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Abstract

Background: Environmentally induced epigenetic changes can lead to health problems or disease, but the mecha-
nisms involved remain unclear. Morphine can pass through the placental barrier leading to abnormal embryo devel-
opment. However, the mechanism by which morphine causes these effects and how they sometimes persist into
adulthood is not well known. To unravel the morphine-induced chromatin alterations involved in aberrant embryo
development, we explored the role of the H3K27me3/PRC2 repressive complex in gene expression and its transmis-
sion across cellular generations in response to morphine.

Results: Using mouse embryonic stem cells as a model system, we found that chronic morphine treatment induces
a global downregulation of the histone modification H3K27me3. Conversely, ChIP-Seq showed a remarkable increase
in H3K27me3 levels at specific genomic sites, particularly promoters, disrupting selective target genes related to
embryo development, cell cycle and metabolism. Through a self-regulatory mechanism, morphine downregulated
the transcription of PRC2 components responsible for H3K27me3 by enriching high H3K27me3 levels at the promoter
region. Downregulation of PRC2 components persisted for at least 48 h (4 cell cycles) following morphine removal,
though promoter H3K27me3 levels returned to control levels.

Conclusions: Morphine induces targeting of the PRC2 complex to selected promoters, including those of PRC2
components, leading to characteristic changes in gene expression and a global reduction in H3K27me3. Following
morphine removal, enhanced promoter H3K27me3 levels revert to normal sooner than global H3K27me3 or PRC2
component transcript levels. We suggest that H3K27me3 is involved in initiating morphine-induced changes in gene
expression, but not in their maintenance.
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Background

. One of the current challenges of biomedicine is to under-
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health problems or diseases such as autoimmune disor-
ders, neurodevelopmental syndromes, cardiovascular
disease and the majority of tumours [1, 2]. In fact, prena-
tal developmental processes are highly sensitive to toxic
chemicals and stress, indicating that environmental fac-
tors might cause disturbances in embryo development as
well as organ malfunction after birth [3]. Previous studies
have shown that morphine can easily pass through the
placental barrier and reach the embryo [4, 5]. Morphine
is a powerful analgesic that acts on membrane-bound
G;-protein coupled opioid receptors, which are widely
distributed throughout the organism. The therapeu-
tic value of morphine and other opioids for pain relief
and analgesia is well-established, despite a considerable
number of adverse physiological side-effects [6]. Mor-
phine has been reported to reduce the weight of differ-
ent organs, such as brain, kidney and liver, as well as the
head-tail length in rat embryos [7] and promote delays
in nervous system development [8]. Moreover, in-utero
morphine exposure has shown alterations in anxiety-like
behaviours, analgesic tolerance, synaptic plasticity and
the neuronal structure of offspring [9, 10]. However, the
mechanism by which morphine impacts the embryo is
not well known.

Polycomb repressive complex 2 (PRC2) primarily tri-
methylates H3K27, conferring a mark of transcription-
ally silent chromatin at developmental genes during
embryo development. In mammals, PRC2 is composed
of 4 core protein subunits, including the enzymatic subu-
nit EZH2 and the following three non-catalytic subunits:
EED, RBBP4/RBBP7 and SUZ12 proteins [11, 12]. The
EZH2 component catalyses progressive mono-, di- and
tri-methylation of H3K27 through its SET domain. In
contrast, EED and SUZ12 do not have a catalytic func-
tions but are essential for the stabilization of enzymatic
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activity, nucleosome binding and target gene recruitment
[13, 14]. PRC2 proteins are evolutionarily conserved
epigenetic regulators, and the complex is required for
maintaining transcriptional patterns by repressing key
developmental genes. The critical role of PRC2 proteins
during development is highlighted by the early embry-
onic lethality observed upon deletion of the Ezh2, Eed,
Suzl2, Ringlb and Rbbp4 genes in mice [15-17]; these
proteins also play a critical role in the maintenance of cel-
lular memory once cell fates are determined. Intriguingly,
H3K27me3 and several other histone marks are also
found in human and mouse sperm, preferentially near
developmental genes [18—20], raising an interesting ques-
tion as to whether these histone modifications are not
only involved in cell-to-cell inheritance during embryo
development but can also be passed on to the next gener-
ation. Considering that the H3K27me3/PRC2 complex is
a key epigenetic factor crucial for embryo development,
our aim is to elucidate the role of this repressive complex
in gene expression and its transmission across cellular
generations in response to morphine.

