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ABSTRACT
BACKGROUND: Major depressive disorder is a prevalent and life-threatening illness in modern society. The
susceptibility to major depressive disorder is profoundly influenced by environmental factors, such as stressful
lifestyle or traumatic events, which could impose maladaptive transcriptional program through epigenetic
regulation. However, the underlying molecular mechanisms remain elusive. Here, we examined the role of histone
crotonylation, a novel type of histone modification, and chromodomain Y-like protein (CDYL), a crotonyl-coenzyme
A hydratase and histone methyllysine reader, in this process.
METHODS: We used chronic social defeat stress and microdefeat stress to examine the depressive behaviors. In
addition, we combined procedures that diagnose behavioral strategy in male mice with histone extraction, viral-
mediated CDYL manipulations, RNA sequencing, chromatin immunoprecipitation, Western blot, and messenger
RNA quantification.
RESULTS: The results indicate that stress-susceptible rodents exhibit lower levels of histone crotonylation in the
medial prefrontal cortex concurrent with selective upregulation of CDYL. Overexpression of CDYL in the prelimbic
cortex, a subregion of the medial prefrontal cortex, increases microdefeat-induced social avoidance behaviors and
anhedonia in mice. Conversely, knockdown of CDYL in the prelimbic cortex prevents chronic social defeat stress–
induced depression-like behaviors. Mechanistically, we show that CDYL inhibits structural synaptic plasticity
mainly by transcriptional repression of neuropeptide VGF nerve growth factor inducible, and this activity is
dependent on its dual effect on histone crotonylation and H3K27 trimethylation on the VGF promoter.
CONCLUSIONS: Our results demonstrate that CDYL-mediated histone crotonylation plays a critical role in regulating
stress-induced depression, providing a potential therapeutic target for major depressive disorder.
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Major depressive disorder (MDD) is one of the most prevalent
mental disorders in modern society. The susceptibility to MDD
is affected by both genetic variations and environmental fac-
tors such as stressful and traumatic life events. Adverse
environmental insults could lead to altered neuronal circuits
and brain reward function, posing the risk to trigger the onset
of MDD. Maladaptive transcriptional programming in suscep-
tible neurons contributes to the development of MDD. How-
ever, the underlying molecular mechanisms remain elusive
(1–3).

One important way to transduce the ever-changing extra-
cellular signals to intracellular effects is through dynamic and
versatile protein posttranslational modifications (PTMs). In
particular, reversible histone PTMs are important in regulating
gene expression in eukaryotic cells. Several studies have
investigated the role of histone acetylation and methylation of
H3K4/9/27 (H3K4/9/27me) in neuronal diseases including
SEE COMMENTARY

N: 0006-3223 Bio
depression (4,5). Recently, researchers have discovered a
group of chemically diverse short-chain histone acylations,
including formylation, propionylation, butyrylation,
2-hydroxyisobutyrylation, b-hydroxybutyrylation, crotony-
lation (Kcr), malonylation, succinylation, glutarylation, 4-
pentynoylation, 3-phosphoglycerylation, palmitoylation,
and myristoylation (6–10). However, the function of these
modifications in terms of gene regulation is still in its infancy
stage, and whether and how they play a role in neuronal
diseases including depression have not been investigated.

Among these newly identified histone acylations, Kcr was
previously shown to be associated with actively transcribed
genes and play a role in spermatogenesis (8). The donor of
crotonyl group is crotonyl-coenzyme A (CoA), which is a four-
carbon acyl chain containing one double bond. It has been
reported that classic acetyltransferase p300 can add histone
Kcr (11), whereas histone deacetylase (HDAC) 1/2/3 and sirtuin
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Figure 1. Chronic social defeat stress (CSDS) decreased histone crotonylation (Kcr) expression in the medial prefrontal cortex (mPFC) of susceptible mice. (A)
Illustration of the CSDS procedures. A schematic diagram of CSDS and social interaction (SI) test (left) and distribution of interaction ratios (middle, right) for control,
susceptible, and resilient mice after CSDS. Unpaired two-tailed Student’s t test, *p , .05. (B) Western blot assays showing histone Kcr was decreased in the mPFC in
the 48 hours after CSDS. (C) Quantification of the Western blotting by normalizing the level of indicated protein to that of H3. n = 3, one-way analysis of variance with
Bonferroni’s test, *p, .05. (D) Immunofluorescent staining indicating widely distribution of histone crotonylation in the mPFC and CA1 coronal sections. Scale bar = 50
mm (bottom row), 20 mm (top row), 8 mm (insets). (E) Immunofluorescence assays showing histone crotonylation was decreased in mPFC neurons in the 48 hours after
CSDS. n = 3, one-way analysis of variance with Bonferroni’s test, *p , .05. Scale bar = 5 mm. (F) Immunofluorescence assays showing that histone crotonylation was
not detected in glial cells. Scale bar = 5 mm. Data are presented as mean 6 SEM. GFAP, glial fibrillary acidic protein.
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1/2/3 can remove Kcr (12–14). In addition, the YEATS family
proteins YEATS2 and AF9 were identified as readers of histone
Kcr (15,16). Interestingly, we recently showed that chromo-
domain Y-like protein (CDYL), a transcriptional corepressor
and histone H3K9/27 methyllysine reader (17–20), acts as a
crotonyl-CoA hydratase and negatively regulates histone Kcr
(21). Here, we report that CDYL-mediated histone crotonyla-
tion in the medial prefrontal cortex (mPFC) regulates stress-
induced depressive behaviors in rodents. Our study provides
new insight to link histone PTMs to stress-induced depression
and suggests CDYL as a potential therapeutic target for MDD.

