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Abstract

Viruses hijack cellular functions, primarily including the transcription machinery, through epigenetic mechanisms
such as chromatin dynamics and Histone Post-Translational Modifications (HPTM). The spatial organization of
chromatin is known to be highly dynamic in response to environmental stresses. In this review, we focus on our
recent work demonstrating the dynamics of higher-order chromatin organization in response to influenza virus
infection. We focused on the H4K20 trimethyltransferase Suv4-20h2, which interacts with cohesin in the uninfected
condition. Upon viral infection, Suv4-20h2 binds to the viral protein and supresses its binding to cohesin. As a result,
cohesin is loaded into a specific genomic region and a chromatin loop is formed in that region, resulting in gene
expression that promotes viral replication. Inhibiting the binding of viral proteins to Suv4-20h2 is a potential
therapeutic target for viral infections. In addition, H4K20me3 levels are rather decreased in non-infected patients
with lung cancer and chronic lung disease, suggesting that H4K20me3 may be a biomarker for worsening viral
infection. Thus, the dynamics of higher-order chromatin structures in response to viral infection may serve as a
therapeutic target and biomarker for infectious diseases.
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Virus hijacks cellular functions such as epigenetic transcriptional
machineries, which are primarily regulated by chromatin dynamics,
DNA methylation, Histone Post-Translational Modifications (HPTM)
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transcription (Figure 1) [1-3]. Individual TADs/loops are marked with
active (e.g. H3K27ac, H3K4me3) or repressive (e.g. H4K20me3,

H3K9me3, H3K27me3) histone modifications, which contribute to the Figure 1: .Chromatin higher-order  structure. Chromatin 3D
epigenetic transcriptional regulation structure consists of A/B compartments, TADs, chromatin loops,

nucleosomes and DNA. The magnification of the representation is 100
Accumulating evidence suggests that DNA boundary factors CTCF [ Mbp, 10 Mbp, 1 Mbp, 100 Kbp, 100 bp, and 10 bp. Modified from
and cohesin are essential for the formation and maintenance of |reference 3.
chromatin interaction domains [4-7]. The cohesin complex plays
important roles in many aspects of chromosome biology, including not
only sister chromatid binding, but also the regulation of transcription : . A a .
[8,9]. Cohesin is composed four core subunits, RAD21, SMC1, SMC3 contributes to or modplates the 1.nfect10us d1seas§ pathogenesw [20].
and STAG proteins [9]. According to the loop extrusion model, The RNA genome of 1pﬂuenza Vlruses.does not directly mtegrate 1.nto
cohesin plays a pivotal role in loop formation by loading into the the host chromatin, as it does for retroviruses or the Epstein—Barr virus

CTCF binding site (CTCF-BS). This is regulated by factors that [29’21]' .In this réview, we describ§ hoslt chr(.)matin. dynamicg and
control cohesin loading (e.g. NIPBL and MAU2) and unloading (e.g. epigenetic regulation of 1nﬂuen.za virus infection, with a particular
WAPL and its binding partner PDS5) [10-12]. Recent studies have focus on the role of the H4K20 trimethyltransferase Suv4-20h2.
suggested cohesin-mediated CTCF loop formation in various loci,

including those of the immunoglobulin, f-globin, interferon gamma, Epigenetic Control in Influenza Virus Infection
IGF2-H19 and HOXA genes [7,13-19].

The 3D structure of chromatin is known to be highly dynamic,
although it remains largely unknown how chromatin dynamics

Recent studies have revealed that Nonstructural protein 1 (NS1) of
influenza A H3N2 subtype has a histone-like sequence and is modified
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by host histone modifying enzymes. The modified NS1 histone-like
protein inhibited binding of the PAF1 transcription elongation
complex to host histones, resulting in suppression of antiviral gene
expression [22]. Histone Deacetylases 1 and 2 (HDACI1 and HDAC2)
have been shown to be required for antiviral responses by the virus;
expression of HDAC1 and HDAC?2 is downregulated at both mRNA
and polypeptide levels in influenza virus infection [23,24]. HDAC
proteins control phosphorylation of Signal Transducer and Activator 1
(STAT1) and expression of interferon-stimulated genes (ISGs). Virus
protein NS1 suppresses expression of interferon-stimulated genes
through regulation of active H3K4me3 and repressive H3K27me3
levels [25]. The methylation state of H3K79 is elevated by influenza
virus replication and regulates antiviral responses such as interferon-
mediated signaling [26]. In addition, viral NS1 also induces read-
through transcription and changes in chromatin structure; transcription
elongation by RNA polymerase II has been shown to remodel the 3D
genome structure during influenza virus infection [27].

