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Genome-wide chromatin interaction profiling reveals
a vital role of super-enhancers and rearrangements
in host enhancer contacts during BmNPV infection

Shudi Zhao,"? Yuedong Li,'?* Guanping Chen,'? Xingyang Wang,'-? Nan Chen,'-2

and Xiaofeng Wu'-2

' College of Animal Sciences, Zhejiang University, Hangzhou 310058, China; *Key Laboratory of Silkworm and Bee Resource
Utilization and Innovation of Zhejiang Province, Hangzhou 310058, China

As influential regulatory elements in the genome, enhancers control gene expression under specific cellular conditions, and
such connections are dynamic under different conditions. However, because of the lack of a genome-wide enhancer-gene
connection map, the roles and regulatory pattern of enhancers were poorly investigated in insects, and the dynamic changes
of enhancer contacts and functions under different conditions remain elusive. Here, combining Hi-C, ATAC-seq, and
H3K27ac ChIP-seq data, we generate the genome-wide enhancer-gene map of silkworm and identify super-enhancers
with a role in regulating the expression of vital genes related to cell state maintenance through a sophisticated interaction
network. Additionally, a radical attenuation of chromatin interactions is found after infection of Bombyx mori nucleopoly-
hedrovirus (BmNPV), the main pathogen of silkworm, which directly rearranges the enhancer contacts. Such a rearrange-
ment disturbs the intrinsic enhancer—gene connections in several antiviral genes, resulting in reduced expression of these
genes, which accelerates viral infection. Overall, our results reveal the regulatory role of super-enhancers and shed new light
on the mechanisms and dynamic changes of the genome-wide enhancer regulatory network.

[Supplemental material is available for this article.]

Transcriptional regulation plays a vital role in the dynamic utiliza-
tion of the complex genome during development, homeostasis
maintenance, and responses to external stimuli or pathogen infec-
tion (Chen and Rajewsky 2007; Spitz and Furlong 2012; Andersson
et al. 2014; Roadmap Epigenomics Consortium et al. 2015; Daman
and Josefowicz 2021), in which the coordination between gene
promoters and enhancers is required to ensure the cell type-specif-
ic and condition-specific gene expression (Beagrie and Pombo
2016; Haberle and Stark 2018). Enhancers are noncoding cis-acting
elements typically 200-2000 bp in length and are present up-
stream of or downstream from certain genes to drive their
spatiotemporal expression (Shlyueva et al. 2014). Generally, they
possess numerous recognition sites for sequence-specific transcrip-
tion factors (TFs), by which the complexes of TFs are bound to en-
hancers and subsequently recruit cofactors with a variety of
biochemical functions (Long et al. 2016; Furlong and Levine
2018; Andersson and Sandelin 2020). Through these various TFs
and cofactors with activating or repressive activities, enhancers ex-
ert their overall regulatory function in controlling transcription
from target core promoters irrespective of their orientation and dis-
tance (Smale and Kadonaga 2003; Visel et al. 2009; Schoenfelder
and Fraser 2019; Field and Adelman 2020). Super-enhancers
(SEs) are clusters of enhancers with high chromatin accessibility
and densely enriched interacting factors, which have greater acti-
vation capacity than most of the typical-enhancers (TEs) and can
regulate genes with especially important roles in cell identity
and fundamental biological processes (Hnisz et al. 2013; Whyte
et al. 2013). Because the positions of enhancers relative to the tar-
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get core promoters can be arbitrary, making out the correspon-
dence between enhancers and their target genes becomes a
challenge, although it is of great significance to clarify these regu-
latory relationships and reveal their biological functions for fur-
ther investigation.

The regulatory activity of enhancers and the correspondence
with certain promoters are closely related to the chromatin acces-
sibility, histone modification, and DNA interaction frequency
(The ENCODE Project Consortium 2012; Shibata et al. 2012;
Whalen et al. 2016). In eukaryotic cells, the genome is dynamic
and nonrandomly organized in the nucleus. Therefore, the chro-
matin epigenomic signatures and three-dimensional (3D) archi-
tecture are dynamically remodeled during different processes or
under different conditions, such as embryonic development (Li
et al. 2018; Li et al. 2019), cell differentiation (Vidaurre and
Chen 2021), aging (Sun et al. 2018; Braga et al. 2020), carcinogen-
esis (Dawson and Kouzarides 2012; Jia et al. 2017), abiotic stress
(Chang et al. 2020b), and pathogen infection (Zhang and Cao
2019; Liang et al. 2022). Consequently, the interaction regulatory
network between enhancers and their target genes varies under
diverse circumstances, making it possible to adjust the expression
of genes with specific functions spatially and temporally to adapt
to the changing status.

DNA viruses are nucleic acid-based obligate intracellular path-
ogens, which commonly replicate and assemble in the host nucleus
(Weitzman and Fradet-Turcotte 2018). In the process of infection, a
number of DNA viruses dominate chromatin epigenetic markers
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and restructure the host genome 3D architecture, thus reprogram-
ming gene expression and modulating the infection status, includ-
ing hepatitis B virus (HBV) (Yang et al. 2020), adenovirus type 5
(AdS) (Moreau et al. 2018), influenza A (IAV) (Heinz et al. 2018),
Epstein-Barr virus (EBV) (Moquin et al. 2018; Kim et al. 2020;
Wang et al. 2020), human papillomavirus (HPV) (Cao et al. 2020;
Groves et al. 2021), and baculovirus (Laakkonen et al. 2008; Shoji
et al. 2021). Such extensive and conserved changes contribute to
converting the host intranuclear environment to a suitable circum-
stance for efficient viral replication and transcription. However,
how these alterations of chromatin state affect gene expression
and infection progression remains poorly explored. Therefore, it is
fundamental and necessary to investigate the dynamic changes in
the enhancer regulatory network caused by chromatin reconstruc-
tion during infection and its downstream impact on viral invasion.