METHODS AND MATERIALS

Animals

Male adult Sprague Dawley rats (6–8 weeks old), C57BL/6
male mice (6–8 weeks old), and 6- to 8-month-old CD-1 male
retired breeder mice were obtained from Charles River Labo-
ratories (Beijing, China). All animals were housed on a 12-hour
light/dark cycle with ad libitum access to food and water and
acclimated to the facility for 1 week before any experiment. All
experimental procedures were approved by Peking University
Institutional Animal Care and Use Committee. Every effort was
made to minimize animal suffering and the number of animals
used. The experimenters were blinded to viral treatment or
drug treatment condition during behavioral testing. The
experimental procedures were performed in a double-blind
manner.

Social Defeat Stress and Social Interaction Testing

Chronic social defeat stress (CSDS) was performed according
to previously described protocols (22). Briefly, experimental
C57BL/6 mice were physically defeated by a novel CD-1
aggressor for 5 min/day for up to 10 days. After each phys-
ical interaction, C57BL/6 mice were kept in one side of the
cages divided by a transparent, perforated partition, sensory
contacting with CD-1 mice on the other side for 24 hours.
Control C57BL/6 mice were pair-housed in the cage with one
mouse on each side of the perforated divider. All control mice
that were placed with the control group were changed daily.
On day 11, defeated and control animals were subjected to the
social interaction test. To measure increased susceptibility to
stress, we used a subthreshold “microdefeat,” as previously
described (23,24). In the microdefeat protocol, C57BL/6 mice
=

Figure 2. Chronic social defeat stress (CSDS) increased chromodomain Y-like
resilient mice. (A) Western blotting and (B) quantification showing CDYL was inc
hours after CSDS. n = 3, one-way analysis of variance (ANOVA) with Bonferroni’s
indicating that Cdyl messenger RNA (mRNA) was increased in the mPFC of susc
ANOVA with Bonferroni’s test, *p, .05. (D) Correlation of CdylmRNA level in the m
group). mPFC tissues were obtained in the 48 hours after CSDS. (E) Represent
tonylation expression in the prelimbic cortex (PL), infralimbic cortex (IL), and cingu
test, *p , .05. (F) Immunohistochemical staining showing increased expression o
ANOVA with Bonferroni’s test, *p, .05. Scale bar = 10 mm (left), 35 mm (middle), 0.
mg/kg/day, intraperitoneal), or vehicle injection in previously susceptible mice sh
expression in the PL. n = 4–6 mice per group, two-way ANOVA with Bonferroni
chronic unpredictable mild stress when compared with control rats (left). Quantita
expression was increased in the PL of stressed rats after chronic unpredictable m
, .05, **p , .01. Data are presented as mean 6 SEM. HDAC, histone deacetyla
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were exposed to a novel CD-1 aggressor for three consecutive
5-minute defeat sessions, each separated by 15 minutes; 24
hours later, mice were subjected to the social interaction test.
More details are provided in the Supplement.
Chronic Unpredictable Mild Stress

Chronic unpredictable mild stress was performed as previ-
ously described (25,26). Male adult rats were age- and weight-
matched before commencement of chronic unpredictable mild
stress procedures. Rats were subjected to a sequence of 11
stressors during the course of 28 days. All stressors were
randomly interspersed throughout the stress period. The
detailed chronic unpredictable mild stress procedure is in
Supplemental Table S1.
RNA Sequencing

Total messenger RNA (mRNA) was extracted from prelimbic
cortex (PL) tissues of susceptible or control mice; or extracted
from PL tissues of adeno-associated virus (AAV)–CDYL AAV-
CDYL or AAV–green fluorescent protein (GFP)–injected mice.
High-throughput RNA sequencing (RNA-seq) was performed
by Illumina HiSeq 2500 (Illumina, San Diego, CA) at CapitalBio
Corporation (Beijing, China). The raw sequencing data were
aligned to the mouse preference genome (GRCm38, mm10).
We used a p value , .05 and fold changes cutoff as jlog2

ratioj $ 0.5 for detection of differentially expressed genes in
the RNA-seq analysis. Pathway analysis (q value , .05)
against these downregulated genes was conducted using
DAVID tools (https://david.ncifcrf.gov/) and the analyzed
results are provided in Supplemental Table S3. The RNA-
seq data have been deposited in the Gene Expression
Omnibus (accession number GSE120293).
Chromatin Immunoprecipitation and Quantitative
Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) experiments were per-
formed according to the procedure described previously
(20,27). Quantification of the precipitated DNA fragments were
performed with real-time polymerase chain reaction (PCR)
using primers listed in Supplemental Table S4. More details are
provided in the Supplement.
protein (CDYL) expression in the prelimbic cortex (PL) of susceptible but not
reased in the medial prefrontal cortex (mPFC) of susceptible mice in the 48
test, *p , .05. (C) Quantitative real-time polymerase chain reaction analysis
eptible mice in the 48 hours after CSDS. n = 8–10 mice per group, one-way
PFC with social interaction (SI) ratio (Pearson correlation, n = 8–10 mice per

ative Western blotting and quantification of CDYL protein and histone cro-
late cortex area 1 (CG1) after CSDS. n = 4, one-way ANOVA with Bonferroni’s
f CDYL protein in the PL of susceptible mice. n = 4 mice per group, one-way
15 mm (right). (G) CdylmRNA level after 35 days of imipramine, fluoxetine (20
owing that imipramine and fluoxetine can reverse the upregulation of Cdyl
’s test, *p , .05. (H) Stressed rats decreased sucrose preference (SP) after
tive real-time polymerase chain reaction analysis indicating that Cdyl mRNA
ild stress (right). n = 8 rats per group, unpaired two-tailed Student’s t test, *p
se; SIRT, sirtuin.
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Statistical Analysis

