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Microglial PCGF1 alleviates neuroinflammation associated
depressive behavior in adolescent mice
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Epigenetics plays a crucial role in regulating gene expression during adolescent brain maturation. In adolescents with depression,
microglia-mediated chronic neuroinflammation may contribute to the activation of cellular signaling cascades and cause central
synapse loss. However, the exact mechanisms underlying the epigenetic regulation of neuroinflammation leading to adolescent
depression remain unclear. In this study, we found that the expression of polycomb group 1 (PCGF1), an important epigenetic
regulator, was decreased both in the plasma of adolescent major depressive disorder (MDD) patients and in the microglia of
adolescent mice in a mouse model of depression. We demonstrated that PCGF1 alleviates neuroinflammation mediated by
microglia in vivo and in vitro, reducing neuronal damage and improving depression-like behavior in adolescent mice.
Mechanistically, PCGF1 inhibits the transcription of MMP10 by upregulating RING1B/H2AK119ub and EZH2/H3K27me3 in the
MMP10 promoter region, specifically inhibiting microglia-mediated neuroinflammation. These results provide valuable insights into
the pathogenesis of adolescent depression, highlighting potential links between histone modifications, neuroinflammation and
nerve damage.
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INTRODUCTION
Depression is a common psychiatric disease worldwide [1, 2] that
affects approximately one in five people at some point in their
lives [3]. Adolescent depression is more worrisome due to its
occurrence during a period of rapid physical, emotional, and
cognitive development [4, 5], with adolescent depression increas-
ing at a greater rate than in adults [6]. Notably, epigenetics and
changes in brain genetics are active during adolescence [7, 8].
Transcriptome analyses have shown that brain development from
the late fetal stage to adolescence is accompanied by epigenomic
reorganization [9]. Epigenetics exerts crucial effects on brain
function and increases the risk of neuropsychiatric disorders
[10–12]. Thus, epigenetics is associated to the development of
mental illnesses in adolescence.
Epigenetics may provide new insights into the long-term effects

of gene expression regulation associated with depression [13].
Epigenetics refers to the modification of gene expression by
regulating the transcription, posttranscription, translation or
posttranslation of the genome, such as through DNA methylation,
DNA hydroxymethylation, and histone modifications [14, 15].
These epigenetic effects have been widely investigated in various
psychiatric conditions [16–18]. Among them, histone modifica-
tions are major epigenetic mechanisms [19]. Histone modifications
alter the chromatin structure by affecting histone-DNA and
histone-histone interactions, thus regulating gene transcription
[20, 21]. The main histone modifications include acetylation,

phosphorylation, methylation, and ubiquitination [22]. Numerous
studies have indicated that histone modifications are actively
involved in the regulation of neuroinflammation [23–25] and play
a role in the onset and development of psychiatric disorders,
including autism spectrum disorder (ASD), schizophrenia and
major depressive disorder (MDD) [26–29].
Polycomb group factor 1 (PCGF1), also known as Nspc1, is an

essential epigenetic regulator that belongs to the polycomb group
(PcG) of proteins [30]. The PcG proteins include polycomb repressor
complexes 1 and 2 (PRC1 and PRC2), which repress gene expression
by recognizing the CpG islands (CGIs) of target genes [31, 32]. PRC1
mediates the monoubiquitination of lysine 119 of histone H2A
(H2AK119ub1) via the E3 ubiquitin ligases RING1A and RING1B.
PRC2 mediates trimethylation of lysine 27 of histone H3
(H3K27me3) via the histone methyltransferase EZH1/2 [33–35].
PCGF1 forms the core of the noncanonical PRC1.1 complex (nc-
PRC1.1) with RING1A or B, KDM2B (lysine demethylase 2B), and
BCOR (BCL6 corepressor) [36]. Deletion of PCGF1 has the greatest
impact on H2AK119ub1 deposition by PRC1 [34], while PRC1.1-
mediated deposition of H2AK119ub1 promotes the recruitment of
PRC2, which in turn promotes the deposition of H3K27me3
[31, 36, 37]. Therefore, PCGF1 plays a vital role in the PCGF family.
Current research on PCGF1 has focused mainly on embryonic
development [38–40], tumor stem cell self-renewal [30, 41, 42], and
hematopoietic stem cell differentiation [43, 44], while its function in
neuroinflammation and adolescent depression is still unknown.
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Microglia are resident immune cells in the central nervous
system (CNS). These cells can be rapidly activated depending
upon distinct stimulatory contexts, resulting in neuroinflammation
[45, 46]. Moreover, brain autopsies of depressed patients have
confirmed the activation of microglia and neuroinflammation [47].

