/z 200. The maximum ion
injection time for the full scan and MS/MS scan was 20 and 100 ms,
respectively.

Data analysis

MS raw files were processed using Proteome Discoverer 2.1 software
interfaced SEQUEST-HT search engine, based on Mouse Uniprot data-
base, including forward and reverse protein sequences and common
contaminants. Searches were performed using a 10 ppm precursor
ion tolerance for total protein level analysis. The MS/MS ion
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tolerance was set to 20 ppm. TMT tags on lysine residues and peptide
N termini (+229.163 Da) and carbamido-methylation of cysteine resi-
dues (+57.021 Da) were set as fixed modifications, while oxidation of
methionine residues (+15.995 Da) was set as a variable modification.
The false discovery rate (FDR) for all PSM, peptides, and protein
assignments was performed by the included Percolator software
package. Reporter ion quantification was performed in the MS2 chan-
nel with a 20 ppm mass tolerance. Only the PSMs that contained all
six reporter ions were considered. Each reporter ion channel was
summed across all quantified proteins and normalized assuming
equal protein loading of all six samples.

Bioinformatics analysis

Bioinformatics analysis was performed in the Perseus softwares.
Statistical analysis of proteome was performed on logarithmized
intensities of TMT-reporter ions. To identify significantly expressed
proteins, we have performed the two-sample t-test analysis with
Benjamini-Hochberg FDR cutoff of 0.05. The gene ontology of
analyzed proteins was explicated using the DAVID bioinformatics
tool (https://david.ncifcrf.gov/). Pathways were analyzed using the
KEGG database.

Quantseq

RNA isolation

Total RNA was isolated using Trizol reagent (Invitrogen). RNA qual-
ity was assessed by Agilent 2100 bioanalyzer using the RNA 6000
Nano Chip (Agilent Technologies, Amstelveen, The Netherlands),
and RNA quantification was performed using ND-2000 Spectropho-
tometer (Thermo Inc., DE, USA).

Library preparation and sequencing

For control and test RNAs, the construction of library was
performed using QuantSeq 3’ mRNA-Seq Library Prep Kit (Lexogen,
Inc., Austria) according to the manufacturer’s instructions. In brief,
each 500 ng total RNA was prepared, an oligo-dT primer containing
an [llumina-compatible sequence at its 5" end was hybridized to the
RNA, and reverse transcription was performed. After degradation of
the RNA template, second strand synthesis was initiated by a
random primer containing an Illumina-compatible linker sequence
at its 5 end. The double-stranded library was purified by using
magnetic beads to remove all reaction components. The library was
amplified to add the complete adapter sequences required for cluster
generation. The finished library is purified from PCR components.
High-throughput sequencing was performed as single-end 75
sequencing using NextSeq 500 (Illumina, Inc., USA).

Data analysis

QuantSeq 3’ mRNA-Seq reads were aligned using Bowtie2 [55].
Bowtie2 indices were either generated from genome assembly
sequence or the representative transcript sequences for aligning to
the genome and transcriptome. The alignment file was used for
assembling transcripts, estimating their abundances and detecting
differential expression of genes. Differentially expressed genes were
determined based on counts from unique and multiple alignments
using coverage in Bedtools [56]. The RT (Read Count) data were
processed based on Quantile normalization method using EdgeR
within R [57] using Bioconductor [58]. Gene classification was
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based on searches done by DAVID (https://david.ncifcrf.gov/) and
Medline databases (http://www.ncbi.nlm.nih.gov/).

Stereotaxic microinjection

For gene silencing, control (sh-Con) or PHF2-targeting shRNA (sh-
PHF2) was inserted into the pHIV7-GFP vector using Agel and EcoRI
enzymes. The viral vector was co-transfected with pMD2-VSVG,
pRSV-Rev, and pMDLg/pRRE helper DNA into HEK293T cells. Then,
the viral supernatant was collected after 48-72 h of culture. Virus
particles were concentrated using high speed ultracentrifugation at
75,600 g for 90 min at 4°C. Male C57BL/6J mice at the age of
4 months (Orient, Gyeonggi-do, Korea) were anesthetized with isoflu-
rane and placed in stereotaxic frame. A hole was drilled above the
CAl region (AP = —2.0 mm, ML = + 2.0 mm, DV = 1.7 mm from
bregma). Bilateral microinjections of lentiviral particle (5 x 10°/ml
for CA1) were delivered over a period of 10 min through glass micro-
pipettes. Mice were microinjected with lentiviral particles, siRNAs
(1.0 ng), or DNA vector (4 pg) with in vivo-jetPEl transfection
reagent (Polyplus, France), and 3 days later, trained for behavior
tests and LTP recordings. The sequences of shRNAs and siRNAs are
summarized in Supplementary information, Appendix Table S1.