Results

Effect of chronic morphine treatment on H3K27me3

in mESCs

We first sought to determine the global changes induced
by chronic morphine treatment in mESCs in vitro.
mESCs expressing GFP protein under the Oct4 pro-
moter were treated with morphine (24 h, 10 uM [21]),
and global levels of the histone modification H3K27me3
were evaluated by immunoblotting. Although we did
not observe any morphological changes (Fig. 1a), mor-
phine treatment led to a downregulation of H3K27me3
levels (Fig. 1b and Additional file 1: Figure S1). Next, we
studied in more depth the genome-wide distribution of
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Fig. 1 Effect of chronic morphine treatment on H3K27me3 in mESCs. a Scheme of mESCs culture and 24 h morphine treatment for in vitro
epigenetic changes determination. Representative image of treated and untreated mESCs is also shown. Scale bar=400 pm. b Western blot
analysis of H3K27me3 after morphine treatment for 24 h. -actin was used as loading control. Sample size n=5
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H3K27me3 epigenetic marks by chromatin immuno-
precipitation followed by high-throughput sequenc-
ing analysis (ChIP-Seq). Specifically, 8065 binding sites
(BSs) were annotated in the control sample, while 6899
BSs were identified after morphine treatment (Fig. 2a).
Thus, morphine led to a decrease in the number of his-
tone BSs, which was consistent with the global downreg-
ulation of H3K27me3 induced by morphine. Morphine
caused more significant downregulation of H3K27me3
BSs at distal intergenic regions and introns (Additional
file 1: Figure S2A). Remarkably, morphine produced an
increase in H3K27me3 enrichment at promoters (Fig. 2b,
c and Additional file 1: Figure S2A). The distribution plot
of BSs around transcription start sites (TSSs; +3000 bp)
of the nearest genes (Fig. 2c) confirmed the increase in
H3K27me3 enrichment around TSS regions in mor-
phine-treated mESCs. The control sample displayed a
common feature of a TSS-centred plot, with a sharp
dip in H3K27me3 around the TSS, while the morphine-
treated sample resulted in a single peak showing an
increase in H3K27me3 enrichment. Because CpG islands
(CGIs) have been implicated in polycomb recruitment
and therefore in H3K27me3 modification [22, 23], we
also analysed the changes induced by morphine at CGIs
and flanking features (Fig. 2d). CGIs and shore regions
were enriched after morphine treatment, while enrich-
ment at open sea regions was decreased. Interestingly, we
observed a remarkable increase at promoter regions with
high CGI densities.

Considering the differentially enriched regions with
p<0.05 and FDR<0.05, 1028 differential binding sites
(DBSs) were identified, including 595 upregulated his-
tone sites after morphine treatment and 433 downregu-
lated sites (Additional file 1: Figure S2B, C). Specifically,
most DBSs sensitive to chronic morphine treatment
(63%) were found at promoter regions with a high den-
sity of CGIs (Fig. 2d, e). Heatmap analysis confirmed the
presence of both up- and downregulated DBSs at the
different genomic features surrounding CGIs, such as
shores, shelfs and open sea regions (Fig. 2e).

To understand the biological functions in which mor-
phine was involved, Gene Ontology (GO) analysis was
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performed using The Gene Ontology Resource from the
GO Consortium (https://geneontology.org/). Functional
enrichment analysis showed that H3K27me3-enriched
genes sensitive to morphine were involved in behaviour,
cognition, embryo development, metabolism and gene
expression (Fig. 2f and Additional file 1: Figure S3).

