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morphine increased not only the number but also the length of differential loops. Moreover, all
identified differentially expressed genes from the RNA sequencing data were mapped to the specific
TAD boundaries or differential loops, and were further validated for changed expression.
Collectively, an altered 3D genomic architecture of cortical neurons may regulate the gene networks
associated with morphine effects. Our finding provides critical hubs connecting chromosome spatial
organization and gene networks associated with the morphine effects in humans.

Introduction

Morphine, the most effective opioid analgesic, is widely used in
clinics for the management of long-term and severe acute pain.
However, long-term morphine administration induces toler-
ance and concomitant hyperalgesia, which severely limits its
efficacy and application in clinics. Current knowledge on
morphine-induced psychiatric behaviors and alterations of
gene expression profile in the brain mostly emphasizes the neu-
roadaptive changes in neural plasticity and circuit, synaptic
receptor desensitization, and neurotransmitter release [1,2].
An important mechanism underlying this complex neuronal
malfunction is gene misexpression in the central nervous sys-
tem (CNS), which is orchestrated by a network of transcrip-
tion factors (TFs) and chromatin-remodeling enzymes [3,4].
Long-term or even a single morphine injection remarkably
dysregulates the expression of a cluster of critical neuronal
genes, such as c-Fos [4], Oprml [5], Arc, brain-derived neu-
rotrophic factor (BDNF), and NGF [6]. Despite these
advances, the basic folding principles of the sophisticated
effects of morphine-modified epigenome have not been
revealed, and the role of chromatin structural changes in the
pharmacological and toxicological effects of morphine remains
unknown.

Gene expression is precisely controlled by proper folding of
chromatin structure, a representative functional unit of the
genome, enabling distal regulatory elements to regulate the
expression of target genes even megabase (Mb) away at the lin-
ear genome maps [7]. Perturbation of three-dimensional (3D)
chromatin architecture is a cause of gene misexpression, which
contributes to a variety of human illnesses and developmental
disorders [8—11]. For instance, an architecture variation at the
Sox9 locus causes the incorporation of a neighboring Kcnj2
gene in another new topologically associated domain (TAD),
which subsequently induces ectopic contacts of Kcnj2 with
the regulatory elements, eventually leading to a limb malfor-
mation [11]. In 3D chromatin architecture, chromatin DNA
together with structural proteins is hierarchically packaged
into a multi-layered spatial structure, from loops to
TADs, compartmentalized structures, and chromosome
territories [12].

Previous studies have shown that epigenetic changes, such
as increased histone acetylation and DNA methylation, play
a critical role in mediating morphine effects [13,14]. However,
it is still unknown how the 3D configuration of the genome is
linked to morphine effects. The importance of accurate detec-
tion and interpretation of large-scale genomic rearrangements
is highlighted by the fact that chromatin conformation fre-
quently adjusts its high-order structure to accommodate the
different biological processes [15]. Recent advances in chromo-
some conformation capture (3C) technology have greatly
broadened insights into 3D chromatin spatial architecture.
Compared with 3C technology, high-throughput chromosome

conformation capture (Hi-C) technology allows for simultane-
ous interrogation of all contact loci, resulting in a comprehen-
sive visualization of all-to-all genome-wide interactions with
unprecedented resolution in combination with high-
throughput sequencing [2,10,16,17].

3D chromatin architecture is not particularly conserved
with less than 30% TADs sharing across species [18], and
the significance of chromatin organization is highlighted in
the evolution of gene regulation across different lineages.
In the present study, through a combination of digestion-
ligation-only (DLO) Hi-C technology [19] and genome-
wide RNA sequencing (RNA-seq), we investigated the
impact of morphine on the chromatin architecture and tran-
scriptional profile of genes of cortical neurons in the rhesus
monkey (Macaca mulatta), a non-human primate with high
genetic similarities to the human genome. Our finding
revealed a specific chromatin spatial organization and alter-
ations at different hierarchical levels of cortical neurons after
a long-term morphine exposure, which bridges the gap
between genomic architecture and morphine-modified gene
networks.

Results

Long-term morphine administration modulates the chromatin
spatial organization of cortical neurons in the non-human primates

Transcriptional responses of neurons in response to morphine
have been extensively investigated; however, the alteration of
genome 3D architecture is still unknown. We applied DLO
Hi-C technology to investigate the alteration of DNA spatial
structure of cortical neurons in rhesus monkeys treated with
morphine for 3 months continuously [19]. To reduce the
genetic differences, four male rhesus monkeys born from two
fathers were selected for this study. Each pair of male monkeys
from the same father was divided into the saline and morphine
groups (n = 2 per group). Two monkeys in the morphine
group were injected subcutaneously with morphine three times
a day for 90 days continuously, with a cumulative dose regi-
men of 3, 6, 9, and 12 mg/kg for the first 4 weeks, respectively,
and a constant dosage of 15 mg/kg for the remaining days
(Figure 1A) [2]. As a mock control, the other two rhesus mon-
keys in the saline group were subcutaneously injected three
times a day with the same volume of 0.9% saline for 90 days
continuously. The bodyweight of all monkeys was scaled
weekly, and the results showed that morphine-treated monkeys
exhibited weak retardation in weight gain, whereas saline-
treated monkeys grew normally (Figure S1A). Fourteen hours
after the last injection, the spontaneous withdrawal signs were
individually monitored and scored at five consecutive periods:
0.5h, 1 h, 1.5h, 2 h, and 2.5 h, respectively. We found that the
cumulative number of withdrawal signs was substantially
higher in the morphine group than in the saline group
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(Figure 1B; Table S1). Within an observation period of 2.5 h,
in contrast to 6.5 of total withdrawal signs in the saline group,
the withdrawal scores accumulated to 37.5 in the morphine
group, indicating an obvious tolerance and physical depen-
dence after the long-term morphine administration. In detail,
the increased withdrawal scores were attributed to diverse
withdrawal signs, including vocalizing, tremors, restlessness,
lying on the side or abdomen, and fighting, with a total score
of 7.5,7, 4.5, 3.5, and 3.5, respectively (Table S1). These with-
drawal signs were similar to those characteristic symptoms of
opioid withdrawal in humans [16,20].

Next, the cerebral cortex was dissected for exploring the 3D
chromatin organization as well as differences in genome-wide
transcription between the two groups. The fresh cortex was
enzymatically dissociated, and subsequently double-labeled
with nuclear marker 4',6-diamidino-2-phenylindole (DAPI)
and the mature neuronal marker neuronal nuclei (NeuN).
The NeuN" and DAPI® neurons were sorted through a
fluorescence-activated cell sorting (FACS)-based isolation
technique (Figure 1A, Figure S1B). The cross-linked chro-
matin was extracted from isolated cortical neurons and sub-
jected to DLO Hi-C analysis as previously reported [19]
(Figure 1A). The high-throughput sequencing yielded more
than 850 million raw reads for each condition. The mappabil-
ity of reads was 60.91% and 51.61%, and the overall inter-
chromosomal and intra-chromosomal interaction ratios were
6.62% and 21.58% in the saline group, and 5.95% and
17.72% in the morphine group, respectively (Figure S2A).
We surveyed 3D genome organization and analyzed features
across several scales, including chromatin territories, compart-
ments, TADs, and loops. The interaction matrices of the whole
genome presented similar interaction patterns between the two
groups at the entire genome level (Figure 1C, Figure S2B).
Consistently, when interaction frequencies were plotted as a
function of the genomic distance between loci, the contact fre-
quency of whole or individual chromosomes was identical in
both groups, with the exception of a modest increase around
100 Mb distance in the morphine group (Figure S2C and D).

Even though the contact maps of the whole genome were
only slightly affected, morphine treatment resulted in evident
modifications in genome structure at different chromosomal
scales. For example, the representative cis-interaction matrices
of Chr5 observed at different resolutions (1000-kb, 100-kb,
and 10-kb resolution, respectively) exhibited a reduced intra-
chromosomal contact frequency in the morphine group (Fig-
ure 1C, Figure S2B). The intra-chromosomal interaction fre-
quency of all chromosomes was further quantified
and compared. Except for Chr5, Chrl7, and ChrX, the

<

intra-chromosomal interaction of most chromosomes was
clearly increased by morphine after normalization to the
respective chromosome length (kb) (Figure 1D; Table S2). Col-
lectively, these data indicated that morphine may alter the
chromatin 3D spatial architecture of cortical neurons.