Neuroinflammation is believed to contribute to decreased
neurotrophic support, altered glutamate release/reuptake, and
oxidative stress, ultimately leading to excitotoxicity and neuronal
injury [48, 49]. Neuroinflammation is also one of the main
hypotheses of depression.
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In the present study, we investigated the potential mechanisms
of stress-induced neuroinflammation in the pathogenesis of
depression. Many brain regions have been implicated in depression,
such as the prefrontal cortex, amygdala and hippocampus [50, 51].
Hippocampal dysfunction is a key factor in the neuropathology of
MDD, particularly the cornu ammonis 1 (CA1) region is an important
brain region that is prone to synaptic plasticity. An increasing
number of studies have shown that the CA1 region is involved in
the pathogenesis of depression to regulate mood and cognitive
function [52, 53]. It has also been demonstrated that in patients with
MDD, the left CA1 is the hippocampal subregion most strongly
associated with childhood abuse [54]. We found that PCGF1 in
microglia of the CA1 region plays a key role in maintaining immune
homeostasis at this site, which protects the structure and function of
neurons associated with depression. These results suggest pre-
viously unexplored avenues of research to develop potential
therapeutic targets for the treatment of this disorder.

MATERIALS AND METHODS
Animals and housing conditions
Male C57BL/6J mice weighing 12–14 g (about 3 weeks) were purchased
from the Experimental Animal Centre of Shandong University. Mice were
housed under a 12 h light/dark cycle and had free access to food and
water. Ambient temperature was maintained at 22 °C ± 2 °C, except when
subjected to the conditions of specific experiments. All efforts were made
to minimize the pain and numbers of the animals used in the experiments.
All animal care and experiments followed the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of Shandong University.

Study approval and subjects
The Ethics Committee of Shandong Mental Health Center (Jinan, 250014,
China) approved all materials and procedures. The clinical trial registration
number is (2021) ethical review No. (99). All participants or their legally
authorized representatives provided written informed consent to participate
in this study. Adolescent patients with MDD were recruited through
inpatients of the Department of Shandong Mental Health Center. Healthy
control subjects were recruited through local community postings andmedia
advertisements. Inclusion and exclusion criteria and behavioral measures are
described in the Supplementary Information. All clinical samples were
collected and experimented in accordance with WS/T 661-2020 Guidelines of
venous blood specimen collection of the China Healthcare Commission and
approved by the Ethics Committee of Shandong Mental Health Center.

CUMS model
Mice in the chronic unpredictable mild stress (CUMS) group were
subjected to procedures described previously. Briefly, mice were assigned
into control and CUMS groups by principles of random allocation. Mice in
CUMS group were individually housed and subjected to a daily stress
regime for five days a week and last four weeks. Stress consists of: (1) 24 h
of water and food deprivation, (2) standing on ice and water mixture for
2 min, (3) damp sawdust for 24 h, (4) tail clamp for 3 min, (5) cage tilted
45°for 12 h, (6) restricted movement for 2 h and (7) horizontal oscillation
for 5 min. One stressor was applied per day in a random order. Mice in the
control group were housed under laboratory conditions. Behavioral tests
are detailed with Supplementary Materials.

Chromatin immunoprecipitation
BV2 microglia were infected with LPS for 8 h. Formaldehyde (37%) was
added directly to the culture medium to a final concentration of 1%, and
cells were incubated for 10min at 37 °C. Glycine was added to a final
concentration of 125mM to quench cross-linking. A ChIP Assay Kit (Cell
Signaling Technology) was used following the manufacturer’s instructions.
Extracted DNA fragments were used for ChIP-QPCR and ChIP-Sequencing.
Specific primers for the MMPs genome are listed in Supplementary Table 1.

RNA sequencing and ChIP-sequencing
To perform RNA sequencing (RNA-seq), microglia were harvested and
lysed by TRIzol, and total RNA was collected according to the
manufacturer’s instructions. RNA-seq was carried out on a BGISEQ-500
(Beijing Genomic Institution, www.genomics.org.cn, BGI). The significance
of the differential expression of genes was confirmed by the bioinformatics
service of BGI. ChIP-Seq was carried out on a DNBSEQ (Beijing Genomic
Institution, www.genomics.org.cn, BGI). Peak detection was analyzed using
IGV (Integrative Genomics Viewer). Motif analysis in peaking sequences
was performed using MEME Suite.

Isolation of primary microglia and LPS stimulation
Primary astrocytes and microglia were isolated from the cerebral cortex
and corpus callosum of stress-naïve mice (3 days old) for subsequent
in vitro experiments. These glial cells were placed in 75 cm2

flasks (Beaver)
and cultured in Dulbecco’s Modified Eagle’s Medium-High Glucose
Medium (Gibco, United States; #11965092) containing 10% fetal bovine
serum (Gibco, United States; #10099141C) and Penicillin-Streptomycin-
Amphotericin Cocktail (Macgene, Beijing, China; #CC033) in culture. The
flasks were then placed in a 37 °C, 5% CO2 incubator. The medium was
changed every 3 days. After ~10–12 days, the mixed primary glial cells
were shaken at 200 rpm and 37 °C for 4 h to harvest primary microglia.
Primary microglia and BV2 microglia were stimulated with LPS (L2630,
Sigma-Aldrich) 500 ng/ml for 8 h. BV2 microglia purchased from Chinese
Academy of Sciences (CAS) Cell Bank were recently authenticated and
tested for mycoplasma contamination.