The open field test

The open field box consists of a square black box
(40 cm x 40 cm x 30 cm), which is made out of black plexiglass
with an outlined center area. Each of the mice was placed in the
center of an open field apparatus and was allowed to move freely
for 30 min. Total distance (locomotor activity) and center distance
(the distance traveled in the center of the area) were video recorded
and analyzed by a computerized mouse tracking system (Ethovision
XT 8.5, Noldus, Netherlands).

Rotarod

Mice were placed on a rotating rod (Rotamex-5; Columbus Instru-
ments, Columbus, OH). The rotarod was set at a rotating speed of
1 rpm (revolution of per minute) with an incremental acceleration
of 1 rpm every 6 s up to a maximum speed of 40 rpm reached in
195 s. A day before each test, the motor response in the mice was
observed for a period of 2 min after placing them on the rotating
bar. For three consecutive days, one trial was performed per day.
The time of the mice falling off the rod was recorded.

Morris water maze test

The water maze model was performed in a circular tank (diameter
1.5 m/depth 60 cm) filled with opaque water (40-50 cm, 21-23°C).
A platform (10 cm) was submerged below the water’s surface in the
center of the target quadrant. The swimming path of the mice was
recorded by a video camera and analyzed by Ethovision XT 8.5 soft-
ware (Noldus, Netherlands). The mice start three different points of
the tank. For each training session, the mice were allowed to search
for the platform for 90 s. If the mice did not find the platform within
90 s, they were gently guided back to the platform. Mice were
allowed to remain on the platform for 30 s. Three training trials were
given every day; the latency for each trial was recorded for analysis.
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During the memory test (probe test), the platform was removed from
the tank, and the mice were allowed to swim in the maze for 1 min.

Fear conditioning test

Mice were transported to the laboratory at least 60 min prior to the
fear conditioning test. The training consisted of a 280 s exposure of
mice to the conditioning box (context) followed by a tone (80 db,
2 kHz, 20 s). A foot shock (0.7 mA/s) was administered during the
last 2 s of tone presentation and co-terminate with the tone. Then,
context-dependent freezing test was performed 24 h later by re-
exposing the mice to the conditioning context for 5 min. Cued-
dependent freezing test was also performed by re-exposing the mice
to a novel context for 3 min followed by an additional 3-min expo-
sure to a tone. The freezing of the mice was recorded by a video
camera and analyzed by Ethovision XT 8.5 software (Noldus,
Netherlands). The number of observations indicating freezing
obtained as a mean from both observers was expressed as a percent-
age of the total number of observations.

Slice preparation

Hippocampal slices, 300 pm thick for whole-cell recordings and
400 pm thick for field-potential recordings, were prepared from 12-
to 16-week-old mice. In brief, the brain was rapidly removed and
placed in an ice-cold high-sucrose solution which containing (in
mM): 212.7 sucrose, 5 KCl, 1.23 NaH,PO,, 0.5 CaCl,, 10 MgSQy,, 26
NaHCO;, and 10 p-glucose bubbled with 95% 0,/5% CO,. The
isolated brain was glued onto the stage, and transverse sections were
cut using a vibrating blade microtome (Leica VT 1200). The slices
were transferred to a reservoir chamber and incubated at 34°C for
30 min in artificial cerebrospinal fluid (aCSF) containing (in mM):
124 NaCl, 2.5 KCl, 1.3 MgCl,, 2.5 CaCl,, 2.5 NaH,POy, 26.2 NaHCOs,
and 20 p-glucose saturated with carbogen (95% 0,/5% CO,). Slices
were allowed to recover at room temperature (22-24°C).

Field-potential recording

To obtain extracellular field recordings, we transferred transverse
hippocampal slices to an interface-type chamber, perfused continu-
ously with aCSF at a rate of 3-4 ml/min, and maintained at 32°C for
1 h. Low-resistance recording electrodes (1-2 MQ) were pulled
using a horizontal puller (Sutter Instruments, Novato, CA) and filled
with aCSF and placed into the striatum radiatum of the hippocampal
CAl region to record field excitatory postsynaptic potentials
(fEPSPs). Presynaptic stimulations were introduced to the Schaffer
collateral fibers via a concentric bipolar electrode (FHC, Bowdoin,
ME). The test stimuli were given every 30 s with a 100 psec pulse
duration and were adjusted to elicit 30% of the maximal fEPSP.
Basal synaptic transmission was measured by producing an input
(fiber volley amplitude)/output (fEPSP slope) curve. Paired-pulse
facilitation (PPF) was measured by delivering pairs of presynaptic
fiber stimulation pulses with varying inter-pulse intervals (30, 60,
90, 120, 150 ms) and at different input intensities. A high-frequency
stimulation (HFS; one 1 s, 100 Hz frequency) protocol was used for
LTP induction. Baseline recordings lasted for 20 mins prior to HFS
LTP induction and further monitored and recorded for 60 min after
HFS. Recordings were made using an A-M systems microelectrode
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AC amplifier (Model 1800, A-M Systems, Sequim, WA) controlled
by Clampex 10.2 via Digidata 1440A data acquisition system
(Molecular Devices, Sunnyvale, CA), and analysis was performed
using Clampfit 10.2 software.