Baculoviruses are a large group of invertebrate-specific DNA vi-
ruses with rod-shaped nucleocapsids (Rohrmann 2013). Because of
their high virulence and rapid establishment of infection, baculovi-
ruses have been widely used for biological pest control and heterol-
ogous protein expression (Lacey et al. 2015; Mishra 2020). As a
representative member of baculoviruses, Bombyx mori nucleopoly-
hedrovirus (BmNPV) is the main pathogen of the silkworm, an im-
portant economic insect for silk production (Kondo and Maeda
1991; Gomi et al. 1999), and causes great economic losses to the ser-
iculture all over the world (Jiang and Xia 2014). During baculovirus
infection, viral DNA is synthesized in the virogenic stroma (VS), and
the host chromatin is marginalized as a result of VS expansion
(Nagamine et al. 2008), implying that chromatin state is changed
during infection. We have illustrated in our previous study that
BmNPV infection remodeled the accessibility of host chromatin
and altered the organization of host chromatin in epigenomic reg-
ulation accompanied by a global alteration in host gene expression
(Kong et al. 2020). However, how these changes affect the gene ex-
pression regulatory networks remains elusive, and little is known
about the enhancer regulatory landscape because genome-wide
chromatin interaction information is lacking.

Long-range interactions between specific pairs of loci can be
evaluated with 3C (Dekker et al. 2002), 4C (Simonis et al. 2006;
Zhao et al. 2006), and 5C (Dostie et al. 2006); however, these meth-
ods require a set of target loci and are incapable of unbiased ge-
nome-wide analysis. As a derivative of the above-mentioned
techniques, Hi-C is a high-throughput method developed for ge-
nome-wide analysis of chromosomal conformation, in which bio-
tin labeling is used to allow library construction, and all the
contact relationships are preserved to generate high-throughput
data that indicate the contact frequency (Lieberman-Aiden et al.
2009). Therefore, Hi-C can be used to conduct unbiased genome-
wide chromatin 3D conformation analysis and establish the all-
to-all DNA interaction landscape.

In this study, Hi-C, epigenetic, and transcriptomic data were
combined with biochemical assays to build the global and accurate
genome-wide enhancer map in the silkworm for investigation of
the enhancer functions and to elaborate the dynamic changes in
the host enhancer regulatory network during baculovirus infection.

Results
Epigenomic state and DNA interaction participate in regulating
gene expression

In eukaryotes, open chromatin regions and histone modifications
are not uniformly distributed across the genome. Of them, the for-

mer represent active genomic elements, and the latter are frequent-
ly enriched at distinct genomic locations, where their presence is
correlated either positively or negatively with transcriptional ac-
tivity (Millan-Zambrano et al. 2022). In general, active enhancers
are marked with both H3K4mel and H3K27ac (Heintzman et al.
2009), whereas H3K4me2, H3K4me3, and H3K9ac are correlated
with transcriptionally active genes (Santos-Rosa et al. 2002;
Morillon et al. 2005; Tserel et al. 2010). Oppositely, H3K9me2,
H3K9me3, and H3K27me3 are responsible for transcriptional si-
lencing (Tserel et al. 2010; Padeken et al. 2022).

To testify the roles of these epigenomic signatures in regulat-
ing the transcriptional activity, ATAC-seq and H3K27ac ChIP-seq
data obtained in our previous study, together with ChIP-seq data
of several other histone modifications obtained from public data-
bases, were reanalyzed to generate the epigenomic landscape in a
silkworm cell line (BmN). As revealed in the circle diagram, the dis-
tribution trends of accessible chromatin regions and activating his-
tone modifications all over the genome were consistent with those
of RNA polymerase II (RNA Pol II) (Fig. 1A; Supplemental Fig. S1A).
Furthermore, the accumulation of these epigenomic features
around each transcription start site (TSS) was visualized and quan-
tified, which revealed that accessible regions and activating modi-
fications were centralized at the TSS, whereas the repressive
histone modifications were scattered around the TSS with no obvi-
ous peak (Fig. 1B). Notably, chromatin accessibility and H3K27ac
accumulation presented a high level in the upstream regions of
TSS (Fig. 1B), implying their extra functions other than regulating
the promoter activity.

Furthermore, previous studies have indicated that the interac-
tion between cis-acting elements and promoters is required for tran-
scriptional regulation (Beagrie and Pombo 2016; Schoenfelder and
Fraser 2019). Therefore, it is surmised that DNA interaction fre-
quently appears in the regulatory elements. To confirm this hypo-
thesis, Hi-C analysis was conducted to investigate the 3D
chromatin structures of BmN cells (Fig. 1C). The chromatin interac-
tion profiles were highly correlated between the two replicate sam-
ples of each group (Supplemental Fig. S1B-D), indicating high
reproducibility and reliability of the Hi-C data in assessing chroma-
tin interaction. According to our Hi-C profiling results, the DNA in-
teraction frequency diminished progressively as the distance to the
TSS increased (Fig. 1D). To further characterize the genomic func-
tional elements in the interaction regions, the genomic features
were assessed. As a result, >30% of the interaction regions were pre-
dominantly overlapped with promoter elements, which only ac-
counted for 2.75% of the whole genome (Fig. 1E), indicating that
DNA interaction was nonrandom and the promoter regions were
more favored. Taken together, these results showed that the epige-
nomic state and chromatin interaction played important roles in
transcriptional regulation.