Morphine re-arranges the chromosome territories of cortical
neurons

The frequency of genomic contact, including both inter-
chromosomal and intra-chromosomal interaction, is altered
with the re-arranged chromosome territories [21,22]. We asked
whether the varied contact frequencies of each chromosome
were attributed to the changed chromosome territories. To this
end, the interaction map of all chromosomes was clustered
based on the interaction frequencies of each chromosome with
the other chromosomes (Figure 1E). After quantifying both
the inter-chromosomal and intra-chromosomal interaction of
two conditions, we observed a reduced inter-chromosomal
interaction ratio in six chromosomes and an increased interac-
tion ratio in the rest of the chromosomes after morphine
administration (Figure S2E). In contrast to the other chromo-
somes, the inter-chromosomal interaction ratio of the two
longest chromosomes, Chrl and Chr2, was barely affected,
indicating a relatively steady state of chromosome territory
in response to morphine. Different from Chrl and Chr2, the
inter-chromosomal interaction of Chr5 and Chr19 was consid-
erably altered by morphine, indicating that the territory of
these two chromosomes was evidently altered by morphine
(Figure S2E; Table S3). Overall, these alterations resulted in
a higher inter-chromosomal interaction ratio across the entire
genome in the morphine group (Figure S2F).

We further visualized the first 1000 inter-chromosomal
interactions of all chromosomes as well as the individual chro-
mosome. By contrast, the overall inter-chromosomal interac-
tion profile was clearly altered by morphine (Figure 1F, left
panel). Among all chromosomes, morphine increased the fre-
quency of ChrS interacting with the other chromosomes,
whereas it lowered the frequency of Chrl and Chr9 interacting
with the other chromosomes (Figure 1F, Figure S3). These
findings suggested that morphine can re-arrange chromosome
territories of cortical neurons.

Morphine attenuates genome compartmentalization of cortical
neurons

Given the changes in chromosome territories, we next asked
whether the compartment status of 3D organization was

Figure 1

Morphine re-arranges the chromatin spatial architecture of non-human primate cortical neurons

A. Workflow of the experiment procedure. B. Violin plot shows cumulative scores of spontaneous withdrawal signs observed in monkeys
during a period of 30, 60, 90, 120, and 150 min, respectively, 14 h after the final injection. **, P < 0.01; *** P < 0.001 (two-way
ANOVA). C. Heatmaps show normalized DLO Hi-C interaction frequencies at different resolutions [1000 kb for the entire genome and
100 kb for the selected area of Chr5 (21.5-81.5 Mb)]. D. The intra-chromosomal interaction frequencies per chromosome length (kb). The
X-axis represents the valid paired reads of intra-chromosomal interaction by dividing the full length of each chromosome (kb). E.
Heatmaps of chromosome positioning sorting by hierarchically clustered across the entire genome. F. Circos plots of the first 1000 inter-
chromosomal interactions across the entire genome, and the frans-interaction of Chr5 and Chrl with the other chromosomes. S, saline; M,
morphine; DLO Hi-C, digestion-ligation-only high-throughput chromosome conformation capture; TAD, topologically associated
domain; SC, subcutaneously; FACS, fluorescence-activated cell sorting; FSC-A, forward scatter A; SSC-A, side scatter A; NeuN,
neuronal nuclei; DAPI, 4’,6-diamidino-2-phenylindole; ANOVA, analysis of variance; Chr, chromosome; O/E, observed/expected.
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altered by morphine. Firstly, the eigenvectors retrieved the top
three principal components (PC) (PC1, PC2, and PC3) of each
chromosome were calculated, and the absolute value was
shown in Figure 2A. The eigenvector aligning with the largest
absolute value, most GC content or gene density was applied
to define the A/B compartment profile, with regions of the pos-
itive and negative value corresponding, respectively, to A-type
(red) and B-type (blue) compartments. The active A and inac-
tive B compartment patterns at the chromosomal scale were
individually examined (Figure 2B; Tables S4 and S5). The rep-
resentative compartment pattern as exemplified by the changes
was visualized on Chr5 (Figure 2C). We found that a plaid pat-
tern involving long-range cis contacts in Hi-C contact matrices
of the saline group was weakened by morphine, suggesting
high variability in long-range genomic interactions.

We next examined compartment segregation by quantifying
compartment strength and found that morphine caused weak-
ened compartmentalization (Figure 2D). The genome-wide
compartment strength was attenuated from 2.72 in the saline
group to 2.55 in the morphine group. The attenuated compart-
ment strength was attributed to the reduction of all chromo-
somes with exception of four chromosomes (Chr7, Chrll,
Chr12, and Chr19) (Figure 2E). These data suggested that mor-
phine treatment might diminish the segregation of A and B
compartments across the entire genome. Moreover, the number
of A/B compartments was also affected by morphine. In the sal-
ine and morphine groups, 1275 and 1222 of A compartments as
well as 1378 and 1441 of B compartments were identified,
respectively. Compared with the saline, a total of 14.74% of
compartments were changed by the morphine, with 227 regions
switching from compartment A to B and 164 regions switching
from compartment B to A (Figure 2F). The A/B switching com-
partments were mainly attributed to several chromosomes, par-
ticularly for Chr2, Chr5, Chr8, Chr9, Chrl2, and Chrl8
(Figure 2G). These data revealed attenuated genome compart-
mentalization induced by morphine.

Because the change in compartmentalization closely corre-
lates with the gene expression profile [23], we profiled genome-

wide transcriptional expression in conjunction with A/B
switching compartments. Among the 813 down-regulated
and 664 up-regulated genes [false discovery rate
(FDR) < 0.05 and fold change (FC; morphine vs. saline) > 1.5]
in the morphine group (Figure S4A), we discovered that the
switching from compartment A to B caused 179 genes to be
differentially dysregulated, and the switching from compart-
ment B to A caused 150 genes to be differentially dysregulated
(Tables S6 and S7). The representative images of the A/B com-
partment switch and the corresponding differentially changed
genes were visualized on Chrl (Figure 2H). Next, all detected
genes in the A/B switching compartments were further sub-
jected to gene set enrichment analysis (GSEA) with a Reac-
tome subset of canonical pathways. Different from the
multiple enriched functional clusters using all differentially

changed genes (Figure S4B), two gene sets named
adaptive immune system [normalized enrichment score
(NES) = —1.88] and mitogen-activated protein kinase

(MAPK) family signaling cascades (NES = —1.69) were
enriched in the saline group at FDR < 0.25 (Figure 2I). Com-
parative analysis of enriched gene expression in the morphine
group compared with the saline group based on the RNA-seq
found that most genes in the adaptive immune system were
down-regulated by morphine. Those switched
compartmentalization-linked abnormal genes further demon-
strated an impaired innate immune response after morphine
administration [24]. Furthermore, the dysregulated genes
involved in MAPK signaling reflected the development of mor-
phine tolerance and dependence as previously reported [25].
Collectively, morphine seemed to attenuate genome compart-
mentalization, which may lead to the dysregulation of gene
expression profiles of cortical neurons.

Morphine modifies the size of TADs
TAD and TAD boundary are two basic features of the TAD

organization [26]. To identify TADs, we employed a Hidden
Markov Model (HMM) on the directionality index (DI) from

<

Figure 2 Morphine attenuates spatial compartmentalization of the genome

A. Radial stacked plots present the absolute value of the top three eigenvectors of individual chromosomes. B. The A-type (red) and B-type
(blue) compartment statuses of Chrl, Chr9, and Chr19 at the chromosomal scale using the largest absolute value of the eigenvector. C.
Compartment weakening for Chr5 is shown in the morphine group vs. the saline group (upper lane). The iced Pearson correlation of
interaction at Chr5 is presented at the bottom. The compartment statuses of the saline and morphine groups are visualized through the
PC2 and PC3, respectively. Compartments A and B are separately presented in red and blue colors, and the switching regions are the diff.
compartments that are shown in the green line. The differentially up-regulated and down-regulated genes are shown in magenta and blue,
respectively. The distribution of exons is shown in the dark blue line. D. Compartmentalization saddle plots of intra-chromosomal
interaction frequencies binned at 1000-kb resolution. The number in the middle represents the overall strength of compartmentalization.
E. The line graph shows the compartmentalization strength of each chromosome. F. Bar graph presents the number of compartments A
(red) and B (blue) in two conditions (left panel). The proportions of switching and unswitching compartments between the two groups are
displayed in the pie chart (middle panel). The total number of switching compartments in each condition is presented in the right panel. G.
Heatmap displays the number of switching compartments on each chromosome. H. Examples of regions in Chrl that switch from A to B
(left panel) and B to A (right panel). RNA-seq peaks mapping to differentially changed genes within the switching region are shown in the
lower panel. I. Enrichment plots acquired from GSEA using the Reactome subset of canonical pathways. The profiles present the running
enrichment score and positions of gene set members on the rank-ordered list (left panel). A heatmap of the total core genes is shown in the
right panel. The expression values of genes are represented as colors ranging from red (high expression), pink (moderate), light blue (low)
to dark blue (lowest expression). The compartment status of each gene following morphine treatment was shown in magenta
(compartment B to A) and blue (compartment A to B), respectively. diff., differential; FC, fold change; RNA-seq, RNA sequencing;
MAPK, mitogen-activated protein kinase; PC, principal component; GSEA, gene set enrichment analysis; NES, normalized enrichment
score; FDR, false discovery rate.
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a Hi-C matrix to measure the level of upstream or downstream
interaction bias for a genomic region [26]. By comparing the
TADs across the entire genome of the two groups, we found
that the number of TAD boundaries varied less than 4%, with
1222 and 1268 TAD boundaries called in the saline and mor-
phine groups, respectively (Figure 3A). Insulation score pro-
files of these two groups are highly correlated, with a
Pearson correlation coefficient of 0.898 (Figure 3B, Fig-
ure S5A). Moreover, heatmaps presented a similar distribution
of insulation scores around +1 Mb TAD boundaries of these
two groups (Figure 3C, Figure S5B). These data suggested that
morphine exerted a minor impact on the insulation strength of
TAD boundaries across the entire genome.