For in vivo experiments, the animals were distributed into various
treatment groups randomly. For in vitro experiments, the cells
were evenly suspended and then randomly distributed in each
well tested. Comparisons between two groups were made using
Student’s paired or unpaired two-tailed t test as appropriate.
Comparisons among three or more groups were made using
one- or two-way analysis of variance followed by Bonferroni’s
multiple-comparisons test. The details of two-way analysis of
variance are provided in the Supplemental Table S5. All
experiments and analysis of data were performed in a blinded
manner by investigators who were unaware of the genotype
or manipulation. Statistical analyses were performed using
GraphPad Prism 6 (GraphPad Software, La Jolla, CA) and
SPSS 13.0 software (SPSS Inc., Chicago, IL). Before statis-
tical analysis, variation within each group of data and the
assumptions of the tests were checked. All data are pre-
sented as mean 6 SEM.

Methods are described in more detail in the Supplement.
RESULTS

Histone Kcr Is Decreased in the mPFC After CSDS

The PFC controls higher-level “executive” functions and is inti-
mately involved in MDD (28–30). C57BL/6 adult male mice were
subjected to CSDS, an ethologically validated model of depres-
sion (22), and experimental mice were classified as susceptible or
resilient based on their social interaction time (Figure 1A). Forty-
eight hours after the last social defeat, histones were acid-
extracted from mPFC, and the levels of a panel of histone
acylations were examined by Western blotting. CSDS led to
significant decrease of histone Kcr in susceptible mice but not in
resilient mice, whereas no changes of other histone acylations
including propionylation, butyrylation, succinylation, glutarylation,
acetylation, H3K4me2, and H3K27me2 were observed in either
susceptible or resilient mice (Figure 1B, C). Downregulation of
histone Kcr or other histone acylations was not observed in
susceptible mice in the hippocampus, another brain region
implicated in depression (Supplemental Figure S1A, B). Immu-
nofluorescence assays showed widely distributed histone Kcr
throughout mouse brain, with higher levels in the mPFC and
hippocampal CA1 (Figure 1D and Supplemental Figure S1C, D).
Within the mPFC, neurons generally exhibited higher levels of
histone Kcr than glial cells (Figure 1E, F), and decreased histone
=

Figure 3. Chromodomain Y-like protein (CDYL) expression in the prelimbic cor
adeno-associated viruses (AAVs) in 14 days after infecting the mouse PL area. S
protein expression. The PL region of mice was injected with empty vector viruses o
performed with antibodies against FLAG, GFP, or b-actin. (C) Schematic of th
behavioral testing. (D) AAV-CDYL–injected mice decreased social interaction (SI)
compared with their respective control mice. n = 8–16 mice per group, two-way an
of Cdyl expression in the PL of the transgenic (TG) mice by quantitative real-time p
**p , .01. (F) TG mice overexpressing CDYL decreased SI ratio (left) and SP (righ
n = 7–9 mice per group, two-way analysis of variance with Bonferroni’s test, *p
reduced after short hairpin RNA (shRNA)-CDYL lentivirus injection into mice PL a
CDYL to that of b-actin (bottom). n = 3, unpaired two-tailed Student’s t test, *p, .
CSDS. n = 8 mice per group, unpaired two-tailed Student’s t test, *p , .05, **p ,

social avoidance behaviors. n = 9 mice per group, two-way analysis of variance w
enhanced green fluorescent protein; NS, not significant; WT, wild-type.
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Kcr was observed in susceptible mice after CSDS (Figure 1E),
supporting a role of this modification in mPFC-mediated stress-
induced depression.

Crotonyl-CoA Hydratase CDYL Is Selectively
Upregulated in the PL of the mPFC After CSDS

We next examined the expression levels of Kcr-associated
regulators to understand the mechanisms of CSDS-induced
alteration of histone Kcr. Selective upregulation of only
CDYL, a crotonyl-CoA hydratase and negative Kcr regulator,
was found in the mPFC of susceptible mice (Figure 2A, B). Cdyl
mRNA expression in the mPFC was strongly correlated with
social avoidance behavior of susceptible mice (Figure 2C, D).
CSDS did not cause changes of CDYL protein levels in the
nucleus accumbens (NAc) in both susceptible and resilient
mice (Supplemental Figure S2A, B), whereas CDYL protein
levels were increased in both groups in the dorsal hippocam-
pus (Supplemental Figure S2C, D). These data together sug-
gest that the mPFC is the region where CDYL-mediated Kcr
regulation could play a role in CSDS.