Flow cytometry sorting of microglia
Place mice cerebral cortex (n= 3/group) tissue in pre-cooled Hank’s
Balanced Salt Solution. The tissue was cut into ~1mm pieces, ground, and
a cell suspension was produced. The cell suspension was filtered through a
70-μm sieve (431751, Corning), centrifuged at 420 × g for 10min, and the
precipitate was resuspended with 4mL of 30% Percoll solution (GE17-5445-
01, Sigma-Aldrich). Then, 4mL of 70% Percoll solution was slowly added to
the lower cell suspension using a syringe and centrifuged at 500 × g for
20min. (One part of 10× HBSS was mixed with 9 parts of Percoll stock
solution to prepare an isotonic suspension of Percoll, which we defined as a
100% suspension of Percoll. 100% Percoll was diluted with 1× PBS to
produce the expected density of Percoll isolation solution for cell separation.)
Cells were harvested from the layered interface of different concentrations of
Percoll solution and washed once with PBS containing 0.2% BSA. Cells were
stained with antibodies, FITC anti-mouse CD11b (M1/70, Biolegend) or APC
anti-mouse CD45 (QA17A26, Biolegend), and CD45-low/CD11b+ microglial
cells were sorted using a flow cytometer Moflo Astrios EQ.

Inclusion and exclusion criteria
For individuals in the MDD adolescent patients group, subjects were
required to meet the following criteria: (1) Meet the diagnostic criteria for

Fig. 1 PCGF1 was downregulated in microglia of CUMS mice and the plasma of MDD adolescent patients. A Experimental protocol for
FACS and gate strategy for CD11b+CD45Low microglia was presented. B Heat map of 30 up- and downregulated expression of genes in
microglia. C KEGG analysis revealed that the differentially expressed genes were enriched in immune and neurological diseases. D QPCR
analysis of PCGF1-6 mRNA levels in microglia (N= 3 per group). E Representative images of PCGF1 staining (red) in the CUMS mice. Nuclei
(blue) are stained with DAPI. Microglia (green) are stained with Anti-Iba1. Scale bar is 20 μm. F Levels of PCGF1 were decreased in the plasma
of MDD adolescent patients (n= 15) compared with those of normal controls (n= 15). G, H Correlation between PCGF1 expression and CDI or
PTSD scores using the Pearson’s correlation coefficient (n= 28). I Representative western blot images showing the expression levels of PCGF1
(N= 3 per group). The mock treatment was a blank control with the addition of PBS (dissolvent for LPS). J QPCR analysis of PCGF1 mRNA levels
(N= 3 per group). K, L Representative images of PCGF1 staining (red) in the LPS stimulated primary and BV2 microglia. Nuclei (blue) are
stained with DAPI. Microglia (green) are stained with Anti-Iba1. Scale bar is 20 μm. Statistical significance was determined by multiple unpaired
two-sided Student’s t-tests or one-way ANOVA followed by Tukey post hoc test. Data are shown as the mean±s.d. or as a representative result
from three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001.
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MDD using a Structured Clinical Interview by two neuropsychiatrists
according to the Diagnostic Statistical Manual of Mental Disorder, Fifth
Edition (DSM-V); (2) The scores is larger than 19 which was measured by
the children’s depression inventory (CDI); (3) Drug naïve or drug free for
longer than three weeks (includes antidepressants and dependence-
producing drugs such as narcotics), and no history of substance abuse; (4)
Aged between 10 and 20. Exclusion criteria for healthy controls included
history of neuropsychiatric disorders, head injury, substance abuse
(includes antidepressants and dependence-producing drugs such as

narcotics), or unconsciousness. (Additional clinical and scale-related
information references supplementary materials and methods.)

Statistical analyses
All data were collected and processed randomly or in a counterbalanced
manner. Experimenters were unaware of the treatments and data analyses
were performed blindly. The figure legend lists the number of subjects and
biological replicates independently processed in each experimental
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condition. Statistical methods were not used to predetermine sample sizes,
but our sample sizes were similar to those reported in previous
publications.
Statistical analyses were conducted using GraphPad Prism version 8

(GraphPad Software, Inc.). We tested the normality of the data using the
Shapiro–Wilk test. Comparisons between two groups were performed
using a two-tailed Student’s t-test. Comparisons among multiple groups
were conducted using a one-way ANOVA followed by Tukey post hoc test.
The data are presented as the mean ± SD. A statistically significant
difference was defined as P < 0.05.