We next compared the location of identified TAD bound-
aries. If the location of an identified TAD boundary in the
morphine group varied within two bins (80 kb) of the TAD
boundary in the saline group, we defined it as the same TAD
boundary; otherwise, we defined it as a different TAD bound-
ary. Notably, the distribution of some TAD boundaries was
clearly altered by morphine, including disappeared boundaries,
new boundaries, and shifted boundaries (Figure 3D, Fig-
ure S5C). A total of 411 different boundaries were discovered
by evaluating all recognized TAD boundaries across the entire
genome, with 187 and 233 specific boundaries in the saline and
morphine groups, respectively (Figure 3A).

The difference in TAD boundary motivated us to examine
the effect of morphine on TAD. TAD boundaries in the saline
and morphine groups separately insulated 1185 and 1225
TADs across the entire genome (Figure 3E, Figure S5D).
The number of TADs was less affected not only across the
entire genome but also at the individual chromosome (Fig-
ure S5E). The total TAD coverage across the entire genome
was 39.22% in saline and 38.05% in morphine, ranging from
0.92% to 3.45% for individual chromosomes (Figure SSF).
To gain further insight into whether topological architecture
was influenced by morphine, we resized and aggregated all
TADs genome-wide. The aggregated plot with iterative correc-
tion and eigenvector decomposition (ICE) normalization (top
panel) showed no change, whereas the aggregated plot with
distance normalization (bottom panel) presented slightly chan-
ged TADs in the morphine group (Figure 3F). By further com-
paring the size of TADs, we found that some TADs were
altered by morphine (Figure 3E and G; Table S8). For exam-
ple, most TADs in Chr5 were clearly reduced in size, whereas

some TADs in Chrl0 were clearly enlarged in size
(Figure S5G). As quantified in Figure SSH, morphine reduced
the overall number of TADs with sizes above 4000 kb
(> 4000 kb). In particular, six of those identified TADs with
a size above 6900 kb in the saline group were not observed
in the morphine group (Figure 3E, Figure S6; Table S8), sug-
gesting that some TADs with large sizes might be reduced by
morphine treatment. Moreover, the morphine group presented
a smaller average size of TADs for most chromosomes, with
the exception of four chromosomes (Chr2, Chr6, Chrl0, and
Chr15) with the increased size of TADs and two chromosomes
without alteration (Figures S5G and S6). These data suggested
that morphine treatment might lead to decreases in long-range
genomic contacts. Collectively, morphine considerably altered
both chromatin topological structure and the size of TADs at
different degrees; however, morphine showed less impact on
the insulation strength of the TAD boundary.

Morphine causes different types of TAD alteration

Considering that morphine markedly altered the size of TADs,
we continued to explore how these TADs were affected. Com-
pared with the saline group, all TADs in the morphine group
were classified into four types: unchanged, fusing, separating,
and shift (Figure S7A). In the morphine group, over half of
the TADs (54.66%) were altered. Among all those detected
TADs in the morphine group, shift, separating, and fusing
TADs accounted for 40.93%, 9.97%, and 3.76%, respectively
(Figure S7A). In particular, both shift and separating TAD
types in Chr5 took the most proportion of the altered TADs
(Figure S7B). Among all the identified TADs in Chr5,
58.33% and 15.48% TADs were shifted and separated in the
morphine group, respectively, with a small proportion
(1.19%) of TADs fused (Figure S7A). In contrast to Chrs5,
the proportion of fusing type of TADs in Chrl was much
higher than that in other chromosomes (Figure S7B), whereas
none of the fusing or separating TAD was found in Chr10. We
proposed that morphine-extended TAD size in Chr10 attribu-
ted, to a large degree, to the shift of TADs (Figure S7A and B).
The representative Hi-C contact maps marked with domains
were presented to elucidate morphine-modified TADs (Fig-
ure 3H). Collectively, our data demonstrated that morphine
remarkably impacts the chromatin TADs of cortical neurons.

<

Figure 3  Morphine alters chromatin TADs

A. Venn diagram showing the number of TAD boundaries. B. Quantification of insulation score differences in the saline group vs. the
morphine group using the identified boundaries. C. Heatmaps showing insulation scores centering around +£1 Mb TAD boundaries.
D. An example of TAD and boundary alteration in response to morphine treatment. A snapshot including insulation score curves in the
saline (blue) and morphine (red) groups, distribution of TAD boundaries, contact maps, differential contact matrix, and distribution of
genes (from top to bottom) was plotted for Chr5: 40-60 Mb. The differential contact matrix was generated by subtracting the normalized
morphine matrix from the saline matrix. E. Scatter plot displaying the TAD size of all identified TADs across the entire. Inset: Venn
diagram showing the number of TADs. F. The aggregation at the center of the plot with ICE normalization (top) or distance
normalization (bottom) via APA. G. Box plot showing the size of identified TADs in each chromosome. H. Representative Hi-C contact
maps displaying three altered TAD types under morphine treatment. For each contact map, insulation score tracks are coupled. Domains
emerging in the saline (blue) and morphine groups (red) are demarcated by color-coded lines. Bin size, 40 kb. The color bar denotes g-
normed reads. Schematic diagrams of the different types of altered TADs caused by morphine are shown in the top lane. The circle with a
magenta color represents the TAD boundary. The changed TADs appearing in the square are displayed in the restricted region. ICE,
iterative correction and eigenvector decomposition; APA, aggregate peak analysis.
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Morphine regulates the gene expression profile through altering
TADs

To investigate how the altered TADs induced by morphine
regulate gene expression, we analyzed the transcriptional pro-
file of genes around all identified TAD boundaries of cortical
neurons. All genes from genome-wide RNA-seq were mapped
to TAD boundaries, showing that the loci of 3160 genes were
correlated to the TAD boundaries. Among them, the loci of
2663 genes were located in the same TADs of both groups;
moreover, 312 and 185 genes were mapped to specific TADs
in the morphine and saline groups, respectively (Figure S8A;
Table S9). By contrast, 275 genes were differentially changed
by morphine (FDR < 0.05 and FC > 1.5), including 186
down-regulated and 89 up-regulated genes (Figure 4A). The
fragments per kilobase of exons model per million mapped
fragments (FPKM) of 275 differentially expressed genes
(DEGs) were clustered following the test conditions. Heatmap
displayed the distinct expression patterns of these DEGs
(Figure 4B).

CCCTC-binding factor (CTCF) and multiple TFs are
enriched at the nearby TAD boundaries, and play critical roles
in the correct insulation of two neighboring TADs and gene
expression regulation [27]. To test whether identified TAD
boundaries were enriched with the chromatin immunoprecipi-
tation sequencing (ChIP-seq) peaks, we mapped our list of
TAD boundaries to publicly available CTCF, DNase, and
H3K27ac ChlIP-seq datasets of rhesus macaque (GSE163177
and GSEG67978) [28.29]. The results presented that the identi-
fied TAD boundaries considerably enriched ChIP-seq signals
(Figure S8B), indicating the relevance of those altered TAD
boundaries in response to morphine treatment to the dysregu-
lated gene expression profile. Among the 275 DEGs, a total of
95 and 54 genes were located in specific boundaries in the mor-
phine and saline groups, respectively (Figure S8C). The repre-
sentative up-regulated or down-regulated genes around the
specific TAD boundaries as exemplified by the changes are
visualized in Figure 4C. The boundary formation around the
GRIK4 locus led to a separation of the original TAD in the sal-
ine group into two TADs in the morphine group. We hypoth-
esized that in response to long-term morphine treatment, the
small new TAD altered the chromatin topological architecture
of cortical neurons, which may promote the transcriptional
activation of GRIK4 genes. In addition, the shift of the TAD
boundary around the KCNT2 locus altered the transcriptional
activity of genes, which could explain the morphine-induced

down-regulation of KCNT2. Furthermore, two detected TADs
in the saline group were fused to one TAD in the morphine
group. This fusing around the CHD9 locus mediated the con-
version of the transcriptionally activated CHD9 gene to an
inactivated state (Figure 4C, Figure S8D). Taken together,
morphine promoted the formation of new TADs, the disap-
pearance or shift of original TADs, and then probably altered
the interaction of regulatory elements with their cognate genes,
thus modifying the transcriptional profile of genes.