Construction of the genome-wide map of enhancer-gene
connections

To explore how chromatin state affected gene expression, the ac-
tivity-by-contact (ABC) model reported previously was used to
construct the genome-wide map of enhancer—gene connections
across the silkworm genome (Fulco et al. 2019). Because the inter-
action frequency decays as their genomic distance increases
(Supplemental Fig. S10A,B), to ensure both the precision and recall
of enhancer identification, only genes and chromatin-accessible
elements within 5 Mb were considered. After the ABC scores
were calculated, altogether 17,776 enhancer-gene connections
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Figure 1.

were identified for 7199 individual genes and 7269 unique en-
hancers, comprising 7.79 Mb of the enhancer sequence. On aver-
age, each enhancer was predicted to regulate 2.4 genes, whereas
each gene was predicted to be regulated by 2.5 enhancers (Fig.
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ferent silkworm strains (Supplemental Fig. $12). Together, these
statistical data suggested that the generated enhancer map was of
high reliability and that the enhancer-gene connections contrib-
uted significantly to transcriptional activation.

2A; Supplemental Table S2).
In the predicted enhancer regions, much higher accessibili . . . .
b & 8 v SEs drive the high-level expression of their target genes

and more evident enrichment of activating enhancer marks were
found than those in the peripheral regions, including an extra en-
hancer signature that was not involved in this model (Fig. 2B). To
further validate these predictions, the transcriptional activities of
enhancer-associated genes were examined, and it was discovered
that these genes were generally expressed at higher levels than oth-
ers (Fig. 2C); such a result was also found in various tissues of dif-

In mammalian cells, the flanking interval and epigenomic states
are reported to be different between enhancers. The clustered
and long-spanned enhancers contain extremely high levels of ac-
tivating marks and are thereby called super-enhancers (Whyte
et al. 2013). Such characteristics were also observed from our re-
sults (Fig. 2A). To determine whether SEs existed in the silkworm
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genome, the ROSE algorithm was used (Whyte et al. 2013), which
stitched enhancers existing within 12.5kb of each other and
ranked them according to the H3K27ac signal (Fig. 3A). Based on
the results of ROSE, 70 SEs consisting of 467 single enhancers
were identified (Fig. 3A; Supplemental Fig. S2C; Supplemental
Table S3). The rank of normalized chromatin accessibility and
H3K4mel signal were also visualized. As observed, H3K27ac had
the sharpest transition, which was therefore considered as optimal
(Supplemental Fig. S2A). The identified SEs had significantly high-
er levels of H3K4mel, H3K27ac, and accessibility, together with
much more peaks of these activating signatures than those in
TEs (Fig. 3B,C; Supplemental Fig. S2B).

To further identify the roles of these SEs in transcriptional reg-
ulation, enhancers were assigned to their target genes in line with
the generated enhancer map. There were 220 genes found to be as-
sociated with the 70 identified SEs (Supplemental Table S4), and
their expression levels were analyzed statistically using RNA-seq
data. As expected, the SE-associated genes showed higher tran-
scription levels than those of genes associated with TEs (Fig. 3D;
Supplemental Fig. S2D).

The small molecule JQ1 has been shown to specifically
inhibit SEs and has minimal effects on TEs (Lovén et al. 2013).

1

BRD4 is a vital factor in SE-induced transcriptionally activation
and is the target of JQ1 (Wang et al. 2019). To verify the role of
JQ1 in the silkworm, BmN cells were transfected with plZ-
BmBRD4-HA for transient expression of HA-tagged BmBRD4,
which was verified via western blot and immunofluorescence
(Supplemental Fig. S3B,C). Afterward, ChIP-seq was conducted
on BmBRD4. As a result, the occupation of BmBRD4 on the iden-
tified SEs decreased significantly after JQ1 treatment (Fig. 3E,F),
whereas the occupation on TEs showed no obvious decline (Fig.
3F), indicating that the BRD4 binding at SEs was more sensitive
toJQ1 treatment than at TEs. Furthermore, to testify the transcrip-
tional regulation activity of SEs, RNA-seq was also conducted in
JQ1-treated cells. It was found that only SE-associated genes were
down-regulated significantly after JQ1 treatment instead of TE-as-
sociated genes (Fig. 3G).

In summary, these results indicated that SEs conferred stron-
ger regulatory activities than TEs.

SEs play vital roles in cell state maintenance

To further identify the functional properties of SEs, the functions
of SE-regulated genes were annotated based on Gene Ontology
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(GO) and Kyoto Encyclopedia Genes and Genomes (KEGG) analy-
ses (Supplemental Fig. S2E,F). As shown in the KEGG classifications,
SEs were preferentially associated with genes implicated in protein
metabolism, from synthesis to degradation, and cell survival
(Supplemental Fig. S2E). The enriched GO terms presented more de-
tailed pathways correlated with SEs (Supplemental Fig. S2F), consis-
tent with the KEGG results that SEs were essential in the vital
biological processes. Among the enriched clusters, four sets of genes
attracted our attention. The first one was ATPase, a key member in
oxidative phosphorylation for the maintenance of energy supple-
ment (Junge and Nelson 2015), which was regulated by a distant
SE (Fig. 4A). The second set included Actin-3 and Actin-4, which
were two clustered genes responsible for transport and cell morphol-
ogy maintenance (Dominguez and Holmes 2011) and were associ-
ated with one SE and three TEs (Fig. 4B). The third one was IAP,

an inhibitor of apoptosis (Hamajima et al. 2016), which was corre-
lated with one SE and three distant TEs (Fig. 4C). The last set includ-
ed HSPs, the molecule chaperones for protein folding and the
resistance of heat shock (Richter et al. 2010), which were simultane-
ously regulated by a long-spanned SE (Fig. 4D). In addition, all these
genes were expressed at relatively high levels among the SE-associ-
ated genes (Supplemental Table S4).