RESULTS
Neuroinflammation is induced in specific brain regions of
CUMS mice
We first evaluated the behavior of mice subjected to chronic
unpredictable mild stress (CUMS), as assessed by the forced
swimming test (FST) and sucrose preference test (SPT) (Fig. S1A).
The immobility times of CUMS mice in the FST were significantly
increased and the percent of sucrose consumption of CUMS mice
in the SPT was also significantly reduced (Fig. S1B, C). These results
suggest that the CUMS protocol is effective in inducing
depression-like behavior. Quantitative polymerase chain reaction
(QPCR) assay revealed increased expression of Interleukin-1β (IL-
1β, Fig. S1D), Interleukin-6 (IL-6, Fig. S1E) and Tumor necrosis
factor α (Tnf-α, Fig. S1F) in the hippocampus, ventromedial
prefrontal cortex (vmPFC) and cortex regions in CUMS mice. The
hippocampus is an important brain region involved in the
pathogenesis of depression [55], so we further performed
immunofluorescence assay of the hippocampus. The results of
the immunofluorescence assay showed higher levels of Iba1
(Fig. S1G), IL-1β (Fig. S1H), and Tnf-α (Fig. S1I) in the hippocampus
of CUMS mice (Fig. S1J), especially in the CA1 region.

PCGF1 is downregulated in microglia of CUMS mice and the
plasma of MDD adolescent patients
In order to accurately investigate microglia in the brain of CUMS
mice, we sorted out CD11b+CD45low microglia from whole brain
(Fig. 1A) and performed RNA sequencing. RNA sequencing
analysis revealed that the expression of 214 genes were down-
regulated and 50 genes was upregulated in CUMS mice, log2(Fold
Change) > 1 and Q-value < 0.05 (Fig. S2A). As shown in Fig. 1B, the
heat map generated showed top 30 up- and downregulated
expression of genes. Next, Kyoto Encyclopedia of Genes (KEGG)
analysis observed these differentially expressed genes were
enriched in immune responses and neurological diseases (Fig. 1C).
KEGG analysis also revealed that these genes were mainly
involved in inflammatory signaling pathways, such as NF-κB and
Tnf-α signaling pathways (Fig. S2B). In the RNA sequencing results,
we found a significant downregulation of the important
epigenetic regulator PCGF1, with log2(Fold Change)= –2.81 and
Q-value < 0.05 (Fig. 1B). However, the function of PCGF1 in
microglia is still unknown, which aroused our research interest.
Subsequently, we analyzed the expression of 1-6 members of the

PCGF family in microglia of CUMS mice. As shown, only the
expression of PCGF1 was significantly downregulated (Fig. 1D).
Immunofluorescence results similarly showed that microglial
PCGF1 expression was downregulated in CUMS mice (Fig. 1E,
S2E), while PCGF1 expression was unchanged in neurons (Fig. S2C,
S2E). Also, we found that PCGF1 was very poorly expressed in
astrocytes (Fig. S2D). These results imply that microglial PCGF1 in
CUMS mice may have cell-specific functions. To determine
whether PCGF1 is associated with adolescent depression, we
examined plasma levels of PCGF1 in normal controls and MDD
adolescent patients. The sociodemographic and clinical character-
istics of these subjects are shown in Supplementary Table 2. As
shown in Fig. S2F, G, we recorded the subjects’ scores on the
children’s depression inventory (CDI) and post-traumatic stress
disorder (PTSD) scales. QPCR results showed that PCGF1 mRNA
levels were significantly lower in MDD adolescent patients
compared to normal controls (Fig. 1F). In addition, we observed
a negative correlation between PCGF1 levels and CDI, PTSD scores
(Fig. 1G, H). In vitro experiments, we used lipopolysaccharide (LPS)
to stimulate primary and BV2 microglia-mediated inflammation to
mimic the neuroinflammation caused by CUMS in vivo. We found
that LPS stimulation significantly reduced the protein and mRNA
level of PCGF1 in microglia (Figs. 1I, J, and S2H). Immunofluores-
cence assay also suggest the same results (Figs. 1K, L, S2I).

Microglial PCGF1 in the CA1 region is associated with
depression-like behavior in CUMS mice
To ascertain whether PCGF1 was related to depression-like
behavior, we specifically induced PCGF1 overexpression in
microglia by directly injecting microglia-specific AAV9-F40/80-
PCGF1-GFP virus into the hippocampus CA1 region of the CUMS
mice (Fig. 2A, B). Successful virus targeting was indicated by the
observation of large amounts of green fluorescence (GFP) within
the CA1 region at five weeks post-injection (Fig. 2C). While GFP
expression was particularly concentrated on Iba1 cells (Fig. 2D, E)
and little expression on neurons and astrocytes (Fig. S3A, S3B).
Furthermore, we confirmed successful overexpression of PCGF1 in
the CA1 region via western blotting (Fig. 2F). CUMS mice exhibited
decreased body weight (Fig. 2G), reduced sucrose solution
consumption (Fig. 2H) and increased immobility time in FST
(Fig. 2I) and Tail suspension test (TST, Fig. 2J), all of which are
indicative of depression-like behavior. However, these behaviors
were reversed following upregulation of PCGF1 in microglia. In the
open field test (OFT), CUMS exposure did not affect the total
distance traveled by the mice (Fig. 2L) but decreased the duration
and frequency of mice exploring the central area (Figs. 2K, M,
and S3C). Furthermore, the results of the elevated maze (EPM) test
showed that CUMS exposure reduced the duration and frequency
of mice entering the open arm (Fig. 2N–P). Nonetheless,
upregulation of PCGF1 reversed the anxiety-like behavior of
CUMS mice in both OFT and EMP. Taken together, overexpression
of microglial PCGF1 ameliorates CUMS-induced depression-like
behavior in mice.