All DEGs around TAD boundaries were further subjected
to Gene Ontology (GO) enrichment analysis using Database
for Annotation, Visualization and Integrated Discovery
(DAVID) v6.8 online server. For biological processes, several
neuron-associated processes were considerably enriched,
including synaptic transmission, neuroplasticity, and axon
guidance. For cellular components, a membrane-bound pat-
tern was profoundly enriched, such as extracellular exosome
(Figure 4D). Intriguingly, the top 10 pathways from Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment revealed the association of DEGs with long-term
potentiation (LTP) (Ohsa04720), long-term depression (LTD)
(0hsa04730), cGMP-PKG signaling (0hsa04022), and axon
guidance (0hsa04360) (Figure 4E), which have previously been
found to play important roles in synaptic plasticity [30,31].

All DEGs around TAD boundaries implicated in cell sig-
naling were visualized via ClueGO/CluePedia plugin from
software Cytoscape (version 3.8.2). Importantly, several sig-
naling pathways were found to be modified by morphine,
including the N-methyl-D-aspartate (NMDA) receptor-
mediated cAMP response element-binding protein 1 (CREBI1)
phosphorylation, pathway network for CREBI1 resolution of
D-loop structures through Holliday junction intermediates,
and the transforming growth factor beta (TGF-p) receptor sig-
naling (Figure 4F). Indeed, the critical role of CREB phospho-
rylation via NMDA receptor has been highlighted during the
process of diverse drug addiction [32]. We believed that altered
TADs may be critical for modulating the gene expression pro-
files involved in synaptic plasticity, which may contribute to
morphine effects such as tolerance and dependence.

Morphine modifies chromatin looping

The formation of loops brings pairs of genomic regions that lie
far apart along the linear genome together in the space [33].
We identified DNA looping using the major Hi-C loop-
calling tool HICCUPS from Juicer according to the previous

<

Figure 4 Morphine regulates the gene expression profile by altering TADs

A. Volcano plot showing the DEGs around the identified TAD boundaries. B. Heatmap of hierarchical clustering of all DEGs around
TAD boundaries. Each column represents an experimental treatment, and each row represents a screened DEG. C. Representative DEGs
around TAD boundaries to demonstrate the separating, shift, and fusing TADs. TADs emerging in the saline (blue) and morphine (red)
groups are demarcated by color-coded lines. Bin size, 40 kb. The rectangle shape with purple color represents a DEG around the altered
TAD boundary. IGV screenshots of CTCF, DNase, and H3K27ac ChIP-seq peaks are presented with different colors. D. Bubble chart
showing the considerably changed terms classified in three aspects of GO enrichment analysis. E. Bar chart showing the top 10 enriched
KEGG pathways of DEGs in response to morphine. F. Network enrichment analysis of DEGs. The color code of nodes corresponds to
the functional group to which they belong. No, no significant change; KEGG, Kyoto Encyclopedia of Genes and Genomes; CREB,
cAMP response element-binding protein; TGF, transforming growth factor; NMDA, N-methyl-D-aspartate; DEG, differentially
expressed gene; IGV, Integrative Genomics Viewer; ChIP-seq, chromatin immunoprecipitation sequencing; CTCF, CCCTC-binding

factor; GO, Gene Ontology.
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reports [34]. The results from the quantitative analysis showed
that 5507 and 8425 DNA loops were called in the saline and
morphine groups, respectively (Figure 5A). Except for Chr5
with a reduced number of loops, the other chromosomes in
the morphine group consistently showed an increased number
of loops (Figure 5B, Figure S9A). A similar trend was
observed in the number of differential DNA looping events
(Figure 5B, Figure S9B). The exemplified coverage-corrected
Hi-C contact matrices separately presented an increased
DNA looping event (black dots) of Chrl and a decreased
DNA looping event (black dots) of Chr5 in the selected regions
(Figure 5C). The quality of all identified DNA loops was
assessed by aggregate peak analysis (APA). Both APA plots
presented the intense center pixels surrounded by less intense
pixels, and the score of APA plots was quite high, with 2.62
in the saline group and 2.99 in the morphine group, respec-
tively (Figure 5D), indicating the accuracy of the identified
DNA loops.

Compared with the saline group, all detected DNA loops in
the morphine group were classified into three categories: static
loops (loops identified in both groups), lost loops (loops only
detected in the saline but not the morphine group), and gained
loops (loops only detected in the morphine but not the saline
group). APA plots of these types of DNA loops showed a clear
difference in contact frequencies between the two groups, indi-
cating that the identified differential loops were entirely lost or
gained by morphine. Moreover, the representative matrices
presented the static, lost, and gained DNA loops, respectively
(Figure 5E). These findings further indicated that morphine
caused a remarkable re-arrangement of chromosome confor-
mation, which was compatible with the alteration in TADs.

Close analysis of loop length showed no apparent differ-
ence in the average size of all loops (248 kb in the saline group
and 250 kb in the morphine group) (Figure 5F). We then com-
pared the loop size of all differentially gained and lost loops.
Interestingly, the average size of 203 differential loops in the
saline group was 169 kb, whereas the average size of 597 differ-
ential loops in the morphine group was dramatically enlarged
to 225 kb (Figure 5G; Tables S10 and S11). These results indi-
cated that morphine promoted not only the formation of new
loops but also the extension of differential loops, implying
enhanced long-range contacts of regulatory elements with
associated target genes.

Altered DNA loops modulate the expression of target genes
associated with morphine effects

We wondered which genes were modulated by the altered
DNA loops induced by morphine. All up-regulated and

down-regulated genes were separately mapped to the differen-
tial loops of individual chromosomes (Figure 6A). The results
showed that 85 genes were differentially dysregulated (adjusted
P < 0.05 and FC > 1.5) by morphine, with 33 genes up-
regulated and 52 genes down-regulated (Figure 6B). Among
these DEGs, 27 genes were attributed to the saline group
and 58 genes were attributed to morphine treatment. Heatmap
showed a distinct expression pattern of DEGs, illustrating a
perfect cluster between the two groups (Figure S10A; Tables
S12 and S13). The notable clustering of CTCF, DNase, and
H3K?27ac ChIP-seq peaks near the identified loop anchors fur-
ther implied the correlation of those differential loops to the
dysregulated genes (Figure S10B). We then chose 25 genes
from DEGs that were mapped to differential loops to validate
their changes in mRNA levels using an RT-qPCR assay.
Importantly, the mRNA levels of most of these genes matched
the results of the RNA-seq analysis (Figure 6E, Figure S10C),
demonstrating that altered chromatin looping indeed alters the
expression of the target genes after morphine treatment.

Then, GO analysis using all DEGs found that two func-
tional clusters, protein—protein/nucleotide binding and immu-
nity, were enriched. By analyzing the genes involved in each
GO term (Figure 6C), we found that immunity-associated
genes, SYK, TK2, CSFIR, STK36, and M YH3, were markedly
up-regulated by morphine, whereas protein—protein/nucleotide
binding-associated genes, ZAP70, ABCAI, ATP4A, ABCG?2,
and FGR, were differentially down-regulated. Intriguingly, a
few DEGs in the morphine group were disclosed to be involved
in several signaling pathways, such as epigenetic regulation of
gene expression, neurotransmitter release cycle, anti-
inflammatory response, opioid signaling, MAPK signaling,
and cellular senescence (Figure S10D). In the saline group,
27 DEGs were not linked to the associated cell signaling, but
GO analysis of these DEGs discovered multiple biological pro-
cesses dysregulated by morphine, such as protein phosphoryla-
tion and cellular response to extracellular stimulus
(Figure S10E).