To validate the importance of the SE-induced regulatory ac-
tivity in the silkworm, BmN cells were treated with JQ1. After 48
h of treatment, apoptosis was clearly observed in JQ1-treated cells
(Supplemental Fig. S3E). Moreover, according to flow cytometric
analysis, the apoptosis rate increased in a dose-dependent manner
(Fig. 4E). In addition, cell viability decreased with the increase of
JQ1 concentration (Fig. 4F). The mRNA levels of these selected
genes in JQ1-treated cells were further examined. It was found
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that the expression of these SE-associated genes decreased with the
increase of JQ1 concentration (Fig. 4G), whereas the expression of
two TE-associated control genes showed no significant change
(Supplemental Fig. S3D). Collectively, these results showed that
SEs robustly activated the expression of genes involved in vital bi-
ological processes to maintain cell state.

BmNPV infection rearranges the enhancer regulatory network
by changing the chromatin state

It is a widespread phenomenon that DNA viruses manipulate host
chromatin organization (Lieberman 2008). We have reported in
our previous study that BmNPV infection resulted in an substantial
increase of chromatin accessibility, whereas such an increase
showed no positive, but even negative, correlation with gene ex-

pression (Kong et al. 2020), which is anomalous because open chro-
matin regions are conducive for active gene expression. Therefore,
the density of the active enhancer mark H3K27ac across the genome
and that around the accessible peaks were examined. According
to our observation, the overall H3K27ac levels in mock- and
BmNPV-infected cells were consistent even though the global dis-
tribution of H3K27ac was detected to be more steady with several
conspicuous peaks disappearing in BmNPV-infected cells (Supple-
mental Fig. S5A,B). However, the modification level in open chro-
matin regions and the correlation between the two epigenetic
signatures dropped after 48 h of infection (Fig. SA; Supplemental
Fig. S6A), showing that BmNPV mediated the desynchronization
between chromatin accessibility and H3K27ac modification, which
might result in a loss of transcriptional regulatory activity of the ac-
cessible regions after viral infection.
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The chromatin interaction landscape in BmNPV-infected
cells was also explored by Hi-C assay, with an aim to investigate
the BmNPV-induced effect on host genome 3D architecture. After
48 h of infection, the chromatin interaction frequency declined
radically and globally (Supplemental Fig. S6B), and the number
of significant interactions also decreased sharply (Fig. 5B). Cell vi-
ability was monitored after infection and no obvious infection-in-
duced cell death at 48 h post infection (p.i.) (Supplemental Fig.
S4A,B), indicating that the decrease of chromatin interaction was
mediated by BmNPV infection instead of viability loss. To deter-
mine whether these changes of chromatin state altered the en-
hancer contacts, the enhancer-gene map of BmN cells was
constructed at 48 h p.i. based on the combination of ATAC-seq,
H3K27ac ChlP-seq, and Hi-C data, as described above (Supplemen-
tal Table S5). Although there were new enhancer—gene contacts as-
sembled after BmNPV infection (Supplemental Fig. S6D-F),
statistical analysis revealed that the infection reduced the number
of enhancer—promoter pairs (Supplemental Fig. S6C). In particular,
it especially affected the distant connections (Fig. 5C,D). In addi-
tion, fewer genes were regulated by each enhancer, and each
gene was correlated with less enhancers on average after viral infec-
tion (Fig. SE-H). It was also found that the ratio of SE-gene con-
tacts disturbed by viral infection was significantly higher
compared with TE-gene contacts (Supplemental Fig. S11A,B). To
sum up, based on the above findings, BmNPV infection disturbed
the intrinsic enhancer-promoter regulatory relationships and
weakened the regulatory capacity of enhancer—promoter network
by two ways, namely, desynchronizing the accessibility with
H3K27ac modification and repressing host chromatin interaction.

The rearrangement of enhancer contacts impedes the activation
of antiviral genes in response to BmNPV infection

It is known that the alternation of enhancer contacts is directly re-
lated to the transcriptional regulation of genes originally associat-
ed with enhancers. Therefore, we first annotated the functions of
these genes by GO and KEGG analyses (Fig. 6A,B). According to
the KEGG analysis results, the terms related to immune system
and information processing in viruses were mostly enriched (Fig.
6A), indicating that genes regulated by the intrinsic enhancer con-
tacts participated in the resistance of viral infection. Additionally,
the GO term related to nucleosome assembly was concurrently en-
riched (Fig. 6B). Meanwhile, gene set enrichment analysis (GSEA)
results showed that genes in this cluster were significantly and ho-
listically down-regulated (Fig. 6C), hinting that the expression of
these genes in the enriched term was affected by the changed en-
hancer contacts, which might be the underlying mechanism of
the nucleosome depletion and increased chromatin accessibility
during BmNPV infection.

To further investigate the impact of the remodeled enhancer
regulatory network on cellular antiviral immunity, we examined
the transcription levels of BmNPV-resistant genes reported previ-
ously (Chang et al. 2020a). At 48 h p.i., most of the non-enhanc-
er-associated genes were up-regulated (Fig. 6E,F), reflecting the
antiviral immunity in response to BmNPV infection. However, al-
though a small part of enhancer-associated antiviral genes was ex-
pressed at higher levels after infection, which might be regulated
by other mechanisms, the majority of enhancer-associated antivi-
ral genes failed to be activated (Fig. 6D,F). Therefore, it was as-
sumed that BmNPV-induced disturbance of enhancer contacts
led to transcriptional deactivation. To prove this hypothesis, eight
down-regulated enhancer-associated antiviral genes were random-

ly selected, as annotated in the volcano plot (Supplemental Fig.
S8A). In the putative enhancer regions of these genes, the chroma-
tin accessibility did not obviously decline, whereas a substantial
loss of H3K27ac modification was observed at 48 h p.i. (Fig. 7A-
H), strongly supporting our hypothesis of the desynchronization
between chromatin accessibility and enhancer marks. Simultane-
ously, the interactions between these regions and target promoters
were weakened after viral infection (Fig. 7A-H).