We further bilaterally obtained three mPFC subregions,
including the cingulate cortex area 1, PL, and infralimbic cor-
tex, and performed Western blots. Compared to resilient mice
of CSDS, susceptible mice exhibited increased CDYL
expression and decreased histone Kcr only in the PL and not in
cingulate cortex area 1 or the infralimbic cortex (Figure 2E).
Selective upregulation of CDYL in the PL was also confirmed
by immunohistochemical staining (Figure 2F). Upregulated
Cdyl expression in the PL could last for more than 1 month,
which could be partially reversed by chronic antidepressant
treatment with imipramine or fluoxetine once daily for 35 days
(Figure 2G). Upregulation of Cdyl expression in the PL was also
observed after 28 days of chronic unpredictable mild stress in
male rats (Supplemental Table S1, Figure 2H). Knockdown of
CDYL in the PL with its specific short hairpin RNA (shRNA)
selectively increased the level of histone Kcr but not the level
of other acylations (Supplemental Figure S2E, F), suggesting
that CDYL-mediated Kcr regulation in the PL is involved in
chronic stress–induced depression.

CDYL in the PL Promotes Stress-Induced
Depression-like Behaviors

To directly test whether upregulation of CDYL is a driver to stress
susceptibility, we performed gain-of-function experiments by
tex (PL) controls stress-induced depression-like behaviors. (A) Expression of
cale bar = 10 mm (left), 0.2 mm (right). (B) Western blotting analysis of CDYL
r FLAG-green fluorescent protein (GFP)-CDYL viruses. Western blotting was
e microdefeat stress protocols detailing the timing for virus infection and
ratio (left) and sucrose preference (SP) (right) after microdefeat stress when
alysis of variance with Bonferroni’s test, *p , .05, **p , .01. (E) Examination
olymerase chain reaction assays. n = 3, unpaired two-tailed Student’s t test,
t) after microdefeat stress when compared with the respective control mice.
, .05, **p , .01. (G) Western blotting showing that CDYL was significantly
rea for 14 days (upper). Quantification was done by normalizing the level of
05. (H) CDYL knockdown in the PL increased SI ratio (left) and SP (right) after
.01. (I) CDYL knockdown in previously susceptible mice could reverse the
ith Bonferroni’s test, *p , .05. Data are presented as mean 6 SEM. EGFP,
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Figure 4. Genome-wide identification of chromodomain Y-like protein (CDYL)– and chronic social defeat stress (CSDS)–coregulated genes in the mouse prelimbic
cortex (PL). (A) PL tissues were obtained from control or susceptible mice after CSDS and frommice infected with adeno-associated viruses (AAVs) containing CDYL or
green fluorescent protein (GFP) for 14 days, followed by RNAextraction and deep sequencing. Heatmaps showing up- or downregulated genes indicated by red or green
color key, respectively. (B) Venn diagram of overlapping genes regulated by CDYL and CSDS in the mouse PL (left) and clustering of the 41 overlapping downregulated
genes of CDYL and CSDS into biological process ontology using DAVID tools (right). Detailed ontology information is provided in Supplemental Table S3. (C–E)
Quantitative real-time polymerase chain reaction analysis measuring the messenger RNA (mRNA) levels of indicated genes. Tissues were obtained from the PL of (C)
control or susceptible mice, (D)mice injected with AAVs containing CDYL or GFP for 14 days, and (E)mice infected with lentiviruses containing CDYL short hairpin RNA
(shRNA) or nonsilencing shRNA for 14 days. Levels of mRNAwere normalized against that ofGapdh. n = 4mice per group, unpaired two-tailed Student’s t test, *p, .05,
**p, .01. (F)Western blotting demonstrating knockdownofCDYL increasedVGFnerve growth factor inducible (VGF) expression.Quantificationwas doneby normalizing
the level of CDYL to that of b-actin. PL tissues were obtained from mice infected with lentiviruses containing CDYL shRNA or nonsilencing shRNA for 14 days. n = 3,
unpaired two-tailed Student’s t test, **p , .01. (G, H) Mouse PL tissues were obtained from control, susceptible, and resilient mice after CSDS. Chromatin immuno-
precipitation experiments were performed using the indicated antibodies. Real-time polymerase chain reaction assays were performed for the measurement. Profiles of
CDYL,H3K27me3, andPanKcr along themouseVgfpromoter in (G)w1000 bpand (H)w2000 bpupstreamof the transcription start site (TSS). n=3, one-way analysis of
variance with Bonferroni’s test, *p , .05. Data are presented as mean6 SEM. IgG, immunoglobulin G.
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injecting AAVs carrying control or CDYL-GFP to the PL of adult
male mice (Figure 3A, B). The susceptibility to stress of these
animals was examined using a subthreshold social defeat para-
digm known as microdefeat (Figure 3C), which does not cause
any social avoidance or anhedonia in normal mice and thus is
suitable to reveal prosusceptibility factors (31). Compared with
control mice, overexpression of CDYL in the PL did not cause
obvious depression-like behaviors before a microdefeat, whereas
these mice exhibited increased social avoidance and decreased
sucrose consumption after a microdefeat (Figure 3D). However,
overexpression of CDYL in the infralimbic cortex did not affect
stress-induced social avoidance (Supplemental Figure S3), indi-
cating that the PL is the main region where CDYL plays a pro-
depressant role. The prodepressant function of CDYL was also
confirmed in Cdyl transgenic mice (20) (Figure 3E), in which
microdefeat induced significantly increased social avoidance
behavior and decreased sucrose consumption compared with
their wild-type littermates (Figure 3F). Together, these data sug-
gest overexpression of CDYL in the PL promotes stress-induced
depression in mice.