Whole-cell recording

Whole-cell recordings of hippocampal CA1 pyramidal neurons made
using patch pipettes pulled from borosilicate glass on a Flaming—
Brown micropipette puller model P-1000 (Sutter Instruments, USA).
Patch pipettes had a resistance of 4-6 MQ. Pipettes were filled with
an internal solution containing 135 CsMeS, 10 CsCl, 10 HEPES, 0.2
EGTA, 4 Mg-ATP, 0.4 Na,-GTP, pH 7.3, and 295 mOsm. Signals
were recorded using a patch-clamp amplifier (Multiclamp 700B,
Axon Instruments) and were digitized via Digidata 1550A (Axon
Instruments) controlled by Clampex 10.2 software. Signals were
amplified, sampled at 10 kHz, and filtered to 2 or 5 kHz. Evoked
excitatory postsynaptic currents (eEPSCs) were recorded on pyrami-
dal neurons at CAl of hippocampus, identified by large apical
dendrites. Stimulating electrodes filled with ACSF were placed along
the Schaffer collateral in hippocampus. To block inhibitory synaptic
responses, SR95531 (20 uM, Tocris) was both applied. To isolate
NMDA receptor-mediated eEPSC, AMPA receptors were blocked
with NBQX (100 uM, Tocris). For AMPA receptor- and NMDA
receptor-mediated eEPSC, patch recording of CA1 pyramidal neuron
was held in voltage clamp at —70 mV and +40 mV respectively,
with stimulation in increments of 10 pA between 10 and 80 pA.
NMDA to AMPA ratio was calculated by current ratio of eEPSCs
between +40 mV and —70 mV at 80 pA stimulation strength.
Paired-pulse ratio of eEPSC was recorded with two pulses in incre-
ments of interval 50 ms between 50 and 200 ms.

Cell culture and transfection

Neurons were cultured from embryonic day 16-17 C57BL/6 mouse
embryos. Briefly, the cortical and the hippocampus were dissected
from the rest of the brain, minced, and incubated for 20 min at 37°C
with trypsin and 100 p/ml DNase in Neurobasal medium (Invitrogen,
Carlsbad, CA) supplemented with 1% B-27 additives (Invitrogen,
Carlsbad, CA), 2% N2 (Invitrogen, Carlsbad, CA), 0.5 mM r-glutamine
(Sigma-Aldrich, St. Louis, MO), and an antibiotic mixture. Tissue was
resuspended in medium, filtered twice through 70-pm pore nylon
mesh strainer, and then plated in Neurobasal medium. For gene silenc-
ing, control (sh-Con) or PHF2-targeting shRNA (sh-PHF2) was inserted
into the pHIV7-GFP vector using Agel and EcoRI enzymes. The viral
vector was co-transfected with pMD2-VSVG, pRSV-Rev, and pMDLg/
PRRE helper DNA into HEK293T cells. Then, the viral supernatant was
collected after 48-72 h of culture. Cells were transfected with siRNA
against PHF2 and control siRNA using LipofectamineMAX (Invitrogen,
Carlsbad, CA) or infected with lentiviral particles (10 MOI).

Immunoblotting and immunoprecipitation

Total proteins were electrophoresed on 8, 10, or 15% SDS/polyacry-
lamide gel and transferred to Immobilon-P membranes. The
membranes were pre-incubated in 5% nonfat milk for 60 min and
then sequentially incubated with a primary antibody (diluted 1:250-
1:5,000 in 5% nonfat milk) overnight at 4°C. Then, the membranes
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were incubated with a secondary antibody conjugated with horse-
radish peroxidase (diluted 1:5,000 in 5% nonfat milk) at room
temperature for 1 h. Primary antibodies against PHF2, GTF2I,
KDM1A, H3K4me2, H3K9me2, H3K9me3, H3K27me2, H3, ASH2L,
and p-CREB were purchased from Cell Signaling (Danvers, MA);
anti-PHF2, anti-CREB, anti-TCF4, and anti-B-tubulin antibodies were
from Santa Cruz biotechnology (Santa Cruz, CA). For immunopre-
cipitation, cell lysates (1 mg protein) were incubated with 1-1.5 mg
of antibody for 12-16 h and further incubated with 20 puml of Protein
A/G-sepharose beads (GE Healthcare Bio-Sciences, Piscataway, NJ)
for 2 h. Precipitated immune complexes were eluted in a denaturing
SDS sample buffer and then subjected to immunoblotting.