Effect of chronic morphine treatment on the global
transcriptome in mESCs by mRNA-Sequencing

Due to the impact of histone modifications on gene
expression, our previous observations prompted us to
identify specific transcriptome changes associated with
morphine treatment. Thus, we set out to perform global
gene expression profiling by RNA-Seq comparing cells
treated and untreated with morphine for 24 h. Consider-
ing the significant differences with p <0.05 and FDR <0.05
(Fig. 3a), a total of 932 differentially expressed genes
(DEGs) were identified after 24 h of morphine treatment,
including 386 upregulated genes and 546 downregulated
genes. Functional enrichment analysis revealed a role for
morphine in several biological functions related to female
gamete generation, nuclear and cell division, DNA repair,
chromosome organization, gene expression, metabolism
and signalling (Fig. 3b).

Aiming to understand the relevance of H3K27me3
chromatin distribution on transcriptomic deregulation
after chronic morphine treatment, an integrative analy-
sis was performed between the ChIP-Seq and RNA-
Seq data. We identified 16 genes involved in embryonic
development, metabolism and chromatin regulation
whose gene expression deregulation was associated with
the distribution of H3K27me3 marks at their promoters
(Additional file 1: Figure S4C). Remarkably, the expres-
sion of the PRC2 subunit gene SuzI2 was downregulated
and associated with increased H3K27me3 at its pro-
moter. In spite of that, a total of 125 genes sensitive to
morphine between the transcriptomic and ChIP-Seq
analyses were identified (Additional file 1: Figure S4).
Functional enrichment analysis showed genes related to
apoptosis, neurogenesis, metabolic processes and gene
expression changes for both the H3K27me3 distribution
and gene expression after morphine treatment (Fig. 3b).

(See figure on next page.)

(DBSs). Statistical analyses Bonferroni corrected for p < 0.05

Fig. 2 ChIP-Sequencing binding distribution of H3K27me3 after chronic morphine treatment. a ChIP-Sequencing binding distribution of
H3K27me3 after morphine treatment. Total number of peaks in control and morphine treated samples and Venn diagram of H3K27me3 BSs. b
Representation of H3K27me3 peaks at+ 3 kb around the TSSs in control and morphine treated samples. ¢ Distribution of the H3K27me3 peaks
around = 3 kb from TSS regions. d Pie-chart showing CpG feature distribution of H3K27me3 peaks in CpG island (belonging to promoter or
non-promoter region + 1 kb from TSS), shore (< 2 kb), shelf (<4 kb) and open sea (the rest of the genome) regions. e Heatmap representation of
Log2 (FC) values of DBSs in control and treated samples related to promoters CpG island, shore, shelf and open sea regions. f Functional enrichment
analysis showing the most indicative biological functions of the specific genes annotated from binding sites (BSs) and differential binding sites
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Fig. 3 Transcriptomic analysis by RNA-Seq after chronic morphine treatment in mESCs. a Volcano plot of DEGs showing significant genes (p < 0.05
and FDR<0.05) in purple and not significant in grey. b Gene Ontology analysis showing the top biological functions, performed with the criteria
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propotor level, and RNA-seq DEGs after morphine treatment, e Gene Ontology analysis showing the top biological functions, performed with the
criteria of Bonferroni corrected for p <0.05
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Considering only those genes that showed H3K27me3
changes at the promoter level for integrative analyses
(Fig. 3c), we identified 62 genes related to embryo devel-
opment and cell differentiation as well as apoptosis,
metabolism and basic cellular processes (Fig. 3d, e), sug-
gesting that the role of H3K27me3 in response to mor-
phine treatment goes beyond gene expression regulation
alone.

Effect of chronic morphine treatment on PRC2

Morphine led to an increase in H3K27me3 enrichment
at the SuzI2 gene promoter that was consistent with its
reduced expression (Fig. 4).Therefore, RNA-Seq and
ChIP-Seq approaches confirmed that morphine was able
to regulate the PRC2 complex in mESCs. Further analy-
sis (landscape in the UCSC genome browser) showed
an effect of chronic morphine treatment not only on
Suz12 but also on other PRC2 components such as Ezh2,
Eed, Rbbp4 and Rbbp7 (Fig. 4). Morphine increased the
H3K27me3 enrichment at promoters, which also corre-
sponds to CGI regions in the core members of the PRC2
complex. Consistent with the H3K27me3 chromatin dis-
tribution, the RNA-Seq tracks also showed downregula-
tion of all the mentioned PRC2 subunits.