Fig. 2 Microglial PCGF1 is associated with depression-like behavior in CUMS mice. A Schematics of AAV vectors engineered to overexpress
PCGF1. B Experimental paradigm for determining behavioral responses of mice infected with the virus. C Schematics of AAV vectors and
bilateral injection sites in the CA1 region of hippocampus. Scale bar, 2 mm and 20 μm. GFP, Green fluorescent protein. CA, Cornu Ammonis.
DG, dentate gyrus. D Colocalization of GFP (green) and Iba1 (red), scale bar, 50 μm. E Iba1+/GFP+ percentage statistics. F Representative
western blot images of PCGF1 in the CA1 region and analysis of expression efficiency (N= 6 per group). G Microglial PCGF1 reverses weight
loss in CUMS mice (N= 20 per group). H Microglial PCGF1 reverses the reduction of sucrose solution consumption in CUMS mice (N= 20 per
group, * CUMS vs. Control; # CUMS/AAV-Ctrl vs. Control; & CUMS/AAV-PCGF1 vs. CUMS/AAV-Ctrl, same as below). I, J In CUMS mice, microglial
PCGF1 reverses the increased immobility time in FST and TST (N= 20 per group). K In CUMS mice, microglial PCGF1 increases the stay time in
the central area during the OFT test (N= 20 per group). L Total distance traveled in the OFT was not significantly different (N= 20 per group).
M Representative activity tracking in the OFT. N, O In CUMS mice, microglial PCGF1 increases the stay time and the number of entries in the
open arms during the EPM test (N= 20 per group). P Representative activity tracking in the EMP. Statistical significance was determined by
multiple unpaired two-sided Student’s t-tests or one-way ANOVA followed by Tukey post hoc test. Data are shown as the mean±s.d. or as a
representative result from three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001. # and & follows the same rules.
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PCGF1 regulates neuroinflammation and neuronal damage in
the CA1 region of CUMS mice
Next, by immunofluorescence assay, we were able to observe
that overexpression of microglia PCGF1 reversed the expression

of IL-1β and Tnf-α in the CA1 region of CUMS mice (Fig. 3A–C). In
addition, we observed the mRNA expression of IL-1β, IL-6, and
Tnf-α inflammatory factors was also reversed (Fig. 3D). These
results suggested that overexpression of PCGF1 in microglia
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reduced the neuroinflammation in the CA1 region of CUMS
mice. The transmission electron microscopy (TEM) revealed that
microglial PCGF1 alleviated CUMS-induced degraded mitochon-
dria and increased number of autolysosomes (Figs. 3E, S3D).
Notably, TEM analysis revealed significant apoptotic features in
the nuclei of neurons (including nuclear chromatin margination,
aggregation and condensation) (Figs. 3F, S3E), and impaired
synaptic plasticity (Fig. 3G). However, microglial PCGF1 alle-
viated those abnormalities. Meanwhile, microglial PCGF1 also
reduced neuronal restructuring abnormalities in CUMS mice,
such as reduced number of synapses (Fig. 3H, I) and reduced
density of dendritic spines in Golgi-staining (Fig. 3J, K). Addi-
tionally, microglial PCGF1 ameliorated the neuronal morpholo-
gical damage in the CA1 region of CUMS mice, as evidenced by
H&E staining (Figs. 3L and S3F). Those findings presented
evidence that microglial PCGF1 in the CA1 region reduce
neuroinflammation, thereby slowing down neuronal apoptosis
and structural damage, and ultimately ameliorating depression-
like behavior in CUMS mice.

Microglial PCGF1 regulates LPS-induced neuroinflammation
by MMPs members
Subsequently, we used plasmid and lentivirus to overexpress and
knockdown PCGF1 in LPS-induced primary microglia and BV2
microglia. We examined the efficiency of overexpression and
knockdown (Fig. S4A–D). We found that overexpression of PCGF1
decreased mRNA or protein levels of IL-1β, IL-6, and Tnf-α in both
cells (Fig. 4A–D). The results also showed that knockdown of
PCGF1 produced the opposite results (Fig. S4E–H). Thus, PCGF1
reduces the expression of inflammatory factors in microglia. In
addition, we found that primary microglia activated by LPS
become amoeboid morphology with an increased branches
number, but PCGF1 alleviated this activation (Figs. 4E and S4I).
Meanwhile, PCGF1 inhibits LPS-induced migration of BV2 cells to
open areas in scratch assays (Fig. S4J, S4K).
To explore specific mechanisms by which PCGF1 regulates