The regulatory activities of these calculated enhancers were
validated by dual luciferase reporter assay. As expected, all the
cloned enhancers significantly improved the expression levels of
their target genes, with the exception of two enhancers of
KWMTBOMO16000 (Fig. 71). Also, Hi-C results of high resolution
were shown to prove the interaction between these enhancers
and their target promoters from the distances they work in the ge-
nomic context (Supplemental Fig. S8B), indicating high reliability
of the predicted enhancer-gene connections.

Considering that the infection affected the enhancer regulato-
ry contacts by making changes to the chromatin state, the dual lu-
ciferase reporter system should be introduced into the genome
instead of into free vectors to verify the BmNPV-induced enhancer
deactivation. Therefore, three affected enhancers were randomly se-
lected and cloned into the integrated dual luciferase vector harbor-
ing piggyBac ITR to transpose the reporter sequence to host
chromatin (Supplemental Fig. S9C), and the vectors containing
the three separate promoters without their regulating enhancers
served as the control (Supplemental Fig. S8C). Apparently, the tran-
scriptional regulatory activities of these enhancers were impaired by
viral infection (Fig. 7J), whereas the transcriptional activities of the
separate promoters were not significantly affected (Supplemental
Fig. S8D). In all, these results illustrated that the enhancer-induced
activation of antiviral genes was obstructed owing to the rearrange-
ment of the enhancer regulatory network.

Transcriptional deactivation of antiviral genes facilitates
viral infection

The transcriptional deactivation of these selected BmNPV-resis-
tant genes during viral infection was characterized by qPCR. The
results showed that all these eight genes were down-regulated sig-
nificantly at 48 h p.i. (Fig. 8A; Supplemental Fig. S4C), consistent
with the RNA-seq data (Supplemental Fig. S8A). Moreover, the ex-
pression of these selected genes regulated by all of their connected
enhancers was markedly down-regulated after BmNPV infection
compared with that of luciferase reporter genes regulated by trans-
posed single enhancers (Figs. 7], 8A), which could be interpreted
by the fact that all the associated enhancers of a certain gene exert
the joint regulatory effect.

Subsequently, to further estimate the impact of transcription-
al deactivation of these genes on BmNPV infection, the eight se-
lected genes were knocked down via dsRNAs, and the silencing
efficacy was confirmed by qPCR (Fig. 8B). At 48 h post dsRNA
transfection, the gene-silenced cells were infected with BmNPV,
and the effect on viral infection was assessed by quantifying the vi-
ral titers and gDNA copies at various time points. As a result, infec-
tion and replication significantly accelerated at 24 h p.i. and 48 h
p-i. in all of these gene-silenced samples. To be specific, the viral
titers increased to 1.8- to 11.0-fold, and the gDNA levels elevated
to 1.7- to 3.3-fold of the control at 48 h p.i. (Fig. 8C-J). The increase
of viral titers was even spotted as early as 12 h p.i. in the absence of
four genes among them (Fig. 8D, 8F, and 8H), whereas the raised
gDNA levels were observed at 12 h p.. in all the samples (Fig.
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Figure 8. Obstruction of the transcriptional activation of antiviral genes facilitates viral infection. (A) qRT-PCR analysis for changes in the expression of
antiviral genes at 48 h p.i. Rp/32 was used as the reference gene for data normalization. Three technical replicates for each of the three biological replicates
per treatment were analyzed (n=3). Error bar indicates the SD. Two-tailed t-test: (*) P<0.05, (**) P<0.01, (***) P<0.001 versus mock. (B) qRT-PCR con-
firmed the decline of antiviral gene expression in BmN cells treated with corresponding dsRNAs at 48 h post transfection relative to the dsCtr-transfected
control group. Rp/32 was used as the reference gene for data normalization. Three technical replicates for each of the three biological replicates per treat-
ment were analyzed (n=3). Error bar indicates the SD. Two-tailed t-test: (*) P<0.05, (**) P<0.01, (***) P<0.001 versus the control. (C—/) Viral growth
curves determined by TCIDso endpoint dilution assays and replication kinetics determined by qRT-PCR analysis in cells treated with corresponding
dsRNAs of the indicated antiviral gene (log-transformed data). Viral gDNA copies were determined by quantification of the DNA copies of viral gene
gp41, which were normalized to rp/27 and presented relative to the data at the 0-h p.i. time point. Three technical replicates for each of the three biological
replicates per treatment were analyzed for viral gDNA measurements (n=3), and three biological replicates per treatment were analyzed for titer deter-
mination (n = 3). Error bar indicates the SD. Two-tailed t-test: (*) P<0.05, (**) P<0.01, (***) P<0.001 versus the control.

8C-]). Overall, these data showed that the decreased expression of broaden the vision in viral domination in the host genome

BmNPV-resistant genes caused by the rearrangement of the en- organization.
hancer regulatory network provided a favorable condition for Because the stimulating effect of enhancers on transcription
speedy viral replication and spread in a relatively early stage. from target core promoters is independent of their orientation