Lastly, the corresponding proteins encoded by DEGs were
annotated, and the protein—protein interaction (PPI) network
was investigated through Reactome [35]. PPI analysis uncov-
ered that over 70% of annotated proteins (43/58 in the mor-
phine group, 19/27 in the saline group) were involved in
several functional categories, including drug addiction, mor-
phine tolerance, analgesia, neurobehavior, inflammatory
response, gene expression, metabolic disorder, and neurogene-
sis (Figure 6D). Interestingly, a few proteins, such as CREB1
and histone deacetylase 1 (HADC1) which are critical players
in drug addiction, were uncovered to interact with those differ-
entially annotated proteins [32]. These data indicated that the

<

Figure 5  Morphine regulates chromatin looping events

A. Bar graph showing the numbers of identified loops across the entire genome in the saline and morphine groups. B. Venn diagrams
showing the numbers of chromatin loops and differential loops in each chromosome. The size of the circle represents the number of loops,
and value inside or around the circle are the number of identified loops. C. Representative coverage-corrected Hi-C contact matrices
showing the increased and decreased chromatin loops in the morphine group. Loops are marked by black spots. The matrices were plotted
using Juicebox. D. APA plots showing the aggregated signals across all identified chromatin loops. The score of aggregated signals was
displayed in yellow color. E. APA plots showing morphine-induced static, lost, and gained loops, which are marked by a blue square. F.
Box plot showing the size of chromatin loops across the entire genome. The average loop size is shown on the top of the box. G. Box plot
showing the size of differential loops. The average loop size is presented in the middle of the box. **, P < 0.01 (Student’s t-test).
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altered conformation of the DNA loop played a critical role in
regulating the expression of genes involved in morphine
effects, such as addiction, tolerance, and neurobehavior.

Morphine causes altered DNA looping events that regulate the
transcription of target genes

To clarify how the changes in differential loops regulated gene
expression profiles, we investigated all looping events around
the differentially changed gene loci. Compared with the saline
group, the formation of a new DNA loop (gained loop) at the
CASQ?2 locus greatly activated the transcriptional expression
of CASQ?2 in the morphine group (Figure 6E). In addition,
those genes with large sizes at the linear genome maps were
not expressed even though part of their sequence was situated
in a looping architecture. For instance, the length of the
SNX29 gene is 589 kb at the linear dimension, and three loops
spanning the SNX29 sequence detected in the saline group
were markedly altered by morphine, resulting in the formation
of another new loop between the original loops. As a result,
this alteration of DNA spatial architecture promoted the tran-
scription of SNX29 (Figure S11).

In the opposite condition, the looping structure around the
TOP2B locus in the saline group disappeared in response to
morphine. The absence of this DNA spatial architecture
reduced the contacts of regulatory elements, ultimately inhibit-
ing the transcription of TOP2B (Figure 6E). Apart from such
huge changes in loop structure, micro-changes in looping
structures, such as an alteration in looping architecture at
the TMEM 114 locus, also modulated gene expression. We sup-
pose that altered DNA looping structure induced by morphine
may modify the activities of relevant transcriptional regulatory
elements, thus up-regulating TMEMI14 transcription
(Figure S11).

Morphine not only altered the number of looping events
but also caused an extension of looping architecture, indicating
the occurrence of long-range regulation (Figure 5). For exam-
ple, morphine caused an extension of the looping structure
around the 4BCG?2 locus, resulting in a decreased transcrip-
tion of the ABCG2 gene (Figure 6E). Similar to the looping
structure around the ABCG2 locus, an original small loop
around the ZAP70 locus in the saline group was mapped to
a large loop structure in the morphine group, causing a
decreased transcriptional activity of the ZAP70 gene

(Figure S11). Collectively, different types of alteration in chro-
matin looping architecture caused by morphine can differen-
tially regulate the gene transcription activities of cortical
neurons.

Discussion

Long-term morphine administration has far-ranging conse-
quences beyond analgesia and dependence. The aberrant gene
expression at transcriptional, translational, and epigenetic
levels induced by morphine has been studied in diverse animal
models [1,2,36]. However, how morphine regulates the tran-
scriptional activity of target genes at the level of chromatin
3D architecture is unknown. Here, by combining Hi-C tech-
nology and genome-wide transcriptional analysis, we revealed
a disorganized chromatin architecture in the multi-hierarchical
structure of cortical neurons in the rhesus monkey with high
genetic similarities to the human genome [37]. On the macro
scale, morphine re-arranged chromatin territories in the
nucleus of cortical neurons. At higher resolution, the
genome-wide chromatin compartmentalization was slightly
attenuated, with a total of 391 switching compartments. Over
half of the TADs across the entire genome were modified,
including shift, separating, and fusing. Notably, morphine pro-
moted not only the occurrence of looping events but also long-
distance interaction (Figure 6F). Those DEGs associated with
altered chromatin architecture were mainly enriched in the sev-
eral signaling pathways related to neuroplasticity, synaptic
receptor transmission, and inflammation. Our findings provide
a pivotal clue connecting an altered chromatin 3D architec-
ture, a regulatory mode of gene expression as well as morphine
effects.

Individual chromosomes preferentially occupy separate ter-
ritories which are associated with both intra-chromosomal and
inter-chromosomal compartments [38]. Within each compart-
ment, TADs constrain chromatin interactions. Within each
TAD, loop extrusion may make it easier for region-specific
enhancer—promoter interactions, protecting against the overall
transcription environment [39,40]. The competition between
compartmental phase separation and nonequilibrium active
loop extrusion leads to the emergence of chromatin organiza-
tion on the megabase scale [41-43]. Chromatin compartmen-
talization is mainly based on the active and inactive states of
local chromatin, and the same compartments tend to close

<

Figure 6 Morphine-induced alteration in DNA loops dysregulates the target genes associated with the morphine effects

A. Manhattan plots showing the differentially up-regulated and down-regulated genes in each chromosome. Each point represents a single
gene, with physical position (chromosome localization) plotted on the X-axis and —Log;o adjusted P value on the Y-axis. B. Heatmap
presenting the number of DEGs linking to differential loops in each chromosome. C. Function annotation of DEGs in the top 2 GO
terms. The size of the bubble represents the number of enriched genes. D. PPI network of annotated DEGs. Each functional category is
color-coded, and the interactions between two proteins are linked with a gray line. E. Representative genes modified by the change of
chromatin looping architecture induced by morphine. In the top two rows, the Hi-C contact maps were rotated 45° so that the main
diagonal is horizontal; IGV screenshots of CTCF, DNase, and H3K27ac ChIP-seq peaks are presented with different colors. The location
of a DEG linking to the differential loop at linear genome is marked with light purple in simulated loop extrusion. The region for the
simulation of loop extrusion is covered with a green line at the X-axis of loop calls. For the bar graphs of RNA-seq and RT-qPCR in the
last row, data from three replicates are presented as mean £ SD. *, P < 0.05; **, P < 0.01; *** P < 0.001 (Student’s t-test). F. The
simplified schematic model showing the impact of long-term morphine on chromatin architecture. PPI, protein—protein interaction; RT-
qPCR, real-time quantitative polymerase chain reaction, FPKM, the fragments per kilobase of exons model per million mapped
fragments; SD, standard deviation.



Wang L et al | Morphine Re-arranges Chromatin Architecture of Neurons 565

together in space [41]. Hence, the A compartment is frequently
positioned in the euchromatin regions and interior nuclear
space, whereas the B compartment is largely located with hete-
rochromatin regions and nuclear lamina-associated domains.
In this study, we found that long-term morphine administra-
tion caused an increase in looping but weakened genome-
wide compartmentalization. The attenuated compartmental-
ization induced re-arrangement of the chromosome territories,
which was mostly associated with increased intra-
chromosomal interaction. For example, the enhanced intra-
chromosomal interaction of Chrl caused attenuated compart-
mentalization but facilitated loop extrusion. Although both
intra-chromosomal interaction and loop extrusion of Chr5
were reduced by morphine, the inter-chromosomal interaction
of Chr5 was mostly promoted, suggesting an increased contact
probability of Chr5 with the other chromosomes [44].

Growing number of studies have reported that the disrup-
tions or disorganization of TAD boundary can cause large-
scale structural variations, contributing to abnormal gene
expression and eventually a molecular pathological mechanism
of human disease [45-48]. For instance, enhancer adoption
results from the depletion of a TAD boundary at the LM NBI
locus, promoting LM N BI transcription and eventually leading
to the progress of neurological disorder [49]. In this study,
despite less impact on the number of TAD boundaries and
boundary strength, morphine altered around one-third of
TAD boundaries, with 18% specific TAD boundaries. As both
insulation strength and spatial distribution are two important
features of the TAD boundary [50], we considered that altered
TAD boundaries may contribute to the dysregulated gene
expression. Through mapping identified genes to the identified
TAD boundaries, we discovered that multiple target genes
located around specific TAD boundaries were dysregulated
by morphine. For instance, a small TAD was detected around
the GRIK4 locus, which may accelerate the interaction of reg-
ulatory elements with GRIK4 and thus promote its transcrip-
tion. GRIK4 is a gene encoding a high-affinity kainate
receptor (KAR) subunit, GluK4. Gain of function of this gene
induces severe depression, anxiety, and reduced locomotor
activity in GluK4°¥*" mice [51]. GRIK4 variants have also been
discovered in patients with acute postoperative pain and exces-
sive morphine use [52]. Our findings indicate that altered chro-
matin 3D structure may contribute to the regulation of gene
expression in the cortical neurons exposed to morphine.
Through GO analysis of specific TAD boundary-associated
DEGs, we found that a few signaling processes associated with
neuronal activities, structural plasticity, and neurobehaviors
were dysregulated by morphine.