To evaluate whether morphine can induce cellular epi-
genetic memory, we next analysed the dynamic epigenetic
changes over time in the absence of morphine. For that
purpose, OCT4-reported mESCs were treated with mor-
phine for 24 h (P1). After morphine removal, the mESCs
were seeded and maintained in culture for 48 h (P2).
Since mESCs need to be seeded every two days to main-
tain stemness and prevent cell differentiation, the cells
were seeded again and maintained in culture for another
48 h (P3) (Fig. 5a). Morphine did not induce any mor-
phological changes over the three time points (Fig. 5a).
Immunoblotting analyses showed that morphine induced
a reduction in H3K27me3 levels at P1. This global reduc-
tion persisted in the absence of morphine through P2
(48 h), but not to P3 (96 h), in which a slight increase
was observed (Fig. 5b, ¢ and Additional file 1: Figure S5).
We then sought to evaluate how morphine modified the
expression of core PRC2 complex genes over the same
time course. The expression of Suzi2, Eed and the com-
plex catalytic subunit Ezh2 was strongly reduced imme-
diately after 24 h of morphine treatment (P1). For Ezh2
and Eed, a significant reduction persisted for 48 h in the
absence of morphine (P2), but the expression of all three
genes returned to control levels or above by 96 h (P3)
(Fig. 5¢). We next asked if morphine-induced expres-
sion changes could be due to changes in the H3K27me3
distribution at the promoter level. ChIP-qPCR analyses
showed a dramatic enrichment of H3K27me3 at the pro-
moters of all three genes over the control immediately
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after 24 h of morphine treatment (P1). However, the lev-
els progressively returned to the control levels after 48 h
(P2) and were below the control levels by 96 h (P3) in the
absence of morphine (Fig. 5d).

Discussion

Morphine is known to impact normal embryo develop-
ment by affecting the neural tube, frontal cortex and spi-
nal cord development, and, as a consequence, delaying
nervous system development [8]. Although morphine can
easily pass through the placental barrier and reach the
embryo [4, 5], there is a critical gap in our understand-
ing of how morphine leads to abnormal neurogenesis and
other physiological consequences during embryo devel-
opment. For the first time, our results provide insights
into how the H3K27me/PRC2 repressive complex might
be an important epigenetic mechanism to understand the
impact of morphine on early embryo development and
particularly on nervous system development.

Embryonic stem cells are widely used to unravel
the impacts of environmental stimuli on develop-
mental biology because of their ability to indefinitely
self-renew and differentiate into any type of cell [24].
Similar to other addictive drugs such as alcohol and A’-
tetrahydrocannabinol (THC) [25, 26], our results reveal
that morphine treatment leads to a global downregu-
lation of H3K27me3, which might be mediated throw
the activation of opioid receptors since they have been
described in mESC [27, 28]. H3K27me3 represents at
least 10% of genome-wide genes in mESCs and can main-
tain the silencing of key developmental genes [29]. This
is consistent with the fact that morphine modifies the
distribution of H3K27me3 at genes involved in embryo
development, behaviour, cognition, metabolism and
gene expression, suggesting that morphine might impact
H3K27me3 repression at developmental genes. Whole
genome analyses show this decrease in H3K27me3 bind-
ing sites at different genome features, such as introns and
intergenic regions. Relatively weak but broad enrichment
of H3K27me3 has been described outside of CGIs and
promoters, often spanning gene-dense regions and inter-
genic regions and forming a repressive microenviron-
ment within otherwise active chromatin compartments
[30, 31]. Consistent with the fact that morphine leads to a
decrease in global DNA methylation [32, 33], our results
indicate that morphine may be able to inactivate repres-
sive microenvironments and promote active chromatin
regions in mESCs.