and distance (Visel et al. 2009; Schoenfelder and Fraser 2019), it

Di . is challenging to make out the correspondence between enhancers
Iscussion . . . - .
and their target genes. Previous effort has identified enhancers in
In this study, Hi-C assay was performed to investigate the chroma- the silkworm genome (Cheng et al. 2018), whereas the rule to
tin interaction in the silkworm genome, and epigenome, define target genes of enhancers according to their distance to
transcriptome, and biochemical assays were conducted in combi- the nearest TSS can hardly ensure high precision and recall. To
nation to comprehensively elucidate the roles and dynamic chan- overcome the limitation, both epigenetic and Hi-C data were com-
ge of enhancers. As revealed from our data, SEs existed in the bined to assign enhancers to target genes by taking their contact
silkworm genome and played vital roles in cell state maintenance. frequency into consideration, which was more accurate and com-
During BmNPV infection, desynchronization between chromatin prehensive with the capability to identify distant-acting enhancers
accessibility and enhancer marker H3K27ac took place concomi- (Figs. 2C, 4A-D, 7A-]). In addition, the enhancer-promoter map
tantly with chromatin interaction attenuation. Such changes of generated in this study can serve as the effective source to investi-
chromatin state led to the radical reorganization of the intrinsic gate adaptive regulation of gene expression in various status.
enhancer regulatory network, which disturbed the activation of The significant roles of SEs have been extensively reported in
antiviral genes and therefore promoted viral infection (Fig. 9). mammalian cells, although relevant studies in insects are sparse
These findings provide a novel insight into the relevance between and inchoate. Their existence and function have only been con-

chromatin state and genome-wide transcriptional regulation, and firmed in Drosophila, in which SEs were found to be related to the
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Figure 9. Summary of the roles of SEs and changes in enhancer regulatory network during BmNPV infection. SEs were clusters of enhancers with high
chromatin accessibility and densely enriched interacting factors. In BmN cells, SEs are associated with vital genes in cell state maintenance and ensure ro-
bust activation of them. Specifically repressing the regulatory activity results in reduced expression of these vital genes and therefore leads to cell death and
apoptosis. In uninfected cells, enhancers play a significant role in the activation of genes related to nucleosome assembly and BmNPV resistance. At the very
late stage of BmNPV infection, accessible regions and H3K27ac distribution become staggered, causing reduced activation potential of the intrinsic en-
hancer regions. Additionally, viral infection radically attenuates chromatin interaction, and these two changes jointly disturb the original enhancer regu-
latory network, leading to inadequate expression of antiviral genes and nucleosome assembly factors. Such deregulation facilitates viral infection and may
account for the increased accessibility mediated by BmNPV. This schematic is modeled on our data, and dotted lines indicate the possible underlying mech-
anisms based on extrapolation of data. The summary graph was generated using Adobe lllustrator CC 2018.

stage- and sex-specific gene expression in neurons, and might affect
the reproductive behaviors (Palmateer et al. 2021). This study is the
first to identify SEs in the silkworm and reveal their roles in vital bi-
ological processes, which expand the knowledge of SEs in insects.
Nevertheless, considering the robust activating ability of SEs and
the close relation between enhancer—gene contacts and the variable
chromatin state in diverse conditions (Dawson and Kouzarides
2012; Jia et al. 2017; Li et al. 2018, 2019; Sun et al. 2018; Zhang
and Cao 2019; Braga et al. 2020; Chang et al. 2020b; Vidaurre and
Chen 2021; Liang et al. 2022), the dynamic changes of the enhancer
regulatory network and the roles of SEs in insect disease, develop-

ment, sex determination, and biological and abiotic stresses remain
to be further investigated. In mammalian cells, the regulatory pat-
tern of SEs is different from that of TEs (Whyte et al. 2013; Sabari
et al. 2018). Our observation that JQ1 treatment suppressed the ex-
pression of SE-associated genes instead of TE-associated genes was
consistent with the results obtained in mammals, which supports
the surmise that the action mechanisms of SE and TE were different
in insects. However, the SE-specific functional factors and how they
act on the target promoters, in which phase separation and super-
enhancer RNA (seRNA) may play a certain role, remain elusive
(Hnisz et al. 2017; Xiao et al. 2021).
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In our previous study, a broad increase of chromatin accessi-
bility accompanied by nucleosome depletion was reported during
BmNPV infection, but the changes of accessibility are not positive-
ly correlated with alternations in gene expression (Kong et al.
2020). Here, this phenomenon was interpreted by the desynchro-
nization of epigenetic signatures. In uninfected cells, the enhancer
mark-enriched regions overlapped with ATAC-seq peaks (Fig. SA),
which indicated the high accessibility in enhancers, thus ensuring
the recruitment of TFs by these cis-elements for transcriptional reg-
ulation. After infection, the increased chromatin accessibility me-
diated by BmNPV was irregular and pathological. Consequently,
the two requisites for cis-activation were staggered (Figs. SA, 7A-
H), causing the declined activating potential of the open regions.
This discovery is consistent with our earlier observation that re-
gions with gained accessibility after infection were preferentially
enriched in the intergenic and intron regions, which show a lower
regulatory capacity. Restriction of nucleosome assembly is a com-
mon phenomenon during viral infection, which involves func-
tional inhibition of various host factors (Wang et al. 2008; Cevik
et al. 2017; Chen et al. 2022). In this study, genes responsible for
nucleosome assembly were down-regulated holistically after
BmNPV infection (Fig. 6C), which might account for the increased
accessibility. Nonetheless, whether it is related to the desynchroni-
zation of open regions and H3K27ac modification remains to be
further explored.

Hi-C assay on BmNPV-infected cells revealed a radical attenu-
ation of host chromatin interaction, which was the direct cause of
interrupted enhancer—promoter connections (Fig. 5B; Supplemen-
tal Fig. S6B). Containment of the host chromatin interaction has
also been reported for IAV (Heinz et al. 2018), although it is not
the only outcome of viral infection, such as EBV infection, which
forms chromatin loops to activate key oncogenes and inactivate
tumor suppressor genes (Jiang et al. 2017). Anyway, improved viral
infection is the consequence of almost all the virus-induced alter-
nations of host genome 3D architecture. However, although the
virus-induced changes of chromatin interaction have become
commonplace, such a global attenuation of host chromatin inter-
action during BmNPV infection is extremely rare. Regrettably, we
have little knowledge about the underlying mechanisms of
BmNPV-mediated abatement of chromatin interaction, that
would rearrange the enhancer—promoter interaction. Several pos-
sible causes may relate to the attenuated host chromatin interac-
tion, such as the competitive inhibition caused by the direct
interaction between the host and virus genome, partial insertion
of the viral genome into the host, and certain virus-encoded tran-
scripts or proteins. In addition, characterizing the altered function
of chromatin remodelers and the detailed process of host chroma-
tin marginalization during BmNPV infection may help to further
understand this topic.