We next performed loss-of-function experiments in which we
injected lentiviruses carrying control or CDYL-shRNA-GFP to the
mouse PL region (Figure 3G). In accordance with the over-
expression experiments, loss of CDYL expression had no effect
on depression-like behaviors before CSDS (Supplemental
Figure S4A–C), whereas increased social interaction and su-
crose preference were observed in CDYL-shRNA–injected mice
after CSDS (Figure 3H). The locomotor activity was not affected
by either knockdown or overexpression of CDYL in the PL
(Supplemental Figure S4D–H). In addition, we injected control or
CDYL-shRNA lentiviruses in the PL of susceptible mice after
CSDS. While control groups continued to display social avoid-
ance behavior 2 weeks after the injection, this symptom was
relieved in those that received CDYL-shRNA (Figure 3I). Together,
we demonstrate that upregulation of CDYL in the PL is necessary
and causal for susceptibility to depression in mice.

Comparative RNA-seq Reveals Transcriptional
Targets of CDYL in the PL

To find the downstream targets of CDYL in mediating sus-
ceptibility to depression, RNA-seq was performed with PL
tissues of adult mice infected with AAV-GFP or AAV-CDYL, as
well as with PL tissues of control or susceptible mice exposed
to CSDS. A cutoff with p value , .05 and jlog2 ratioj $ 0.5 was
=

Figure 5. Transcriptional repression of VGF nerve growth factor inducible (VGF
polymerase chain reaction (PCR) assays confirming the elimination of CDYL in
(KO#1) were used for the subsequent functional studies. n = 3, unpaired two-taile
assays were performed in SH-SY5Y cells with primer pairs specific to indicated re
(primer a) and w2000 bp (primer b) upstream of the transcription start site (TSS).
resulted in decreased regional enrichment of H3K27me3 and increased regional e
KO cells were collected, and chromatin immunoprecipitation–quantitative PCR e
two-tailed Student’s t test, **p, .01. (D, E) CDYL-KO SH-SY5Y cells were transfe
was analyzed by (D) Western blotting and (E) quantitative real-time PCR. n = 3, un
, .01 vs. KO 1 Vector. Western blotting and real-time PCR indicating knockdown
VGF expression. n = 3, unpaired two-tailed Student’s t test, *p , .05. Knockdown
in adeno-associated virus (AAV)–CDYL–injected mice after microdefeat stress. n
test, *p , .05, **p , .01. Data are presented as mean 6 SEM. Chr, chromod
immunoglobulin G; mRNA, messenger RNA; NC, normal control; REST, RE1-silen
RNA for EZH2.

Biological
used to identify differentially expressed genes (Figure 4A).
Because CDYL mainly acts as a transcription repressor, we
focused on gene downregulation, as these genes are more
likely to be direct targets of CDYL. Overexpression of CDYL in
the PL caused downregulation of 166 genes, whereas CSDS
caused downregulation of 311 genes in susceptible mice.
Forty-one genes were downregulated in both groups (sus-
ceptible and AAV-CDYL–injected mice), which were classified
into various signaling pathways using Kyoto Encyclopedia of
Genes and Genomes analysis with a cutoff with q value , .05
(Figure 4B). The RNA-seq results in each classified pathway
were validated at individual gene level by quantitative real-time
PCR with selected genes, such as Scn4b, Vgf, Kcna2, Stard4,
and Scn1a (Figure 4C, D). Injection of CDYL-shRNA lentivi-
ruses to the mouse PL led to upregulation of these genes
(Figure 4E), whereas the expression of a control gene Rac1
was not altered in any of the above conditions (24) (Figure 4C–
E).

CDYL Inhibits VGF Nerve Growth Factor Inducible
Transcription by Its Dual Function on Histone Kcr
and H3K27me3 on the Gene Promoter

Among the above RNA-seq–identified CDYL target genes, we
paid special attention to Vgf, a neuropeptide that has been found
to be downregulated in MDD patients and could induce an anti-
depressant response in mice (32–34). Upregulation of VGF nerve
growth factor inducible (VGF) in CDYL-shRNA–injected PL tissues
was confirmed by Western blotting (Figure 4F), whereas over-
expression of CDYL in the PL led to decreased VGF expression
(Supplemental Figure S5A). Consistent with our previous ChIP
sequencing assay (20), robust binding of CDYL on the Vgf pro-
moter was found by ChIP-quantitative PCR, and the enrichment
of CDYL was significantly increased in susceptible mice upon
CSDS, concomitant with significantly increased H3K27me3 and
decreased histone Kcr (Figure 4G, H). We next used previously
generated CDYL-knockout (KO) human SH-SY5Y cell lines (20) to
examine the mechanism of CDYL-regulated VGF expression. As
expected, significant upregulation of VGF was observed upon KO
of CDYL in cells (Figure 5A). ChIP-quantitative PCR revealed
strong enrichment of CDYL on Vgf promoter in wild-type SY5Y
cells (Figure 5B), whereas such enrichment was diminished in
CDYL-KO cells (Figure 5C). Significantly, increased enrichment of
histone Kcr and decreased enrichment of H3K27me3 on VGF
promoter were found in CDYL-KO cells, whereas the enrichment
) by chromodomain Y-like protein (CDYL). (A) Western blotting and real-time
human SH-SY5Y cells led to increased VGF expression. CDYL-knockout 1
d Student’s t test, **p , .01. (B) Quantitative chromatin immunoprecipitation
gions. CDYL was strongly enriched in the human VGF promoter atw1000 bp
n = 3, unpaired two-tailed Student’s t test, **p , .01. (C) Depletion of CDYL
nrichment of histone crotonylation in the VGF promoter. Lysates from CDYL-
xperiments were performed using the indicated antibodies. n = 3, unpaired
cted with CDYL, CDYLDN, CDYLDC, or CDYLS467A. The expression of VGF
paired two-tailed Student’s t test, **p , .01 vs. wild-type (WT) 1 Vector; ##p
of EZH2 in (F) SH-SY5Y cells and (G) the mouse prelimbic cortex increased
of EZH2 improved (H) social interaction and (I) sucrose preference reduction
= 8 mice per group, one- or two-way analysis of variance with Bonferroni’s
omain; CoAP, coenzyme A pocket; GFP, green fluorescent protein; IgG,
cing transcription factor; shRNA, short hairpin RNA; siEZH2, small interfering
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of H3K9me2/3 and histone acetylation was not changed
(Figure 5C).