The critical role of CREB-mediated signaling pathways in
neurons has been found in various intracellular processes, such
as long-term synaptic potentiation, neuronal plasticity, and
drug addiction [32,53]. Phosphorylation-activated CREB
mediates the transcription of target genes, such as BDNF,
and ultimately forms the reward memories for abused drugs
[54]. Importantly, our data discovered that several DEGs
induced by TAD alteration modulate CREB activation
through NMDA receptors after long-term morphine treat-
ment. Indeed, morphine exhibits a bidirectional impact on
gamma-aminobutyric acidergic (GABAergic) synaptic plastic-
ity, including inhibiting presynaptic LTP and preventing LTD
[55,56]. Consistently, by KEGG pathway enrichment analyses,
we discovered that some of the TAD alteration-associated

genes are involved in synaptic LTP and LTD, supporting a
notion that morphine-induced bidirectional GABAergic plas-
ticity reflects the neural adaption necessary for addictive prop-
erties of opiates [57]. In addition, the enriched cGMP-PKG
signaling pathway has also been found to participate in the
development of morphine tolerance. Inactivation of this path-
way is predicted to be a promising strategy to avoid morphine
tolerance during the treatment of neuropathic pain [58]. Taken
together, morphine causes a genome-scale of topological struc-
tural alteration, and these changes in fundamental regulatory
units alter the contact of regulatory elements with its locally
targeted genes, thus regulating the transcription of these genes.
This mechanism based on topological chromatin domains is of
great significance to elucidate the complicated pharmacologi-
cal and toxicological effects of morphine, such as analgesic
effect [59], tolerance [60], inflammatory response [61], and
addiction [62].

Less than 2% of human genome is thought to encode func-
tional proteins, and the rest over 98% of human genome
sequences regulate genes hundreds of thousands of base pairs
away via forming DNA loops [63]. Loop-based transcriptional
regulation is dynamically varied along with biological con-
texts. Indeed, our results also showed that morphine promoted
the formation of DNA loops, leading to a dramatic boost in
loop number; moreover, some loops were newly formed
whereas some loops were lost. More interestingly, quantitative
analysis of these differential loops revealed that morphine
markedly enlarged the size of the differential looping structure.
These results indicate that morphine promotes not only the
formation of loops but also the long-range interaction of reg-
ulatory elements with the target genes, revealing a novel mech-
anism by which morphine regulates the chromatin looping
events.

There are 3-fold more differential loops in the morphine
group vs. the saline group in this study. In eukaryotes, there
are primarily three different kinds of chromatin loops.
Depending on their function, these loops are formed and main-
tained by different mechanisms: (1) loops that help the chro-
matin pack into mitotic or meiotic chromosomes to ensure
accurate genetic information distribution; (2) loops that keep
the genome functional and ensure precisely gene regulation;
and (3) loops generated by continuous, intense transcription
[64]. We thus proposed that not all differential loops in the
morphine group were involved in the transcription of genes.
Some chromatin loops are reported to be involved in tem-
porarily or permanently suppressed genes. Hence, loops may
be generated to either boost or inhibit the gene expression
[65]. Even for those gene regulation-involved loops, not all
genes were actively expressed. Therefore, our finding presented
that ~ 61% of DEGs were down-regulated in response to mor-
phine, suggesting that the formation of some looping might
not correlate positively with gene activity. Lastly, we also ana-
lyzed the proportion of enhancer—gene loops based on the
H3K27ac ChIP-seq peaks, and the results showed that the pro-
portion of enhancer—gene loops in morphine-specific loops was
higher than that in the saline and morphine groups (data not
shown). Additionally, we further mapped all up-regulated
DEGs to the enhancer—gene loops. Consistent with the
increased proportion of enhancer—gene loops, the proportion
of up-regulated DEGs was indeed higher in the morphine-
specific enhancer—gene loops than that in the enhancer—gene
loops in the saline group, indicating that the altered
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enhancer—gene loop extrusion after long-term morphine
administration indeed promoted gene expression.

The functional cluster analyses of the DEGs mapping to
differential chromatin loops found that the most enriched
functional clusters were related to protein binding. In the
protein-binding functional cluster, TOP2B [66], ZAP70 [67],
ABCAL1 [68], ABCG2 [69], and DNAHS [70] have been shown
to participate in the neurogenesis, inflammatory response,
drug addiction, morphine tolerance, and/or neurobehavioral
disorder. Although less evidence shows the direct roles of
DEGs in the morphine-regulated process, some DEGs encod-
ing proteins, such as G protein-coupled receptor 20 (GPR20)
[1] and the G-protein effector neurofibromin 1 (NF1) [71],
have been shown to participate in morphine dependence.
Intriguingly, some DEGs encoding proteins, such as prodynor-
phin, are involved in the dependence of other addictive drugs
[72]. It is worth noting that the looping architecture of some
DEGs with unknown roles was discovered to be altered by
morphine for the first time. For example, an activated tran-
scriptional activity of a recently reported new gene SNX29 is
supposed to be caused by the formation of an extended loop
between the original discontinuous loops, hinting its involve-
ment in the morphine effect [73]. Further experiments will be
required to elucidate this point.

To mimic the multiple effects caused by long-term mor-
phine administration, a huge amount of morphine was used
for two monkeys during the consecutive 90 days of morphine
injection. Moreover, the process of homogenizing and sorting
the brain’s cells resulted in the unavoidable loss of neurons. In
order to acquire enough raw data used for loop analysis with
high resolution, the sorted neurons from two monkeys were
mixed and used for Hi-C and RNA-seq analyses. Hence, both
the single sample of Hi-C analyses and the three replicates of
RNA-seq indeed came from two mixed biological replicates.
Although the absence of individual biological replicates from
the different monkeys, the recent discoveries in chromatin
architecture came from the two monkeys. The altered chro-
matin architecture and the related genes will be validated in
the mouse model in our next research.

Collectively, by investigating genome-wide chromatin
architecture of non-human primate cortical neurons, a series
of known or unknown morphine-regulated genes are proved
to be altered along with DNA 3D architecture. Our finding
provides critical hubs connecting chromosome spatial struc-
ture and gene networks associated with the morphine effect.

Materials and methods

Animals

Four male rhesus monkeys (M. mulatta; 3—4 years old; weigh-
ing from 3.0 to 5.0 kg) were purchased from Sichuan Green-
house Biotech Co., Ltd (Meishan, China). All monkeys were
born by different mothers, but each two of them came from
the same father to reduce the differences in genetic back-
ground. All monkeys were individually housed in stainless
cages locating the same room under controlled conditions of
humidity (40%—70%), temperature (23 °C £ 3 °C), and light
(12 h light/12 h dark cycle). All monkeys were fed with com-
mercial monkey biscuits twice a day with free access to water.
Moreover, fresh fruits and vegetables were provided once a

day. The bodyweight of all monkeys was recorded once a week
just before each feeding in the morning.

Drug

Morphine hydrochloride was obtained from Northeast
Pharmaceutical Group Co., Ltd (Catalog No. 3557/12/25,
Shengyang, China). Morphine was dissolved in 0.9% saline
(sodium chloride) with a final concentration of 10 mg/ml.

Experimental procedure

To reduce genetic differences, we selected four male monkeys
from two fathers, and each pair of male monkeys from the
same father was divided into the saline and morphine groups
(n = 2 per group). Morphine was injected subcutaneously into
the back legs of the monkey three times daily (at 9:00, 14:00,
and 21:00) for 90 days continuously to produce dependence.
The doses of morphine were gradually elevated as follows:
day 1-7, 3 mg/kg; day 8-14, 6 mg/kg; day 15-21, 9 mg/kg;
day 22-28, 12 mg/kg; and day 29-90, 15 mg/kg [2]. Monkeys
in the saline group were injected subcutaneously three times
daily with the same volume of 0.9% saline (0.5 ml/kg) as a
control.

The criterion for physical dependence development of mor-
phine is abrupt or spontaneous withdrawal, which was
assessed as previously described [74]. Fourteen hours after
the final morphine or saline injection, the precipitated with-
drawal signs of all monkeys were scored once during each of
five consecutive 30-min observation periods. The withdrawal
signs evaluated included lying on the side or abdomen, drowsi-
ness (sitting with eyes closed and lethargic or being indifferent
to surroundings), fighting, avoiding contact, vocalizing, crawl-
ing and rolling, restlessness (pacing), ptosis, tremors, retching,
vomiting, coughing, vocalizing when abdomen palpated, rigid
abdomen, and salivation. The observer was “‘blinded” regard-
ing the assignment of treatments. Differences between saline
and morphine groups were measured by GraphPad Prism 9
software (version 9.5.0) using two-way analysis of variance
(ANOVA). P < 0.05 was considered statistically significant.