Despite the whole-genome decrease, chronic morphine
treatment surprisingly triggers a broad H3K27me3 peak
around the TSS region of genes, similar to the pattern
of H3K4me3 [34]. This broad peak is the opposite of the
sharp dip expected for H3K27me3 [35], highlighting the
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increase reported at the promoter region. In mammals,
H3K27me3 is strongly enriched at developmental gene
promoters [36] by recruiting PcG proteins to DNA hypo-
methylated CGIs through factors such as KDM2B [37].
Consistent with this fact, morphine mainly increases
H3K27me3 levels at promoters with high CGI densi-
ties. In untreated mESCs, H3K27me3 enrichment is
weighted heavily towards genes involved in developmen-
tal and morphological processes, particularly nervous
system development. Genes downregulated by morphine
show partially elevated H3K27me3 at their promoters.
Morphine disrupts this, at least in part by reducing the
expression of chromosome organization, metabolism and
developmental/nervous system genes, which is consistent

with wide in vivo evidence [8, 38—40]. As an epigenetic
regulator, H3K27me3 is directly involved in suppressing
gene transcription during the embryonic development
process, where regular epigenetic changes are essen-
tial for cellular differentiation [41-44], and it is tightly
implicated in neurodegeneration, synaptic function and
behaviour [45, 46]. Although our results suggest that
chromatin epigenetic regulation led by H3K27me3 might
mediate the genomic response to morphine, the role of
H3K27me3 is more complex and nuanced than has been
thought since morphine impacts the H3K27me3 chro-
matin distribution of key genes important for apoptosis,
development and metabolism beyond the regulation of
their gene expression.
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Downregulation of genes encoding core PRC2 compo-
nents may explain the global loss of H3K27me3 induced
by morphine. PRC2 is composed of 4 core protein sub-
units that function as a holoenzyme [11, 12]. All of the
subunits are required for proper activity, and an addi-
tive contribution of each component is reported [11].
Specifically, morphine leads to transcriptional targeted
downregulation of the 4 key components of the PRC2
repressive complex, Suzl2, Ezh2, Eed and Rbbp4, along
with an increase in H3K27me3 enrichment at the pro-
moter. SUZ12 is crucial for interacting with the core
catalytic subunit EZH2 and EED and binds to CGIs inde-
pendent of the other core subunits [47]. Therefore, mor-
phine may induce global H3K27me3 downregulation by
both disrupting PRC2 complex recruitment to genomic
loci and altering its catalytic activity in mESCs [47]. It
is well established that the repressive PRC2/H3K27me3
complex is involved in processes such as embryonic
development [41, 43, 44, 48]. The deletion of PRC2 com-
ponents in somatic cells leads to a marked reduction in
cell proliferation [49-51] and induces important develop-
mental defects during embryogenesis or tumorigenesis.
Through a self-regulatory mechanism that involves inhi-
bition of the PRC2 repressive machinery, morphine pro-
motes an aberrant transcriptome in mESCs, which may
contribute to abnormal embryo development [50, 52, 53].

The ability of chromatin to undergo either dynamic or
stable changes in response to morphine or other environ-
mental factors can be considered a mechanism for cel-
lular memory [54]. Thus, only those epigenetic changes
that persist in a stable manner in differentiated cells
might produce phenotypic changes. However, few studies
have reported effects on chromatin dynamics after mor-
phine exposure [55], and all of these studies have been
performed using continuous treatment. Taking a step
beyond, we proved that mESCs can memorize morphine
exposure and maintain reduced levels of H3K27me3 for a
minimum of 4 cell cycles. Considering that mESCs have
a cell cycle length of approximately 11-14 h [56], mor-
phine reduces H3K27me3 levels that persist at least 48 h
after treatment removal before recovering to control
values. In line with this, transcriptional downregulation
of some PRC2 components also persists for 48 h, which
implies 4 cell cycles, but not 96 h. While elevated levels of
promoter H3K27me3 may well be involved in the initial
morphine-induced downregulation of PRC2 genes in the
short term, it does not seem necessary for the persistence
of this effect through multiple cell divisions. These results
are consistent with the fact that the PRC2/H3K27me3
mark is involved in the initial steps of stable epigenetic
processes such as gene imprinting and X-chromosome
inactivation but not in the maintenance of those repres-
sive marks across cell generations [43], suggesting that
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other epigenetic mechanisms might be involved in the
maintenance of stable epigenetic changes in response to
morphine over longer times.