To further understand the mechanism of CDYL-mediated
regulation of VGF expression, we performed rescue experi-
ments, in which we overexpressed wild-type CDYL or
CDYLDN, CDYLDC, or CDYLS467A mutants in CDYL-KO
SY5Y cells. These mutants were used because we previously
showed both the N-terminal chromodomain and the C-terminal
coenzyme A pocket (CoAP) domain of CDYL are required for
the negative regulation on histone Kcr, and CDYLS467A is
defective of CoA binding and thus could not act on crotonyl-
CoA and regulate histone Kcr (21). As shown by both West-
ern blotting and quantitative real-time PCR, overexpression of
only the wild-type CDYL and not the mutants reduced VGF
expression in CDYL-KO cells (Figure 5D, E), supporting that
the crotonyl-CoA hydratase activity of CDYL is critical to
repress VGF expression. We previously established a coordi-
nate function of CDYL with the H3K27 methyltransferase EZH2
in gene repression (18,20). Consistently, knockdown of EZH2
in either SH-SY5Y cells or the mouse PL led to significant
upregulation of VGF (Figure 5F, G). As a control, knockdown of
H3K9 methyltransferase G9a with specific small interfering
RNAs in SH-SY5Y cells did not alter VGF expression
(Supplemental Figure S5B, C). In addition, coinjection of
shRNA-EZH2 with AAV-CDYL viruses in the mouse PL largely
alleviated CDYL-mediated stress-induced depression
(Figure 5H, I). Collectively, the above data demonstrate that
CDYL inhibits VGF transcription by its dual effect on histone
Kcr and H3K27me3 on the gene promoter.

VGF Is Required for CDYL-Mediated Stress-Induced
Depression

We next examined whether VGF is required for CDYL-
mediated regulation on depression-like behaviors. Injec-
tion of VGF-shRNA lentiviruses to the mouse PL region led
to significantly increased social avoidance and anhedonia
upon microdefeat treatment (Figure 6A–C), consistent with
previously reported antidepressant-like effects of VGF
(32,35). Coinjection of lentiviruses carrying VGF-shRNA-
mCherry and lentiviruses carrying CDYL-shRNA-GFP to
the mouse PL counteracted CDYL knockdown–induced
VGF upregulation (Figure 6D, E). Correlatively, while injec-
tion of CDYL-shRNA in the PL alleviated CSDS-induced
depression-like behaviors, stereotaxically coinjecting VGF-
shRNA almost completely abolished this effect (Figure 6F, G).
=

Figure 6. The chromodomain Y-like protein (CDYL)–VGF nerve growth factor i
(A) Real-time polymerase chain reaction (PCR) assays (left) and Western blotting
RNA (shRNA) lentivirus injection into the mouse prelimbic cortex (PL) area for 14
b-actin (right). n = 4, one-way analysis of variance (ANOVA) with Bonferroni’s
interaction (SI) ratio and (C) sucrose preference (SP) after microdefeat stress wh
ferroni’s test, *p , .05. (D) Expression of lentiviruses containing shRNA-CDYL and
mm (left), 35 mm (right). (E) Western blotting showing that infection of shRNA
knockdown of CDYL (left). Quantification was done by normalizing the level of V
*p , .05. Knockdown of VGF reversed the increased (F) SI ratio and (G) SP cause
n = 8–9, one-way ANOVA with Bonferroni’s test, *p , .05. (H) Representative
selected dendritic segments (right). The dendritic segments from mice injected shR
indicate stubby spines, white arrows indicate thin spines and blue arrows indicate m
significantly reduced stubby, thin, mushroom, or total number of dendritic spines
4 mice per group. Unpaired two-tailed Student’s t test, *p , .05, **p , .01. Data
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Therefore, VGF is required for CDYL-mediated stress-induced
depression.