Critical Role Of Suv4-20h2 In Influenza Virus
Infection

Recently, we have shown that the H4K20 trimethyltransferase
Suv4-20h2 protects against influenza virus infection by regulating
cohesin-mediated chromatin loop formation [28].

Suv4-20h2 supresses influenza virus replication

Suv4-20h1 and Suv4-20h2 are two homologous enzymes that
methylate H4K20; Suv4-20hl is responsible for dimethylation of
H4K20 (H4K20me2) and Suv4-20h2 for trimethylation of H4K20
(H4K20me3) [29]. Loss of Suv4-20h2 is associated with loss of
genomic integrity, increased senescence and telomere de-repression
[30-32]. Suv4-20h2 was known to interact with cohesin [33]. H4-tail
proteomics analysis demonstrated that H4K20me3 levels in lung
tissues decreased over time following influenza viral infection,
whereas H4K20mel or H4K20me?2 levels were unchanged [28]. We
tested the effect of Suv4-20h deficiency on influenza viral infection
using WT, Suv4-20h1 knockout (h1 KO), Suv4-20h2 KO (h2KO) and
Suv4-20h1/Suv4-20h2  double-KO (dKO) Mouse Embryonic
Fibroblasts (MEFs). H4K20me2 and H4K20me3 were lost in h1 KO
and h2 KO/dKO cells, respectively [29]. h2KO and dKO cells showed
higher viral replication compared to WT or h1 KO. These data suggest
that loss of Suv4-20h2 promotes influenza virus replication in MEFs
[28].

Influenza virus protein interacts with Suv4-20h2 and
reduces its H4K20me3 activity

The Suv4-20h2 protein has two functional domains: the catalytic
SET domain and the Clamp domain. The SET domain catalyzes
H4K20me3, while the Clamp domain is responsible for binding to
Heterochromatin Protein 1 (HP1) and recruitment of Suv4-20h2 to
pericentric heterochromatin [33]. We showed that the SET domain of
Suv4-20h2 interacts with influenza virus proteins (e.g. NP and PB2).
In addition, Suv4-20h2, especially the SET domain, plays a role in
inhibiting influenza virus replication. Furthermore, binding of viral NP
proteins to the SET domain reduces the H4K20me3 activity of
Suv4-20h2. Thus, upon infection, Suv4-20h2 binds to the viral
protein, resulting in the inactivation of Suv4-20h2 [28].

Cohesin loads to the HoxC cluster upon influenza virus
infection

Suv4-20h2 binds cohesin and has been shown to mediate
chromocenter clustering [33]. In the uninfected condition, Suv4-20h2
interacts with heterochromatin-related proteins such as Rad21, Smcl,
Smc3 (part of the cohesin multimer), Ezh2, CTCF, Nup98 and
LaminB1. Viral infection suppressed the interaction of Suv4-20h2
with Rad21 and Smcl. Thus, cohesin is selectively detached from
Suv4-20h2 by virus infection [28]. We found that influenza virus
infection increased mRNA expression of transcription factors HoxC8,
HoxC6, and HoxC5. Since Suv4-20h2 interacts with Ezh2, a core
subunit of Polycomb Repressive Complex 2 (PRC2), we examined the
binding profile of H3K27me3 that is a catalytic prodyct of Ezh2.
H3K27me3 bound to the entire HoxC cluster in the uninfected WT
cells, whereas binding was reduced at HoxC8-HoxC4 in virus-infected
WT and dKO cells. In contrast, active H3K27ac bound to HoxC8-
HoxCS5 in virus-infected WT and dKO cells, but not in uninfected WT
cells. For binding of H3K27me3 and H3K27ac, virus-infected WT
cells showed a similar pattern as dKO cells. ChIP-seq also showed that
bindings of CTCF and Rad21 are observed in the intergenic region
between HoxC9 and HoxC8 (C9|8) and between HoxC6 and HoxC5
(C6|5). The results showed that inactivation of Suv4-20h2 by viral
infection or gene deletion results in specific overlap of active
(H3K27ac) and repressive (H3K27me3) histone markings on the
HoxC cluster and exclusive activation in the C9|8 to C6|5 region [28].
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Figure 2: Suv4-20h2 protects from influenza virus infection
through suppression of chromatin loop formation. A possible
mechanism involved in Suv4-20h2 and cohesin-mediated loop
formation at the HoxC8-C6 cluster in virus infection, is shown.
Modified from reference 28.