Preparation of cerebral cortical cells

Twenty-four hours after the final dosing, monkeys were anes-
thetized with pentobarbital sodium and the brain was
removed. Cerebral cortical gray matter was carefully dissected
away from the white matter on the ice and immediately disso-
ciated using an Adult Brain Dissociation Kit (Catalog No.
130-107-677, Miltenyi Biotech, Bergisch Gladbach, Germany)
according to the manufacturer’s instruction. In brief, the dis-
sected fresh cerebral cortex was cut into small pieces with a
scalpel in cold Dulbecco’s phosphate-buffered saline (DPBS).
After centrifugation, the pellet was harvested, and an appro-
priate volume of enzyme-supplemented digestion solution
was added. The resuspended mixture was aspirated into gentle-
MACS C Tubes (Catalog No. 130-093-237, Miltenyi Biotech),
and then the cerebral cortical pieces were mechanically dissoci-
ated with the gentleMACSTM Octo Dissociator with Heaters
(Catalog No. 130-096-427, Miltenyi Biotech). The dissociated
mixture was filtered with a MACS SmartStrainer (70 um) (Cat-
alog No. 130-098-462, Miltenyi Biotech) to remove cell clumps
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or cells with a diameter > 70 pm. Lastly, myelin and cell deb-
ris in the dissociated cells were removed using the Debris
Removal Solution (Catalog No. 130-109-398, Miltenyi Bio-
tech), and red blood cells were lysed with Red Blood Cell Lysis
Solution (10x) (Catalog No. 130-094-183, Miltenyi Biotech) as
per the manufacturer’s instructions.

Isolation of cortical neurons by flow cytometry

The enrichment of neuron cells from the fresh cortex of rhesus
monkey was referred to the previously reported methods with
less revision [75]. Cells were orderly fixed and permeabilized
with Fixation Buffer and Permeabilization Buffer coming from
the Foxp3/Transcription Factor Staining Buffer Set (Catalog
No. 00-5523, ThermoFisher Scientific, San Diego, CA) accord-
ing to the manufacturer’s instruction. Then, the permeabilized
cells were immunostained with the Alexa Fluor 488-conjugated
Anti-NeuN Antibody (1:100; Catalog No. MAB377X, Milli-
pore, Burlington, MA) at 4 °C for 30 min in the dark. After
washing, the cell pellet was collected and further stained with
DAPI (1:10,000; Catalog No. C0060, Solarbio, Beijing, China)
at 4 °C for 5 min in the dark. Lastly, the neurons were identi-
fied and sorted by FACSAria SORP (BD Biosciences, Frank-
lin Lakes, NJ) with appropriate gating parameters, and data
analysis was performed using FlowJo 10 software (Tree Star,
San Francisco, CA). The sorted cortical neurons were mixed
and used for the subsequent DLO Hi-C analyses and RNA-
seq.

Preparation of DLO Hi-C sample

The preparation of the DLO Hi-C sample and the related data
analysis mainly referred to the previously reported procedure
[19].

Restriction enzyme digestion

The sorted neurons were pelleted from gray matter tissue after
the purification step and washed once with pre-cold
phosphate-buffered saline (PBS). Neurons were resuspended
with pre-cold PBS. Next, 37% formaldehyde (Catalog No.
252549, Sigma, St. Louis, MO) was directly added into resus-
pended cells with a final concentration of 1% and precisely
cross-linked at room temperature for 10 min to cross-link all
chromatin DNA. After cross-linking, the excess formaldehyde
was quenched with glycine by incubating for 5 min at room
temperature. All neurons were collected via centrifugation at
2000 r/min for 5 min. The cross-linked neurons were lysed in
lysis buffer [10 mM NaCl, 10 mM Tris-HCI pH 8.0, 0.2%
sodium dodecyl sulfate (SDS), 0.3% IGEPAL CA-630, and
protease inhibitor (Catalog No. 11836145001, Roche, Indi-
anapolis, IN)] at 50 °C for 5 min. Then, all nuclei were pelleted
by centrifugation at 1000 r/min for 5 min and washed once
with ice-cold PBS. Lastly, the cross-linked chromatin was
digested with Msel (Catalog No. R0525L, NEB, Ipswich,
MA) in NEB buffer for 6 h at 37 °C with simultaneous rota-
tion at 15 r/min.

Mmel half-linker ligation

After digested with a restriction enzyme, 50 pl of T4 ligation
reaction mixture containing 300 ng/ul half-linkers (Linker 1:

5'-p-TAGTCGGAGAACCAGTAG-3'; Linker 2: 5-CTAGC
TACTGGTTCTCCGAC-3'), 50 mM ATP, and 2.5 U/ul T4
DNA ligase (Catalog No. 15224025, ThermoFisher Scientific)
was added to 400 ul digested chromatin with thorough mixing.
The reaction mixture was subsequently incubated at 25 °C for
1 h with simultaneous rotation at 15 r/min. Then, the nuclei
pellet was harvested via centrifuging at 500 r/min for 5 min.
Lastly, the nuclei were washed twice with cold PBS.

In situ proximity ligation

The linker1-ligated and linker2-ligated nuclei were firstly resus-
pended in T4 DNA ligation solution (Catalog No. B69, Ther-
moFisher Scientific) containing 0.5 U/ul T4 polynucleotide
kinase (Catalog No. 0201L, NEB). The reaction mixture was
incubated at 37 °C for 30 min to phosphorylate all fragmented
ends. Then, a T4 DNA ligation buffer containing 0.5 U/ul T4
DNA ligase (Catalog No. 15224025, ThermoFisher Scientific)
was added to the reaction mixture. Lastly, the reaction mixture
containing linker 1 or linker 2 fragments was incubated at
20 °C for 2 h with simultaneous rotation at 15 r/min.

Reversal of cross-linking and DNA purification

After in situ ligation, pellet nuclei were centrifuged at
1000 r/min for 5 min, and the nuclei pellet was resuspended
with ddH,0. A proteinase K digestion mixture was added,
with a final of 0.5 mg/ml proteinase K (Catalog No.
908239450-01-6, Sigma), 34.67 mM SDS, and 250 mM NaCl.
After incubation at 65 °C for 2 h, an equal volume of phe-
nol:chloroform:isoamyl alcohol (25:24:1) was added to the
sample with vigorously shaken. The sample was centrifuged
at 14,000 r/min for 10 min, and aspirate the supernatant into
a new tube. This purification step was repeated twice. Finally,
DNA was precipitated with Dr. GenTLE Precipitation Carrier
(Catalog No. 9082, Takara, Dalian, China), sodium acetate
(pH 5.2), and isopropanol.

Purification of the DLO Hi-C DNA fragments after Mmel dige-
stion

Dissolved DNA was digested with 0.1 U/ul Mmel (Catalog
No. R0637S, NEB) and 1.6 mM S-adenosyl-methionine
SAM; Catalog No. B9003S, NEB) at 37 °C for 1 h. Then,
a native polyacrylamide gel electrophoresis (PAGE) gel was
applied to separate the digested DNA. The excised specific
DLO Hi-C DNA fragments were subsequently placed into a
0.6-ml tube with a pierced bottom. The excised gel slices were
shredded by centrifuging at 14,000 r/min for 10 min. After
adding TE buffer, the tubes were stored mixture at —80 °C
for 20 min and were subsequently incubated at 37 °C for 2 h
with simultaneous rotation at 15 r/min. All DNA was collected
using a 2-ml Costar Spin-X Centrifuge Tube Filter (Catalog
No. 8160, Corning, St. Louis, MO). Lastly, all eluate was fur-
ther precipitated with Dr. GenTLE Precipitation Carrier (Cat-
alog No. 9082, Takara), sodium acetate (pH 5.2), and
isopropanol.

The library preparation of the Illumina sequencing

To ligate the Illumina sequencing adapters to the DLO Hi-C
DNA fragments, PE-adaptorl, and PE-adaptor2 were added
to the DLO Hi-C DNA fragments using T4 DNA ligase (Cat-
alog No. 15224025, ThermoFisher Scientific) reaction mixture.
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After incubation at 16 °C for 30 min, AMPure XP beads (Cat-
alog No. A63881, NEB) were applied to purify all DNA frag-
ments. The eluted DNA was further repaired by PreCR Repair
Mix (Catalog No. M0309L, NEB) by incubation at 37 °C for
20 min. Lastly, 5 pl of repaired DNA was used as a template to
amplify for fewer than 13 cycles.