CDYL-VGF Axis Regulates Stress-Induced Loss of
Dendritic Spines

We sought to understand the underlying mechanism of CDYL-
VGF axis in regulating stress-induced depression-like behav-
iors by examining whether this axis could affect structural
plasticity in the mouse PL (29,36–39). Dendritic spine
morphology analysis revealed that knockdown of VGF in the
PL led to decreased density of both immature spines (stubby
and thin spines) and mature spines (mushroom spines) in
microdefeated mice (Figure 6H, I). In addition, we observed an
enhanced miniature excitatory postsynaptic current (mEPSC)
frequency in the PL pyramidal neurons incubated with VGF-
derived C-terminal peptide TLQP-62 (mEPSC frequency in
control cells: 0.96 6 0.06 Hz; mEPSC frequency in TLQP-62–
incubated cells: 1.46 6 0.10 Hz; n = 9; p , .01) (Supplemental
Figure S6A–C), whereas these cells exhibited similar amplitude
of mEPSC recordings (mEPSC amplitude in control cells: 12.62
6 0.51 pA; mEPSC amplitude in TLQP-62–incubated cells:
12.62 6 0.31 pA; n = 9) (Supplemental Figure S6D, E). Over-
expression of CDYL in the PL by AAV-CDYL injection signifi-
cantly reduced the density of both immature and mature
dendritic spines after microdefeat stress (Figure 7A, B).
Importantly, while injection of shRNA-CDYL viruses into the
mouse PL led to increased dendritic spine density after CSDS,
stereotaxically coinjecting shRNA-VGF with shRNA-CDYL
almost completely abolished this effect (Figure 7C, D).
Clearly, these results support that CDYL-VGF axis in the PL is
important for stress-induced dendritic spine loss.

DISCUSSION

In the present study, we presented data showing that histone
Kcr, a recently identified histone PTM, is downregulated in the
mPFC of susceptible rodents exposed to CSDS. We demon-
strated that the key mediator to regulate histone Kcr in the
mPFC upon CSDS is CDYL, a crotonyl-CoA hydratase that we
recently identified to negatively regulate histone Kcr (21). CDYL
promotes stress-induced depression mainly through its dual
effect on promoter histone Kcr and H3K27me3 to inhibit the
transcription of a cohort of genes including VGF (Figure 7E).
The CDYL-VGF axis then inhibits structural synaptic plasticity
in the mPFC and ultimately leads to behavior changes in
susceptible individuals (Figure 7E).
nducible (VGF) pathway regulates stress-induced depression-like behaviors.
(middle) showing that VGF was significantly reduced after VGF-short hairpin
days, and quantification was done by normalizing the level of VGF to that of
test, *p , .05. Knockdown of VGF in the mouse PL decreased (B) social
en compared with the control mice. n = 16–17, one-way ANOVA with Bon-
shRNA-VGF 14 days after injection into the mouse PL area. Scale bar = 0.2
-VGF lentiviruses could counteract the upregulation of VGF induced by
GF to that of b-actin (right). n = 3, one-way ANOVA with Bonferroni’s test,
d by knockdown of CDYL in the mouse PL after chronic social defeat stress.
confocal z-stack images of a neurobiotin-filled PL pyramidal cell (left) and
NA-VGF or shRNA-control lentiviruses after microdefeat stress. Yellow arrows
ushroom spines. Scale bar = 25 mm (left), 1 mm (right). (I) Knockdown of VGF
in mouse PL pyramidal cells after microdefeat stress. n = 40 neurons from
are presented as mean 6 SEM. mRNA, messenger RNA.
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The role of epigenetic mechanism in mediating stress-
induced depression has been actively investigated in recent
years (4,5). Studies have shown that adenosine triphosphate–
dependent chromatin assembly factor chromatin-remodeling
complex (31) and DNA methyltransferase Dnmt3a (40) are
upregulated in the NAc in social stress–induced depression,
while H3K9 methyltransferase G9a is decreased in the NAc
during cocaine-induced depression (41). Moreover, dysregu-
lated expression of HDACs has been found in peripheral white
blood cells of MDD patients or different brain regions such as
hippocampus or amygdala in rodents with stress-induced
depression (42,43). While some studies suggest that HDAC
inhibitors have promising antidepressant effect in animal
models, their application in human patients is limited owing to
low isoform selectivity, and thus the risk of serious adverse
events (44,45). In this study, we found that histone Kcr, a novel
type of histone acylations, is selectively downregulated in the
PL during CSDS-induced depression. Noticeably, in our sys-
tem we detected concomitant upregulation of crotonyl-CoA
hydratase CDYL but not of other Kcr-regulating enzymes
such as p300 and HDACs, suggesting that CDYL plays a major
role in mediating stress-induced alteration of histone Kcr in the
PL. Our finding is intriguing, as it provides the first clue
regarding how dysregulation of novel types of histone acyla-
tions could play a role in environmentally influenced neuro-
psychological diseases such as depression. As the donors of
histone acylations often come from intermediate metabolism,
which dynamically responds to extracellular and intracellular
stimuli in different cell types, it will be interesting to further
study the functional connection between histone acylations
and other types of brain disorders.

The structural and functional plasticity of dendritic spines
plays an essential role in experience-dependent reorganization
of the brain neural networks, which store and maintain the
information in individual synapses, neurons, and neuronal cir-
cuits to guide the behavior of the organism (46,47). In the
process of learning and memory, the increased functional
plasticity is tightly correlated with the alteration in the number,
size, and morphology of dendritic spines (48). For example,
contextual fear conditioning leads to an increase in the density
of dendritic spines in the hippocampal CA1 and the anterior
cingulate cortex (49–51). Although these mechanisms allow
the organism to adapt to its constantly evolving environment,
under prolonged bouts of physiological and psychological
stress, the mechanism of structural or functional plasticity may
become dysregulated and the connectivity between the brain
regions may become unbalanced, resulting in pathological
behaviors. For instance, chronic stress significantly reduced
the number of dendritic spines in the PFC (25) and induced the
=