Apart from the interaction between host chromatin, we also
detected the DNA interaction of the virus-host and virus-virus
(Supplemental Fig. S7A,B; Supplemental Tables S6, S7). These cat-
egories of DNA interactions have been reported in other viruses as
an approach to use host machinery for their own replication and
gene expression (Moquin et al. 2018; Moreau et al. 2018).
Because the replication, transcription, and assembly of baculovi-
ruses occur in the host nuclei, which require both viral and host
factors (Blissard and Theilmann 2018), the DNA connection be-
tween baculovirus and host may conduce to viral assembly and
egress. Homologous regions (hrs) are conserved and interspersed
repetitive sequences in the baculovirus genome (Cochran and
Faulkner 1983). They have been reported in earlier studies with

pivotal roles in viral DNA replication, progeny production, and
transcriptional enhancement (Guarino and Summers 1986; Hu
et al. 2022), in which the cis-interaction of viral genome is indis-
pensable. Therefore, deeper investigations on the roles of these cat-
egories of DNA interactions in baculovirus infection will shed light
on virus-host interaction and viral strategies to orchestrate their
life cycles by making changes to both host and viral genetic regu-
latory network.

Methods

Cell culture, virus strain, and infection

BmN cells were cultured at 27°C in SF900 II SFM (Gibco) supple-
mented with 3% fetal bovine serum (FBS; Gibco). The T3 strain
of BmNPV was maintained in our laboratory and used as the
wild-type (WT) virus. For infection, BmN cells were inoculated
with BmNPV (multiplicity of infection [MOI]=10) for 1 h at
27°C; then, the supernatant was replaced with fresh Sf-900 II
SFM medium, and this time point was defined as O h p.i.

Plasmids and transfection

The plasmid used for transient expression of HA-tagged BmBRD4
(gene ID 101735474) (Supplemental Fig. S3A), the plasmids for en-
hancer activity analysis (Supplemental Fig. S9B), the plasmid serv-
ing as the internal reference of the luciferase assays (Supplemental
Fig. S9A), and the plasmid PB-luc-Zeo (Supplemental Fig. S9C)
were generated from pNL1.1 (Promega E1001), pGL4.10 (Promega
E6651), and plZ/V5-His, which was preserved in our laboratory.
All insertion fragments of the plasmids were confirmed by se-
quencing in both directions, and sequences of the primers used
for plasmid construction are listed in Supplemental Table S1. Plas-
mid transfection was conducted using Lipo8000 (Beyotime
C0533) as described previously (Zhao et al. 2022). The details are
available in the Supplemental Methods.

Preparation and sequencing of BnBRD4 ChlP-seq libraries

BmN cells (5x107) were transfected with pIZ-BmBRD4-HA and
treated with DMSO or 0.5 pM of JQ1 at 48 h post transcription.
After 48 h of treatment, cells were cross-linked and lysed. The
sheared chromatin was immunoprecipitated by anti-HA antibody
(Abcam 9110) to generate the library for sequencing. The details
are available in the Supplemental Methods.

Data obtained from public databases

The ATAC-seq and ChIP-seq data except for BmBRD4 ChlIP-seq were
obtained from the NCBI BioProject database (https://www.ncbi.nlm
.nih.gov/bioproject/) under accession numbers PRJNA549316,
PRJNA628845, PRIDB1761, PRIDB2874, and PRJNA450142. The
RNA-seq data of silkworm tissues were obtained from the NCBI Se-
quence Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra/) un-
der accession numbers DRR030436, DRR030437, DRR030438,
DRR077427, DRR290110, SRR18045785, SRR25499146, and
SRR25700523.

Processing and visualization of ATAC-seq and ChIP-seq data

ATAC-seq and ChlIP-seq data were mapped to the reference B. mori
genome (SilkBase November 2016) (Kawamoto et al. 2019) using
Bowtie 2 (version 2.4.4) (Langmead and Salzberg 2012). MACS2
(version 2.2.7.1) was adopted for peak calling (Zhang et al.
2008), and deepTools (version 3.5.1) (Ramirez et al. 2014) was
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used for visualization of the sequencing data. The details are avail-
able in the Supplemental Methods.

Generation of in situ Hi-C libraries and analysis of sequencing
data

The Hi-C libraries were constructed as described in previous studies
(Raoetal. 2014). The DNA in the nuclei was digested by the restric-
tion enzyme Mbol, and the cohesive ends were marked with bio-
tin-14-dCTP. The marked DNA fragments were pulled down to
generate the library for sequencing.

For Hi-C analysis, the filtered data were mapped to B. mori ge-
nome (SilkBase) using Bowtie 2. ICE was used to generate the inter-
action matrix (Imakaev et al. 2012). The valid pairs were binned
into 10 kb to generate contact matrices. The reproducibility be-
tween the two replicates was represented by the Pearson correla-
tion coefficient and the stratum-adjusted correlation (Yang et al.
2017). Fit-Hi-C (version 2.0.8) was used to determine the signifi-
cant interactions with the cut off of FDR 0.01 (Ay et al. 2014).
The details are available in the Supplemental Methods.