Data analysis

Hi-C processing

We used the M. mulatta genome (Mmul_8.0.1) as a reference
genome. The DLO Hi-C tool [76] was applied to process the
Hi-C data. This tool pipeline begins with raw sequencing reads
and completes the following four main steps: pre-processing of
raw sequencing reads, sequencing reads alignment and filter-
ing, noise reduction and paired-end reads classification, and
interaction visualization.

Normalization

To analyze chromosomal architecture between the saline and
morphine-treated cortical neurons, a comprehensive normal-
ization method of ICE was applied to remove systematic biases
[77], including the distance between restriction sites, the GC
content of trimmed ligation junctions and sequence unique-
ness, and mappability at a megabase resolution. Normalized
contact matrices are produced at all resolutions using the
ICE approach.

A|B compartment identification

A/B compartments were identified as described previously [78].
To determine compartment type (active A compartment or
inactive B compartment) and compartmentalization strength,
a distance-dependent Hi-C contact matrix (expected data
matrix) was generated, followed by computing the observed/
expected (O/E) matrix, across the entire genome. Then, Pear-
son correlation matrices were computed using the Pearson tool
by calculating Pearson correlation values between all pairs of
rows and columns in the O/E matrix. The Pearson correlation
matrix was subsequently subjected to principal component
analysis (PCA). According to the recommended approach
[79], the eigenvector of the top three principal components
(PC1, PC2, and PC3) was checked. The eigenvector showing
the most aligned with the largest absolute value, GC content,
or gene density was used to define the A/B compartment type.
Positive eigenvector value enriches with active A compartment
(gene-rich regions) and negative eigenvalue enriches with inac-
tive B compartment (gene-poor regions). The eigenvector
decomposition of the 1 Mb interaction matrices was calculated
through the hiclib package.

Compartment strength

To determine the effect of morphine on compartment segrega-
tion, we quantified the strength of compartmentalization
according to the previously reported methods [42,80]. In brief,
we re-ordered each column and row of the O/E matrices
according to the value of the eigenvector, which was aligned
in ascending order from left and top to right and bottom,
respectively. Bins representing active A compartments and
inactive B compartments were thus moved to the lower-right
and upper-left corners, respectively. The saddle plots were

obtained by aggregating bins across the entire genome into
50 sections. The compartment strength of each chromosome
was determined as the following formula: compartment
strength = [median (20% strongest AA) + median (20%
strongest BB)] / [median (20% strongest AB) + median
(20% strongest BA)]. The value in the middle of the saddle
plots was the mean compartment strength of all chromosomes.

TAD boundary calling

The whole genome was split into 40-kb windows, and the inter-
action frequencies within 2 Mb upstream and downstream of
each window were then compared. The directionality index
was applied to determine the TAD boundary as previously
reported [26]. A region was marked as a TAD boundary if it
was between two adjacent boundaries and was shorter than
400 kb. All the intervals in the saline and morphine groups
were separately determined. If a region overlapped between
two groups, it was identified as an overlapping boundary.

Loop creation and APA

For loop analysis, the HICCUPS in Juicer was applied for the
discovery of locally enriched peaks [33,34]. In brief, the hic for-
mat files with the variable resolutions (2.5 Mb, 1 Mb, 500 kb,
250 kb, 100 kb, 50 kb, 25 kb, 10 kb, and 5 kb) were produced
by Juicer. Then, through HICCUPS with default parameters at
resolutions of 5 kb and 10 kb, all the locally enriched peaks
were identified. Furthermore, the HICCUPSDIfT in Juicer tool
was applied to further analyze all differential loops determined
by HiCCUPS.

We produced APA plots and linked scores to assess the
quality of called loops. These analyses aggregate the local
background, the signal of pixels of loops, and the pixels sur-
rounding loops. For each loop in a given set of loops, normal-
ized contact frequencies were calculated for the loop
representation pixel and for pixels within 10 bins in both the
X and Y directions. To normalize for loops at various dis-
tances, each pixel was divided by the expected normalized
interaction frequency at that distance to provide an observed
over expected ratio. At each position in the matrix, the median
observed over expected ratios was calculated and further plot-
ted as a heatmap. The median value of the nine pixels in the
lower-right section of the APA plot was divided by the value
of the center pixel to calculate APA scores.

Alignment rate calculation

The locations of restriction enzyme sites were determined using
HiCNorm [81] scripts, and BEDTools [82] was utilized to pro-
duce upstream and downstream reads with predefined lengths.
Then, all reads were aligned to the M. mulatta genome
(Mmul_8.0.1) with the Burrows—Wheeler Alignment (BWA)
package [83]. The ratio of unique mapping reads was calcu-
lated using those reads with mapping quality scores greater
than 20.

ChIP-seq peak enrichment analysis

ChIP-seq signals and peaks of CTCF, DNase, and
H3K27ac of rhesus macaque (GSE163177 and GSE67978)
were obtained from open access database (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE163177 and
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https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = gse67978)
[28,29]. TAD boundaries and chromatin loop anchors are
defined with 10-kb width. We performed a hypergeometric test
to estimate the significance probability for enrichment analy-
sis. The odds ratio and 95% confidence interval were
calculated with R package named fmsb.

RNA-seq experimental procedures

Total RNA was extracted from sorted cortical neurons using
an AxyPrep Multisource Total RNA Miniprep Kit (Catalog
No. AP-MN-MS-RNA-50, Axygen, Union City, CA) accord-
ing to the manufacturer’s instructions. Three replicates were
used for both groups. Poly-adenylated transcripts were iso-
lated using the NEBNext Polya mRNA Magnetic Isolation
Module in accordance with the instructions. A VAHTS
Stranded mRNA-seq Library Prep Kit for Illumina (Catalog
No. NR602, Vazyme, Nanjing, China) was then used to gener-
ate the cDNA libraries. The constructed cDNA libraries were
sequenced as 150-bp paired-end reads with an Illumina HiSeq
X Ten sequencer instrument. The sequenced raw data in
FASTQ format were filtered out adapter, reads containing
ploy-N, and low-quality reads from raw data. The acquired
clean reads with high quality were used for further down-
stream analyses.

All clean reads were aligned to a M. mulatta genome
(Mmul_8.0.1). The mapped reads of each sample were subse-
quently assembled using StringTie with default settings. Then,
all transcriptomes from both groups were merged to re-
construct a comprehensive transcriptome using Perl scripts.
The expression level of all transcripts and the differentially
expressed transcripts in the final generated transcriptome were
calculated by StringTie and DESeq2 1.18.1, respectively. The
expression of each DEG in both groups was normalized with
Z-score from their FPKM values according to the formula
(x — m)/s, where x represents the FPKM value of a given
DEQG in saline or morphine treatment, m represents the mean
of FPKM values of the corresponding DEG in both groups,
and s represents the standard deviation.

GO analysis was performed with DAVID v6.8 functional
annotation tool [84]. PPI networks were constructed from all
DEGs conjugated with differential loops using Cytoscape with
3.2.1ClueGO/CluePedia plugin [85].

GSEA

GSEA (https://www.gsea-msigdb.org/gsea/index.jsp) [86] was
applied to identify altered gene sets between the saline and
morphine. Before running GSEA, the normalization of the
raw read counts of protein-coding genes in the switching com-
partments was performed by DESeq2. Then, the GSEA desk-
top application (version 4.2.3) was conducted to enrich the
altered gene sets in response to morphine administration. As
gene sets, we used the Reactome subset of canonical pathways
(c2.cp.reactome.v7.5.1.symbols.gmt) from the Molecular Sig-
natures Database (MSigDB) as the reference gene sets. The
number of permutations was set at 1000. The nominal
P < 0.01 and FDR < 0.25 were considered statistically signif-
icant. A positive NES indicates enrichment in the morphine,
whereas a negative NES indicates enrichment in the saline.

The enrichment score of a single gene set is estimated by nom-
inal P.

RNA isolation for RT-qPCR

Total mRNA was directly extracted from the frozen cerebral
cortex of the rhesus monkey using the AxyPrepTM Multi-
source RNA Miniprep Kit (Catalog No. AP-MN-MS-RNA-
50, Axygen) according to the manufacturer’s instructions.
Single-stranded cDNA was reverse transcribed from extracted
mRNA with a PrimeScript RT Reagent Kit with gDNA Eraser
(Catalog No. RR047A, Takara). Quantitative PCRs were per-
formed with PowerUp SYBR Green Master Mix (Catalog No.
A25742, ThermoFisher Scientific) in QuantStudio 1 Real-Time
PCR System (ThermoFisher Scientific). M. mulatta GAPDH
was used as a reference control. Changes in expression levels
were calculated with the 274" method. All data were pre-
sented as mean + SD. Differences between the saline and mor-
phine groups were measured by GraphPad Prism 9 software
using Student’s #-test. P < 0.05 was considered statistically sig-
nificant (*, P < 0.05; **, P < 0.01; *** P < 0.001). Primers
used in this study are listed in Table S14.
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