Figure 7. Chromodomain Y-like protein (CDYL) promotes stress-induced loss o
confocal z-stack images of dendrite segments of PL pyramidal cells from mice in
AAV-CDYL after microdefeat stress. Yellow arrows indicate stubby spines, white a
bar = 1 mm. (B) Overexpression of CDYL significantly reduced stubby, thin, mush
n = 45 neurons from 4 mice per group, unpaired two-tailed Student’s t test, *p ,

segments of PL pyramidal cells from mice injected short hairpin RNA (shRNA)–c
factor inducible (VGF) lentiviruses after chronic social defeat stress (CSDS). Sca
mainly through inhibiting VGF expression. n = 40 neurons from 4 mice per grou
(E) Proposed model of the CDYL-VGF axis in mediating stress-induced depressio
S, stubby spine; T, thin spine; TSS, transcription start site.
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formation of stubby excitatory spines through a RAS-related
C3 botulinum toxin substrate 1–dependent mechanism in the
NAc (24). These data suggest that extracellular stimuli and
environmental events robustly regulate neuronal network
through altering structural plasticity, resulting in the develop-
ment of depression. However, so far it is still not clear how the
chronic stress or unusual synaptic activities lead to the
abnormal structural plasticity. In our study, we have shown that
CSDS results in significantly increased expression of CDYL in
the mPFC, consequently leading to decreased expression of
VGF. We also demonstrated CDYL-VGF axis regulates the
structural plasticity of dendritic spines during stress-induced
depression. As an activity-dependent epigenetic factor,
CDYL expression is regulated by the activation of N-methyl-D-
aspartate receptors (20). Therefore, we speculate that CDYL
could be an essential mediator linking synaptic activities and
long-term structural plasticity of synaptic spines. Under
physiological conditions, activation of N-methyl-D-aspartate
receptors finely regulates long-term structural plasticity via the
CDYL-VGF axis. However, unusual synaptic activities in the PL
induced by chronic stress may abnormally activate N-methyl-
D-aspartate receptors and send inappropriate signals from
synapses to the nuclear transcription apparatus, which in turn
leads to a dysregulated CDYL-VGF axis, reduced dendritic
spines, and ultimately, the development of depression.

VGF encodes a secreted protein and neuropeptide precur-
sor that is abundantly present in the cortex, hypothalamus,
hippocampus, cerebellum, and other brain areas with various
concentrations (52). The role of VGF in depression has been
supported by several previous studies. For example, hetero-
zygous Vgf KO mice exhibit depression-like phenotypes (32),
and intrahippocampal administration of VGF-derived peptide
TLQP-62 produces antidepressant effects (53). Despite the
important role of VGF in depression and many other physio-
logical/pathological conditions, the transcriptional regulation of
this gene is not fully understood. Previous microarray data
have shown that transcription factor neuronal PAS domain
protein 3 positively regulates VGF in human embryonic kidney
293 cells (54), whereas REST inhibits VGF expression in human
neuroblastoma NMB cells (55). Here we demonstrate that
CDYL inhibits VGF expression in mouse PL tissues and SH-
SY5Y cells via its dual effect on histone Kcr and H3K27me3
on the gene promoter, providing the epigenetic mechanism for
transcriptional repression of VGF. Interestingly, a recent study
suggested that CSDS leads to elevated VGF protein levels in
the NAc and that overexpression of Vgf in the NAc is prode-
pressant (53). We found that injection of CDYL-shRNA lenti-
viruses in NAc led to upregulation of VGF and increased social
avoidance behavior upon microdefeat, and that this effect was
f dendritic spines in the mouse prelimbic cortex (PL). (A) Representative 633
jected with adeno-associated virus–green fluorescent protein (AAV-GFP) or
rrows indicate thin spines, and blue arrows indicate mushroom spines. Scale
room, or total number of dendritic spines in the PL after microdefeat stress.
.05, **p , .01. (C) Representative 633 confocal z-stack images of dendrite
ontrol, shRNA-CDYL, or both shRNA-CDYL and shRNA–VGF nerve growth
le bar = 1 mm. (D) CDYL promoted stress-induced loss of dendritic spines
p, one-way analysis of variance with Bonferroni’s test, *p , .05, **p , .01.
n-like behaviors. Data are presented as mean 6 SEM. M, mushroom spine;
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abolished by coinjection of VGF-shRNA (Supplemental
Figure S7). However, we do not consider that the CDYL-VGF
axis in the NAc plays a major role during naturally occurring
stress-induced depression, because both CDYL and the
mRNA level of Vgf are unchanged in the NAc after CSDS in
susceptible mice (53) (Supplemental Figure S2A). The alter-
ation of VGF protein levels in the NAc after CSDS could be due
to PTMs such as reduced protein degradation by the ubiquitin-
proteasome pathway. It is also interesting to note that brain-
derived neurotrophic factor has been known to induce VGF
expression and play a role in VGF-mediated antidepressant
effects (36,53,56). While the current study clearly shows that
the CDYL-VGF axis in the PL is critical in regulating structural
synaptic plasticity and depression, we cannot exclude that
brain-derived neurotrophic factor plays a role in CDYL-
mediated effect on stress-induced depression, as we have
previously shown that CDYL also represses brain-derived
neurotrophic factor expression (18). Nevertheless, the estab-
lishment of CDYL in mediating increased vulnerability to
stress-induced depression-like behaviors provides a novel
therapeutic target for MDD, especially considering that CDYL
possesses a defined chromodomain and catalytic domain for
design of small molecule inhibitors.
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