neuroinflammation, we performed RNA sequencing on primary
microglia transfected with PCGF1 plasmid and induced by LPS.
Compared with Mock, RNA-seq analysis revealed that the
expression of 3357 genes was upregulated in LPS-induced
primary microglia, with log2(Fold Change) > 1 and Q-value < 0.05
(Fig. S5A; Expression heat map, Fig. S5B). As shown in Fig. 4F,
several matrix metalloproteinases (MMPs) members were
upregulated in primary microglia after LPS induction. Interest-
ingly, we observed that several of these MMPs members were
suppressed by PCGF1 overexpression, as shown in the volcano
plot of Fig. 4G. Next, we used KEGG analysis to reveal that the
differentially expressed genes after PCGF1 transfection were
mainly involved in inflammatory signaling pathways (Fig. 4H).
KEGG analysis also observed these genes were enriched in
immune diseases, neurological diseases and transcriptional
function (Fig. 4I). We verified the downregulated MMPs
members in the sequencing results and found that PCGF1 could
significantly down-regulate the expression of MMP8, MMP10,
and MMP12 (Fig. 4J). Therefore, we speculate that PCGF1

regulates neuroinflammation by affecting the transcription of
MMPs members.

PCGF1 regulates MMP10 expression through up-regulating
RING1B/H2AK119ub and EZH2/H3K27me3
As PCGF1 is an epigenetic repressor and regulates gene
transcription through histone modifications, the expression of
related histone modifications was first measured. We found that
PCGF1 could significantly upregulate the expression of
H2AK119ub and H3K27me3 in primary microglia and BV2
microglia (Fig. 5A, B). After that, we used ChIP-QPCR to detect
the binding of H2AK119ub and H3K27me3 in the MMPs promoter
region in BV2 microglia. We found that only the binding of
H2AK119ub and H3K27me3 in the MMP10 promoter region were
affected by PCGF1 (Fig. 5C), while MMP8 (Fig. S5C) and MMP12
(Fig. S5D) were unchanged. As previously mentioned, the E3
ubiquitin ligase Ring1B in PRC1 primarily mediates H2AK119ub,
and the methyltransferase EZH2 in PRC2 primarily mediates
H3K27me3. Therefore, we examined the deposition of both
enzymes in the MMP10 promoter region. ChIP-QPCR analysis
demonstrated that the overexpression of PCGF1 led to an
elevated deposition of PCGF1, RING1B and EZH2 (Fig. 5D–F)
within the promoter region of MMP10. Immunoprecipitation
results further revealed that PCGF1 directly binds to RING1B but
not to EZH2 (Fig. 5G). As previously reported, H2AK119ub formed
by PRC1 creates a binding site for PRC2 containing Jarid2-Aebp2
and promotes the deposition of H3K27me3 [56]. Thus, we propose
that PCGF1 initially associates with RING1B and accumulates
within the promoter region, concurrently promoting the deposi-
tion of H2AK119ub. Then, this cascade triggers the subsequent
deposition of EZH2 and H3K27me3. Ultimately, their combined
actions collectively suppress the transcriptional activity of the
MMP10 promoter region.
Subsequently, we used ChIP-Seq to further investigate the

relationship between PCGF1 and the MMP10 promoter. ChIP-Seq
results showed that PCGF1 overexpression increased the binding
peaks of PCGF1, H2AK119ub and H3K27me3 (Fig. 5H–J) in the
promoter region of MMP10 (red box, 2000 bp), which is
consistent with the results of ChIP-QPCR. The binding tracks of
RING1B and EZH2 were detected by ChIP-QPCR (Fig. S5E–G). By
Gene Ontology (GO) analysis of different PEAK-related genes
after overexpression of PCGF1, we found that PCGF1 and
H2AK119ub binding differential genes were enriched in the
immune system, behavior, and transcriptional regulation
(Fig. S5H, S5I). In addition, we performed Motif analysis of peak
sequence and identified base characteristics of PCGF1/
H2AK119ub/H3K27me3 binding (Fig. S5J).

PCGF1 regulates neuroinflammation possibly via the MMP10/
NF-κB/MAPK pathways
After clarifying that PCGF1 can specifically regulate MMP10
transcription, we proceeded to verify the inhibitory effect of
PCGF1 on MMP10. PCGF1 not only downregulated MMP10 mRNA
expression in primary microglia (Fig. 4J) but also had the same
inhibitory effect in CA1 region (Fig. S6A) and BV2 microglia

Fig. 3 Microglial PCGF1 alleviates neuroinflammation and decreases neuronal damage. A, B Representative images of IL-1β and Tnf-α
staining (red). Nuclei (blue) are stained with DAPI. Scale bar is 50 μm (N= 6 per group). C Fluorescence intensity analysis of A and B. D QPCR
analysis of IL-1β, IL-6 and Tnf-α mRNA levels of CA1 region (N= 8 per group). E Representative TEM of autolysosomes and morphology of
mitochondria. Arrows indicate autolysosomes. Scale bar is 1 μm. F Representative TEM showing the apoptotic features in the nuclei of CA1
neurons. Scale bar is 2 μm. G Representative TEM of neuronal synapses. Arrows indicate neuronal synapses. Scale bar is 500 nm.
H, I Representative TEM and summary of data showing the number of synapses. Arrows indicate neuronal synapses. Scale bar is 1 μm (N= 6
per group). J Representative images of dendrites in pyramidal neurons. Scale bar is 5 μm. K Quantification of mushroom spines in neurons.
L Representative photomicrographs of H&E staining in CA1 region. For magnification ×10, Scale bar is 100 μm; for magnification ×20, Scale bar
is 50 μm. Statistical significance was determined by multiple unpaired two-sided Student’s t-tests or one-way ANOVA followed by Tukey post
hoc test. Data are shown as the mean±s.d. or as a representative result from three independent experiments. *P < 0.05, **P < 0.01 and
***P < 0.001.
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(Fig. S6B). Moreover, PCGF1 inhibited MMP10 expression at the
protein levels (Fig. S6C, S6D). Immunofluorescence experiments in
the CA1 region also demonstrated the above conclusions (Figs. 6A
and S6E). Since the specific function of MMP10 in microglia has
not been reported, we aimed to investigate how microglial
MMP10 mediates neuroinflammation. Firstly, we knock down the