As described above, cohesin proteins (Rad21 and Smcl)
dissociated from Suv4-20h2 upon viral infection. ChIP-qPCR showed
that in dKO and virus-infected WT cells, binding of Rad21 and Smcl
to the putative loop boundaries (C9|8 and C6|5) was increased. Thus,
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Suv4-20h2 most likely acts as an alternative cohesin unloading factor
in a specific region (e.g. HoxC8-HoxC6). Inactivation of Suv4-20h2
by viral infection or gene deletion leads to active loop formation in
HoxC8-HoxC6 through loading of cohesin into this region (Figure 2)
[28].

HoxC8 and HoxC6 enhance viral replication through
suppression of Wnt/B-catenin signalling

Knockdown of HoxC8 and HoxC6 significantly reduced viral
replication [28]. Recent studies have shown that Wnt/B-catenin
signaling is regulated by HoxC8 [34-36]. Consistent with this, genes
in the Wnt/B-catenin pathway, such as secreted Frizzled-Related
Protein 2 (sFRP2), were found to be highly expressed in Suv4-20 dKO
MEFs [28]. sFRP2 is known to suppress Wnt signaling [37,38]. On the
other hand, B-catenin inhibits influenza virus replication by promoting
interferon-mediated responses [39]. p-catenin functions as a
transcriptional regulator along with members of the T cell factor/
Lymphoid enhancer factor (Tcf/Lefl) family [40]. Recent studies have
shown that the promoter region of Interferon regulatory factor 8 (Irf8)
contains a consensus binding site for Tcf/Lefl, suggesting that Irf8
may be a target of Wnt/B-catenin signaling [41]. Active B-catenin
accumulated in the nucleus following influenza viral infection in WT
MEFs. In contrast, the nuclear accumulation of active B-catenin was
reduced in the virus-infected dKO MEFs. Furthermore, treatment with
recombinant sFRP2 protein suppressed nuclear transfer of active f3-
catenin and expression of Irf8§ in virus-infected cells, while
simultaneously increasing virus replication. Thus, HoxC8-HoxC6
promotes viral replication through sFRP2-mediated repression of f3-
catenin-Irf8 signaling [28].

Deletion of Suv4-20h2 exacerbates the pathology of
influenza viral infection in mice

Deletion of Suv4-20h2 enhanced viral replication and exacerbated
the pathology of influenza viral infection in vivo. Compared with WT,
the h2 KO mice showed reduced survival, impairment of lung
histology with severe pulmonary inflammation, and higher viral
replication. Consistent with MEFs, compared with uninfected WT, h2
KO and infected-WT mice showed greater mRNA expression of
HoxC8 and HoxC6 and lower Irf8 in lung tissues. Thus, HoxC8-
HoxC6 mediated suppression of IFN signaling appears to enhanced
viral replication in h2 KO mice [28].

Human lung cancer with lower Suv4-20h2/H4K20me3
enhances influenza viral replication

Recent studies have shown that influenza and Coronavirus Disease
2019 (COVID-19) are more severe and have higher mortality rates in
patients with underlying diseases such as cancer [42-44].
Immunocompromised states due to cancer or its treatment are thought
to be related to more severe pathology of virus infection. On the other
hand, we and others demonstrated that H4K20me3 levels are reduced
in breast cancer, colon cancer and lung cancer [45-47]. We have
established an association between decreased Suv4-20h2/H4K20me3
and increased expression of HoxC6 and HoxC8. This has been
reported for human cancer tissues, including prostate, cervical and
esophageal cancers [48-51]. Our data showed that human lung cancer
cells showing those changes are found enhanced viral replication,
suggesting that Suv4-20h2 mediated chromatin dynamics might be a

link to the process by which influenza virus infection becomes severe
in patients with cancer [28].

Discussion and Conclusion

Suv4-20h2 binds to influenza virus proteins, and supresses binding
to cohesion, which apparently triggers cohesin-mediated loop
formation. In addition, repressive H3K27me3 and active H3K27ac
marks show exclusive distribution, establishing selective expression at
the HoxC locus. Thus, Suv4-20h2 is an alternative cohesin unloading
factor at specific sites under conditions such as influenza virus
infection. Furthermore, human cancer cells with reduced Suv4-20h2/
H4K20me3 levels and increased expression of HoxC6 and HoxC8
promote viral replication. This indicates that host epigenetic factors
may indeed contribute to the severity of respiratory viral infections
(e.g. influenza, COVID-19) in cancer patients. Collectively, the
dynamics of higher-order chromatin structures in response to viral
infection may serve as a therapeutic target and biomarker for
infectious diseases.
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