To summarize, our results provide insights into how
transcriptional changes induced by morphine may be
mediated by H3K27me3. Morphine disrupts selective
target genes related to embryo development, particularly
to nervous system development, cell cycle and metabo-
lism through alterations in H3K27me3 chromatin organi-
zation. Using a self-regulatory mechanism that involves
the inhibition of PRC2, chronic morphine treatment
causes in vitro global changes in H3K27me3 levels that
persist in the short term, indicating that this repressive
complex might be important for the initial phases of cell-
to-cell morphine-induced memory. Further experiments
are needed to understand the mechanisms underlying
morphine-induced heritable effects, which will be crucial
for establishing the foundations of cellular memory in
response to external stimuli during embryo development.

Methods

Cell culture and treatment

Mouse (Oct4-GFP) embryonic stem cells (mESCs)
(PCEMMO8, PrimCells) were cultured feeder-free in
0.1% gelatine-coated (Sigma) dishes. They were grown
in Knock Out Serum DMEM (Gibco) supplemented
with 15% KSR (Gibco), 1% sodium pyruvate (Sigma), 1%
non-essential amino acids (Sigma), 1% penicillin—strep-
tomycin (Sigma), 1% L-Glutamine (Sigma) and 0.07%
B-mercaptoethanol (Sigma). The LIF+2i condition was
as follows: 1000 U/ml leukaemia inhibitory factor (LIF)
(Sigma), 10 mM PDO0325901 (Stemgent) and 30 mM
CHIR99021 (StemCell). For all conditions, cells were pas-
saged at 48-h intervals using trypsin (TrypLE Express
Enzyme 1x, ThermoFisher) for detachment. The Oct4-
GFP positive mESCs were used as an internal control of
stemness to prevent cell differentiation. For chronic mor-
phine treatment, mESCs were grown in their respective
medium supplemented with %0.9 (p/v) NaCl and 10 uM
morphine (Alcaliber) for 24 h for the control and treat-
ment [21] conditions, respectively, and collected for
further experimentation (P1). After treatment removal,
mESCs were seeded and maintained in culture for 48 h
and 96 h and collected (P2 and P3, respectively) for
experimentation.

Western Blotting

Cells were collected and whole cell extracts (50,000
cells) were diluted in 4x loading sample buffer contain-
ing dithiothreitol (DTT) (%10v/v) and boiled for 10 min
at 95 °C. Samples were loaded onto 12% resolving gels
and separated by one-dimensional sodium dodecyl sul-
phate polyacrylamide gel electrophoresis (SDS-PAGE).
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Proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (Amersham Hybond, Sigma) using
the Mini Trans-Blot electrophoretic transfer system (Bio-
Rad Laboratories, Hercules, CA, USA). Then, the mem-
branes were blocked with Blotto (20 mM Tris—HCI, pH
7.5, 0.15 M NaCl and 1% Triton X-100) containing 5%
bovine serum albumin (BSA) for 1 h and then incubated
with a 1:1000 dilution of a polyclonal rabbit anti-trime-
thyl-histone H3K27 antibody (A2363, Abclonal) over-
night at 4 °C. After washing (3 x 5 min) in Blotto buffer,
the membranes were incubated for 1 h at RT with perox-
idase-conjugated goat anti-rabbit antibody (Blotto+ %5
BSA 1:1000) (Goat anti-rabbit IgG HRP, sc-2004; Santa
Cruz Biotechnology). After washing (3 x 5 min), the per-
oxidase activity of the blots was revealed by enhanced
chemiluminescence (ChemiDoc XRS detector, Bio-Rad).
The monoclonal mouse anti-beta actin peroxidase anti-
body (A3854, Sigma, 1:25,000) was used for normaliza-
tion. The results were analysed by semi-quantitative
Western blot densitometry analysis using the Image]
software (image processing and analysis in Java).