MMP10 in primary microglia by lentivirus and assayed the
knockdown efficiency (Fig. 6E). The results showed that knock-
down of MMP10 decreased expression of IL-1β, IL-6, and Tnf-α at
mRNA and protein levels (Fig. 6B, C). Here, we examined several
signaling pathways associated with microglia activation, including
NF-κB and MAPK. The results revealed that the LPS-induced p65
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entry into the nucleus was hindered (Fig. 6D) and the
phosphorylation of p38, JNK, and p65 were inhibited (Fig. 6E, F)
by MMP10 knockdown. Meanwhile, we used the phosphorylation
inhibitors of p38 and p65, SB203580 and PDTC, to clarify that the
NF-κB and MAPK pathways are also pro-inflammatory in primary
microglia (Fig. S6F–I). The above results suggested that MMP10 is
a pro-inflammatory factor and PCGF1 inhibits the expression of
MMP10, which may prove to be an essential mechanism for PCGF1
in regulating neuroinflammation.
Then, we injected a mixture of PCGF1 and MMP10 over-

expressed AAV9 virus in the CA1 region (Fig. S7A, S7B). We
confirmed successful overexpression of PCGF1 and MMP10 in
the CA1 region via western blotting (Fig. S7C). Successful virus
targeting was indicated by the observation of large amounts of
green (PCGF1-GFP) and red (MMP10-mcherry) fluorescence
within the CA1 region (Fig. 6G). Subsequently, we found that
MMP10 reversed the PCGF1-mediated remission of neuroin-
flammation (Fig. 6H). As previously shown, PCGF1 alleviated
depression-like behavior caused by CUMS, while MMP10
reversed the function of PCGF1. MMP10 decreased sucrose
solution consumption (Fig. 6I) and increased immobility time in
FST (Fig. 6J) and TST (Fig. 6K). Meanwhile, MMP10 decreased the
duration and frequency of mice exploring the central area in OFT
(Fig. S7D–G). The results of EPM test also showed that MMP10
reduced the duration and frequency of mice entering the open
arm (Fig. S7H–J). These results suggest that MMP10 of microglia
may be the target of PCGF1 in regulating depression-like
behavior.

DISCUSSION
Neuroinflammation generally refers to an inflammatory response
within the CNS that can be induced by various pathological
insults. This process is characterized by the expression of
proinflammatory cytokines [57]. These cytokines can result in
synaptic dysfunction, neuronal death, and impeded neurogenesis
[58]. However, neuroinflammation tends to be a chronic process
that cannot spontaneously resolve and is considered to be a major
contributor to neuropsychiatric/neurodegenerative pathogenesis
[59, 60]. The present research has provided the first evidence that
PCGF1 in microglia is involved in regulating neuroinflammation
associated with the pathological processes of adolescent depres-
sion. Specifically, PCGF1 potentially downregulates the MAPK/NF-
kB pathway by targeting the downstream gene MMP10 to
regulate neuroinflammation in the hippocampal CA1 region of
mice. Furthermore, it helps to reduce depression-like behavior and
neuronal damage in CUMS adolescent mice. These findings
collectively suggest that PCGF1 functions as a crucial therapeutic
target for regulating neuroinflammation during the pathogenesis
of adolescent depression.
In the past decade, the prevalence of elevated depressive

symptoms among adolescents has risen from 24% to 37% [61].
Nonetheless, significant etiological differences, including genetic
structures and treatment responses, exist between adolescents
and adults with depression. The efficacy of antidepressants in

treating adolescent depression is not satisfactory [62]. In
particular, selective serotonin reuptake inhibitors (SSRIs) and
tricyclic antidepressants are less effective in the treatment of
adolescent depression than in the treatment of adult depression
[63, 64]. Therefore, it is crucial to explore alternative and more
effective treatment options for adolescent depression. The
adolescent period is recognized as a critically important phase
of brain development [65], but the adult brain loses this unique
plasticity [66]. Importantly, epigenetic mechanisms underpin these
dynamic developmental processes [10, 11, 67], particularly during
adolescence [68]. The dynamic epigenetic regulation of gene
expression in response to environmental stimuli facilitates the
acquisition of persistent molecular, cellular, and complex beha-
vioral associations in organisms [66].
In our study, we found that the expression of PCGF1 decreased