RT-qPCR

Total RNA was isolated using TRIZOL reagent (Invitrogen, Carlsbad,
CA). cDNAs were synthesized from 1 pg of total RNAs using the cDNA
synthesis kit provided by Applied Biological Materials Inc (Richmond,
BC) containing OneScript® RTase, RNase inhibitor, dNTP, and random
primers at 42°C for 50 min. cDNAs were amplified using the ABI
StepOne™ Real-Time PCR (Applied Biosystems, Foster City, CA). The
thermal cycling conditions were composed of 50°C for 2 min followed
by an initial denaturation step at 95°C for 10 min, 40 cycles at 95°C for
30 s, 60°C for 30 s, and 72°C for 30 s. The experiments were carried
out in triplicate for each data point. Relative quantification of mRNA
levels was analyzed using the delta-delta Ct method. The nucleotide
sequences of PCR primers are summarized in Appendix Table S2.

Immunofluorescence

Brains were fixed in 4% paraformaldehyde for 24 h, cryoprotected
in 30% sucrose for 3-4 days, embedded in OCT, and then serially
sectioned as 50 um. Sections were pre-incubated in PBS containing
0.3% Triton X-100 for 30 min and then blocked for 2 h in PBS
containing 0.3% Triton X-100 buffer constituted of 20% horse
serum. With primary antibodies of anti-PHF2 (1:250, Santa Cruz),
anti-c-Fos (1:250, Cell signaling), anti-p-CREB (1:150, Cell signal-
ing), and anti-GFP (1:500, Invitrogen), sections were incubated
for 48 h at 4°C. After incubation, sections were washed and
sequentially incubated 1 h in biotinylated anti rabbit (1:500,
Vector Laboratories) and 1 h in both Streptavidin 488 and Alexa
594-conjugated anti-goat (Invitrogen, Carlsbad, CA). Nuclei were
counterstained with DAPI (1:1,000). Stained tissues were
mounted on glass sides for evaluation under a fluorescence micro-
scope (Olympus).

Chromatin immunoprecipitation

Chromatins were cross-linked with 1% formaldehyde for 15 min,
followed by washing with ice-cold PBS. Hippocampus tissues or
neuron cells were collected by scraping and centrifugation, and
pellets were lysed in the FA lysis buffer (50 mM HEPES, pH 7.5,
140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate, 0.1% SDS, and a protease inhibitor cocktail). The lysates
were sonicated to chop chromosomal DNAs into 400-800 bp pieces.
The lysates were spun down and diluted fivefold in a chromatin
RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and a protease
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inhibitor cocktail). The samples were precleaned with protein A/G
beads, and 1% of each sample was used for the input control. The
samples were immunoprecipitated with anti-PHF2, anti-CREB, anti-
H3K9me2, or control IgG. The complexes were washed with a buffer
(20 mM Tris, pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM EDTA,
and 150 mM NaCl) and eluted with an elution buffer (1% SDS,
100 mM NaHCO;). Immunoprecipitated DNAs were subjected to
PCR amplification using specific primers for CREB binding elements
in the BDNF, NR2A, NR2B, or GAPDH genes. The sequences of PCR
primers are summarized in Table EV2. For ChIP-ChIP assay, Flag-
PHF2 expressed in primary neuron cells was bound to Flag-affinity
beads for 4 h at 4°C and eluted with Flag peptide. The eluted Flag-
PHF2 was secondarily bound to Myc beads for overnight at 4°C. The
complexes were washed with a buffer (20 mM Tris, pH 8.0, 0.1%
SDS, 1% Triton X-100, 2 mM EDTA, and 150 mM NaCl) and eluted
with an elution buffer (1% SDS, 100 mM NaHCOs3). Immunoprecipi-
tated DNAs were subjected to PCR amplification using specific
primers for Flag-CREB binding elements in the BDNF, NR2B, or
GAPDH genes (Appendix Fig S9).

Statistical analysis

RT-qPCR and ChIP data were expressed as means and standard
deviations and behavioral data as means and standard errors. They
were statistically analyzed by unpaired, two-sided Student’s t-test
using the Microsoft Excel 2010 software. Field-potential recording
data and whole-cell recording data were expressed as means and
standard errors, and analyzed by unpaired, two-sided Student’s
t-test using the Clampfit 10.2 (Molecular Devices, CA) and OriginPro
(OriginLab, MA) programs. The significance of differences between
groups was analyzed by ANOVA with a Bonferroni post hoc test.
Significance was reported at P < 0.05.

Data availability

The Quantseq data have been deposited in the NCBI GEO repository
(http://www.ncbi.nlm.nih.gov/geo) with the accession number
GSE129148.

Expanded View for this article is available online.
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