Chip-sequencing

Treated and non-treated mESCs were cross-linked with
acetone at room temperature for 10 min. Then, to gen-
erate 150—400 bp chromatin fragments, chromatin was
extracted in chromatin cleaning buffer and sonicated
(Soniprep 150) in sonication buffer supplemented with
1% Triton X-100 and a protease and phosphatase inhibi-
tor mixture. Chromatin fragments were diluted two-fold
with dilution buffer supplemented with 5% glycerol and
incubated with 30 pl of Dynabeads (Invitrogen) and rab-
bit monoclonal H3K27me3 antibody (4 pg, Millipore,
REF: 07,449) complex overnight at 4 °C. In parallel assays,
non-specific rabbit IgG was used as a negative control.
The beads were washed 2 times with LiCl wash buffer
(250 mM LiCl, 10 mM Tris—HCI, 1 mM EDTA, pH 8.1,
1% NP40 and %1 Na deoxycholate) and 2 times with TE
buffer. The elution was performed twice with 50 pl elu-
tion buffer (100 mM NaHCO3 and 1% SDS, pH 10.1).
Precipitated DNA was reverse cross-linked at 55 °C over-
night and treated with RNase A and proteinase K. The
DNA was purified using Agentcourt AMPure XP mag-
netic beads (Beckman Coulter). Prior to library prepara-
tion, pull-down specificity was confirmed by ChIP-qPCR
using the Homeobox (Hox) region and Tata Binding Site
(Thp) genes as positive and negative controls, respec-
tively. DNA fragments were subjected to library construc-
tion using a SMART Low Input Library Preparation Kit.
After library preparation, the samples were 4x multiplex
sequenced on an Illumina Hi-Seq 2500 sequencer with
a minimum of 50 million reads per replicate. The qual-
ity of the reads (with a minimum of 50 million reads per
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replicate) was verified using FASTQC analysis, and good
overall alignment rate was confirmed for H3K27me3.
Spearman correlation confirmed the reproducibility of
the two biological replicates in the H3K27me3 samples,
and only the binding sites present in both duplicates of
each sample were considered for further analyses.

RNA-sequencing

Total RNA from duplicate samples of control and mor-
phine-treated mESCs was isolated using the Trizol rea-
gent (Thermo Fisher) according to the manufacturer’s
instructions. Sample concentrations and RNA integrity
number (RIN) quality were measured using the Agilent
2100 Bioanalyzer system (Agilent Technologies); the RIN
values indicated high-quality total RNA in all the sam-
ples (RIN>7). Then, poly(A) RNA samples were purified
using a Dynabeads mRNA DIRECT Micro Kit (Invitro-
gen). Purified RNAs were subjected to library construc-
tion using a TruSeq stranded mRNA Library Preparation
Kit (Illumina), and 4x multiple sequencing was per-
formed on an Illumina Hi-Seq 2500 sequencer with a
minimum of 50 million reads for each of the two repli-
cates per sample.

Bioinformatic analyses

A FastQC High Throughput Sequence QC Report was
used to assess the quality of the FASTQ files from the
Chip-Seq and RNA-Seq, showing a quality score greater
than 30. ChIP sequences were mapped to the UCSC
mml0 reference genome using Bowtie2, and the result-
ant binary equivalent files were sorted and indexed for
quicker access using SAMtools. To evaluate the effect of
morphine on histone distribution, histone binding site
(BS) identification and annotation was performed using
MACS as follows: 10.30 m-fold, 300 bandwidth and a p
value cut-off of 10~° settings with the aim of calling high-
confidence binding sites. Then, the DiftBind package in
the R statistical environment was used to identify the
DBSs between the control and morphine-treated sam-
ples. The binding sites and DBSs were first annotated
within 1 kb up/downstream of the nearest TSS with the
R package Chipseeker. The read count data were normal-
ized with TMM normalization to account for library size
from the binding site identification, and regions were
with a p value <0.05 and FDR value <0.05 were consid-
ered differentially enriched.

The RNA sequences were mapped to the UCSC mm10
reference genome using Hisat2, a splicing aligner for
RNA sequencing data. The resultant binary equivalent
files were sorted and indexed for quicker access using
SAMtools. Transcript assembly and the number of reads
per gene were annotated using StringTie with a refer-
ence gene annotation file from the UCSC table browser
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(mm10). The transcript read count was quantified using
the feature Counts software from the Subread package in
the R statistical environment. DEGs between the control
and morphine-treated samples were identified with the
edgeR package in the R statistical environment using read
count data; it utilizes the negative binomial distribution
to assess statistical significance. The read count data were
normalized with TMM normalization to account for
library size. DEGs were defined as all genes with a mul-
tiple testing corrected adjusted p value of <0.05 and FDR
value of <0.05.