both in the plasma of adolescent MDD patients and in the
microglia of adolescent mice in a mouse model of depression. As
mentioned before, the role of the PCGF family in depression has
not been reported. Research on PCGF1 has focused mainly on
embryonic development [38–40], tumor stem cell self-renewal
[30, 41, 42], and hematopoietic stem cell differentiation [43, 44].
However, for the first time, we demonstrated that PCGF1 also
plays an essential role in regulating microglia-mediated neuroin-
flammation and ameliorates depression-like behavior in
adolescent mice.
MMP-10, also known as stromelysin-2, is a zinc-dependent

enzyme belonging to the ubiquitous matrix metalloproteinase
superfamily [69]. MMPs are involved in physiological processes,
such as tissue homeostasis, host defense, and tissue repair, by
participating in the degradation of extracellular matrix proteins
and the cleavage of cell adhesion molecules, cytokines, and
growth factors [69, 70]. MMPs have emerged as novel biomarkers
for depression, and MMP-9 has been reported to be significantly
elevated in the plasma of patients with MDD [71]. Notably,
functional studies of MMPs in microglia are becoming a new
research hotspot but have focused primarily on MMP3 [72], MMP8
[73], and MMP9 [74], with less attention directed toward MMP10.
Cerebrospinal fluid levels of MMP-10 reflect aging and neuroin-
flammation and can be used as a prognostic marker for
Alzheimer’s disease [75]. In our study, we found that in microglia,
MMP10 exerts a proinflammatory effect by regulating the entry of
P65 into the nucleus and the phosphorylation of NF-κB and the
MAPK pathway.
In summary, our study revealed a novel mechanism for treating

adolescent depression by linking neuroinflammation to epige-
netics. Specifically, we found that microglial PCGF1 inhibits NF-κB/
MAPK pathway activation through the regulation of RING1B/
H2AK119ub and EZH2/H3K27me3 in the MMP10 promoter region.
Notably, although using LPS for in vitro experiments to induce
neuroinflammation is a well-established way to mimic neuroin-
flammation in vivo, the effects of LPS are not fully consistent with
those of CUMS. Furthermore, the results showed that the effect of
PCGF1 overexpression in vivo seems to be stronger compared to
the in vitro experiments. The possible reason is that the brain is
a complex system, when homeostasis is disrupted in the brain,

Fig. 4 Microglial PCGF1 regulates LPS-induced neuroinflammation by MMPs members. A, B QPCR analysis and ELISA analysis of IL-1β, IL-6
and Tnf-α levels in primary microglia (N= 3 per group). C, D QPCR analysis and ELISA analysis of IL-1β, IL-6 and Tnf-α levels in BV2 microglia
(N= 3 per group). E Representative images of microglia morphology. Microglia (green) are stained with Iba1. Nuclei (blue) are stained with
DAPI. Scale bar is 20 μm. F Expression heat map of MMPs members in primary microglia of Mock and LPS. G The volcano plot of differentially
expressed genes in primary microglia transfected with PCGF1. H KEGG analysis revealed the differentially expressed genes were involved in
inflammatory signaling pathways. I KEGG analysis revealed that the differentially expressed genes were enriched in immune diseases,
neurological diseases and transcription function. J QPCR analysis of MMPs members mRNA levels in primary microglia transfected with PCGF1
(N= 3 per group). Statistical significance was determined by multiple unpaired two-sided Student’s t-tests or one-way ANOVA followed by
Tukey post hoc test. Data are shown as the mean±s.d. or as a representative result from three independent experiments. *P < 0.05, **P < 0.01
and ***P < 0.001.
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all types of immune cells are activated, generating an
inflammatory cascade and releasing more inflammatory factors.
Our data strongly support these hypothesized mechanisms,
additional studies are needed to confirm our findings. In

conclusion, our study reveals a new target molecule and sheds
light on some mechanisms involved in the onset of adolescent
depression, providing promising therapeutic options for treating
this disorder.

Fig. 5 PCGF1 regulates histone modification in the MMP10 promoter region. A, B Representative western blot images showing the
expression of relative histone modifications in primary microglia or BV2 microglia (N= 3 per group). C ChIP-QPCR analysis identified the
expression of H2AK119ub and H3K27me3 at the promoters of MMP10 in BV2 microglia. D–F ChIP-QPCR analysis identified the expression of
PCGF1, RING1B and EZH2 at the promoters of MMP10 in BV2 microglia (N= 3 per group). G Immunoprecipitation (IP) demonstrating that
PCGF1 binds to RING1B but not to EZH2 in BV2 microglia. H–J The binding peaks of PCGF1, H2AK119ub and H3K27me3 in the MMP10
promoter region from ChIP-seq. Statistical significance was determined by multiple unpaired two-sided Student’s t-tests or one-way ANOVA
followed by Tukey post hoc test. Data are shown as the mean±s.d. or as a representative result from three independent experiments. *P < 0.05,
**P < 0.01 and ***P < 0.001.
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