Construction of enhancer maps

The ABC model was adopted to predict enhancer-gene connec-
tions, based on measurements of chromatin accessibility (ATAC-
seq), histone modifications (H3K27ac ChIP-seq), and DNA
interaction frequency (Hi-C), as previously described (Fulco et al.
2019). The quantitative effect of an enhancer depends on the fre-
quency with which it contacts a promoter multiplied by the
strength of the enhancer. First, the candidate enhancer regions
were defined using ATAC-seq peaks obtained by MACS2, and the
promoter regions were defined as —250 bp to 250 bp of the TSS.
Afterward, ATAC-seq and H3K27ac ChIP-seq reads in candidate en-
hancer regions were counted to quantify enhancer activity.
Finally, the ABC score for each enhancer—gene pair, which means
the enhancer regulatory effect to the gene, was computed by com-
bining enhancer activity and Knight-Ruiz normalized Hi-C con-
tact frequency between the pairs (Knight and Daniel 2013). The
default ABC score threshold of 0.02 was used as the cut value,
and only the enhancers within 5 Mb of each gene were considered.

Identification of SEs

SEs were identified according to the protocol described previously
(Whyte et al. 2013). Briefly, enhancers within 12.5 kb are grouped
together as a cluster using BEDTools (version 2.30.0) (Quinlan and
Hall 2010). Afterward, all clusters were ranked by increasing total
background-subtracted ChIP-seq occupancy of H3K27ac, and the
H3K27ac signal intensity was plotted. The plot revealed a clear
point in the distribution of enhancers where the occupancy signal
began increasing rapidly. To geometrically define this point, the
data were scaled so that the x- and y-axes were from zero to one,
and a point was found for which a line with a slope of one was tan-
gent to the curve. Enhancers above this point were defined as SEs,
and enhancers below this point were TEs.

RNA sequencing and data analysis

BmN cells (1 x 10°) with indicated treatments were harvested, and
total RNA of the cells was extracted to generate the library for se-
quencing. Three independent libraries of each treatment were an-
alyzed. Mapped reads at the exons of each gene were counted via
featureCounts, which is a part of Subread (version 2.0.1) (Liao
et al. 2014). The read counts were normalized as fragments per ki-
lobase of exon model per million mapped fragments (FPKM) using
a custom R script (Supplemental Code; R Core Team 2022).

Differential expression analysis of two groups was performed using
R package DESeq2 (version 1.28.1) (Love et al. 2014). The details
are available in the Supplemental Methods.

GO and KEGG analysis

For functional analysis of enhancer-associated and SE-associated
genes, GO annotations were obtained from R package GO.db
(version 3.11.4) (https://bioconductor.org/packages/release/data/
annotation/html/GO.db.html), and KEGG annotations were
downloaded from the KEGG database (Kanehisa and Goto 2000).
The R package clusterProfiler was applied to automate the process
of biological-term classification and the enrichment analysis of
gene clusters (Yu et al. 2012).

Apoptosis detection and cell viability assay of BmN cells

Apoptosis state was determined using the Annexin V-FITC/PI apo-
ptosis detection kit (Vazyme A211) according to the manufactur-
er’s instructions. Cell viability was determined using the cell
counting kit-8 (Beyotime C0038) according to the protocol provid-
ed by the manufacturers. The details are available in the
Supplemental Methods.

Gene silencing

To silence the genes of interest, we used RNAi by generating
dsRNAs synthesized in vitro using the T7 RNAI transcription kit
(Vazyme TR102) according to the manufacturer’s instructions.
Plasmid transfection was conducted using LipoRNAi (Beyotime
C0535) as described previously (Zhao et al. 2022). The details are
available in the Supplemental Methods.

gRT-PCR analysis

BmN cells (1 x 10°) were treated as indicated. Total RNA of the cells
was extracted, and the first-strand ¢cDNAs were synthesized.
Reactions were run on a real-time PCR thermal cycler (Bio-Rad).
Bmrpl32 (gene ID 778453) was used for normalizing the data.
Three technical replicates for each of the three biological replicates
per treatment were analyzed using the 27**“t method to calculate
the relative expression levels of selected genes. The details are
available in the Supplemental Methods.

Analysis of viral growth curve and genome copies

Viral growth curve and genome copies analysis was conducted as
described previously (Zhao et al. 2022). The titers of BV were deter-
mined by TCIDs, end point dilution assay in BmN cells (Kédrber
1931). Three biological replicates were analyzed for each group.
Viral gDNA copies were determined by quantification of the viral
gene gp41 (gene ID 1488698) by qPCR. Bmrpl27 (gene ID
692703) served as an internal normalization control, and the 0-h
sample was used as input to normalize the data. Three technical
replicates for each of the three biological replicates were analyzed
for each group. The details are available in the Supplemental
Methods.

Luciferase assays

Dual luciferase reporter assay was performed using Nano-Glo dual-
luciferase reporter assay system (Promega N1610) according to the
manufacturer’s instructions. The luminescent signal was measured
by a microplate reader (Bio Tek), and the relative light units were
normalized using the firefly luminescence to indicate the promot-
er activity. Two technical replicates for each of the three biological
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replicates per treatment were analyzed. The details are available in
the Supplemental Methods.

Immunofluorescence

BmN cells transfected with pIZ-BmBRD4-HA on the coverslips
were fixed, permeabilized, and blocked. Then, the cells were incu-
bated with anti-HA anti-body (Abcam 9110), secondary FITC-con-
jugated antibody (Sangon D110068), and DAPI (Beyotime C1005)
successively for confocal scanning. The details are available in the
Supplemental Methods.

Western blot

Western blot was conducted as described previously (Zhao et al.
2022). The details are available in the Supplemental Methods.

Data access

All raw sequencing data generated in this study have been submit-
ted to the NCBI BioProject database (https://www.ncbi.nlm.nih
.gov/bioproject/) under accession numbers PRJNA949399,
PRJINA949409, and PRINA1005022.
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