Integrative analyses were performed using Venny tools,
and The Gene Ontology Resource from the GO Consor-
tium (https://geneontology.org/) was used to identify the
biological functions.

Real-time PCR (RT-qPCR)

The total RNAs from mESCs were extracted with the
Trizol reagent (Thermo Fisher) according to the manu-
facturer’s instructions. Concentrations of RNA were
determined by measuring absorbance at 260 nm. Purity
was assessed by the 260/280 nm absorbance ratio. Sam-
ples were reverse transcribed using the iScript cDNA
synthesis Kit (Invitrogen). Real-time PCR analysis was
performed using iTaq Universal SYBR Green SuperMix
(Applied Biosystems, California USA) on an ABI Prism
7000 Sequence Detection System. The PCR profile was as
follows: 39 cycles at 95 °C for 10 min (denaturation), 20
segs at 95 °C (hybridization) and 1 min at 59 °C (anneal-
ing and extension). PCR amplification was repeated by
more than three independent experiments in triplicates.
The relative fold induction was quantified by the ddCT
method. The most stable reference genes, glyceraldehyde
3-phosphate dehydrogenase (Gapdh) and pyruvate car-
boxylase (Pcx), were used as housekeeping genes for data
normalization. The primer sequences were as follows:
Gapdh, forward (F) 5-TATGACTCCACTCACGGC
AAATT-3' and reverse (R) 5-TCGCTCCTGGAAGAT
GGTGAT-3'; Pcx, forward (F) 5-CAACACCTACGG
CTTCCCTA-3/, reverse (R) and 5'-CCACAAACAACG
CTCCAT-3; Suz12 (polycomb repressive complex 2 Sub-
unit), forward (F) 5-ACAGAAGCCAGAGACGACCT-3'
and reverse (R) 5-GGAGCCATCATAACACTCATTG-
3'; Ezh2 (Enhancer Of zeste 2 polycomb repressive com-
plex 2 subunit), forward (F) 5-AGAATGTGGAGTGGA
GTGGTG-3' and reverse (R) 5-CAGTGGGAACAG
GTGCTATG-3'; and Eed (Embryonic ectoderm develop-
ment), forward (F) 5'-CCACAAATACGCCAAATGC-3'
and reverse (R) 5'-CAAACACCAGAGGGTCTCCT-3'.

ChIP-gPCR
Following chromatin immunoprecipitation and pos-
terior sequencing data analysis, the obtained results
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were validated by ChIP-qPCR. The levels of DNA in
the input and the immunoprecipitates were detected
by quantitative PCR and normalized to the inputs.
The ChIP primers were as follows: Suzl2, forward (F)
5-GTGAAGAAGCCGAAAATGGA-3' and reverse (R)
5-TCCCAAAGCAAGTGGACTCT-3/; Ezh2, forward
(F) 5'-CATAGCCAACACAAAAATAATCACA-3' and
reverse (R) 5'-AATAGGGATAGAAAAAGCCACTTG
-3’; and Eed, forward (F) 5-CTGTTCCCTCCTTTG
CCTTA-3' and reverse (R) 5'-CGGTTATGTATGCCC
CTTTC-3".

Prior to library preparation, pull-down specificity was
confirmed by ChIP-RT-qPCR. The Homeobox (Hox)
region and Tata Binding Site (Tbp) genes were used as
controls to measure the enrichment of histone modifica-
tions, showing enrichment of silenced and active regions
in the genome, respectively. The primers for H3K27me3
ChIP specificity were as follows: Hox, forward (F) 5'-
GAGCTGGCCCTTGGGAATATG -3’ and reverse (R)
5'- GCCAGGAGTCAGTGCCTGAC -3’ and Tbp, for-
ward (F) 5- TGCAGTCAAGAGCGCAACTG -3’ and
reverse (R) 5'- CACCGCTACCGGACTCGAT -3'.
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