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Abstract

One of the defining characteristics of human and animal viruses is their ability to suppress host
antiviral responses. Viruses express proteins that impair the detection of viral nucleic acids by host
pattern-recognition receptors, block signaling pathways that lead to the synthesis of type |
interferons (IFN) and other cytokines, or prevent the activation of virus-induced genes. We have
identified a novel mechanism of virus-mediated suppression of antiviral gene expression that relies
on the presence of histone-like sequences (histone mimics) in viral proteins. We describe how viral
histone mimics can interfere with key regulators of gene expression and contribute to the
suppression of antiviral responses. We will also describe how viral histone mimics can facilitate
the identification of novel mechanisms of antiviral gene regulation and lead to the development of
drugs that employ histone mimicry for interference with gene expression during diseases.

Introduction

Viral infection leads to a rapid onset of two major mutually antagonistic processes.
Encounter of human or mouse cells with virus results in rapid activation of intracellular
signaling networks that trigger expression of genes responsible for the elimination of the
virus and the establishment of lasting antiviral immunity (Katze et al. 2002; Garcia-Sastre
and Biron 2006; Kawai and Akira 2006). In turn, viruses can target the antiviral signaling
events for the benefit of virus replication and long-term virus propagation (Katze et al. 2002;
Garcia-Sastre and Biron 2006; Kawai and Akira 2006).

In the nucleus, the virus-host antagonism evolves around key regulatory processes that
govern gene transcription and DNA replication. The structural and non-structural proteins of
numerous viruses accumulate in the nuclei of infected cells, where they interact with the
distinct chromatin proteins, including histones, transcription factors as well as regulators of
DNA repair, cell cycle transition, mRNA splicing, export and catabolism (Nemeroff et al.
1998; Ballestas et al. 1999; Friborg et al. 1999; Fujimuro et al. 2003; Krug et al. 2003; You
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et al. 2004; Zhao and Elder 2005; Satterly et al. 2007; Ashour et al. 2009; Colpitts et al.
2011; Fonseca et al. 2012; Banerjee et al. 2013).

One of the most common anti-host viral strategies involves the disruption of the host
protein-protein interactions by viral mimics of cellular proteins (Elde and Malik 2009;
Davey et al. 2011; Tarakhovsky 2013). In particular, the inherent functions and properties of
host signaling and regulatory networks make them extremely attractive targets for viral
mimic-derived interference. For one, such networks typically rely on highly specific and
dynamic protein-protein interactions to be able to quickly transmit information within the
cell (Smock and Gierasch 2009; Stein et al. 2009). This is in part supported by the utilization
of low affinity protein-protein interactions that involve compact (3—20 amino acid long),
degenerate and evolvable modules that have been defined as Short Linear Motifs (SLIMs)
(Diella et al. 2008; Davey et al. 2012; Edwards et al. 2012; Van Roey et al. 2012; Weatheritt
et al. 2012a; Weatheritt et al. 2012b; Van Roey et al. 2013). Most of the binding specificity
and affinity of a SLiM is embedded within a 2-5 residue-long core of amino acids. This
paucity of amino acids limits the strength of SLiM-mediated interactions to a relatively low
affinity range (1-150 pM) that supports transiency and reversibility of SLiM mediated
protein-protein binding (Diella et al. 2008; Davey et al. 2012; Edwards et al. 2012; Van Roey
et al. 2012; Weatheritt et al. 2012a; Weatheritt et al. 2012b; Van Roey et al. 2013; Dinkel et
al. 2014).

The described features of SLiMs match well the features of the short protein binding
sequences within the amino-terminal (N-terminal) domains of histone proteins (histone tail).
The histone tail could be viewed as a collection of multiple overlapping SLiMs, with each
motif (and its modification state) functioning as a discrete unit of information for histone-
binding proteins (Fischle et al. 2003; Ruthenburg et al. 2007; Taverna et al. 2007). This
feature of the histone tail may contribute to its unique capability to facilitate binding of
numerous non-histone proteins. However, the minimal size of the interacting histone
sequences can potentially compromise the specificity. Therefore, it is tempting to speculate
that histone tail-dependent formation of the chromatin complexes relies on a kinetic
proofreading mechanism that has been initially introduced by Hopfield (Hopfield 1974) and
Ninio (Ninio 1975) as a mechanism for error correction in biochemical processes. The
proofreading mechanism connects the small differences in binding energy of interacting
partners and the amount of extra free energy required to generate the desirable reaction
product. When undesirable reactants participate in a reaction, free energy consumption
drives molecular circuits in cycles before completing the reaction (Hopfield 1974; Ninio
1975). It is plausible that the shortness of the histone tail and, even more, the minimal size of
the functionally distinct histone tail sub-domains, e.g. H3K4 vs H3K9 vs H3K27, increases
the length of time and amount of energy required for formation of functional transcription
complexes. While it is important to keep the error rates of transcription complex assembly
low, the potential multiplicity of the error-correcting cycles may increase the potentially
damaging effect of “foreign” histone-like sequences that, by competing with cognate histone
sequences, may prolong proofreading at the expense of cell fitness. In essence, while highly
useful for the diversity of the chromatin complexes, the paucity of the amino acid sequence
within the histone tail may create an opportunity for interference with the histone-based
chromatin complexes by endogenous or exogenous histone-like SLiMs.
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Here we provide evidence for the existence and functional relevance of viral histone mimics.
We also show that synthetic compounds that resemble histone mimics are able to interfere
with the formation of transcription protein complexes and gene expression in cells of various
types. Our studies suggest that targets of pathogen-derived or synthetic histone mimics can
lead to identification of critical regulators of gene expression associated with inflammatory
and viral diseases.

Results and Discussion

The endogenous and exogenous histone mimics

The existence of the histone-like SLiMs (histone mimics) in non-histone proteins has been
initially demonstrated in our earlier findings that show the presence of the histone H3-like
sequence within the histone methyltransferase G9a that catalyzes di-methylation at lysine 9
of histone H3 (Sampath et al. 2007). G9a bears a 163-ARKT-166 motif that strongly
resembles the 7-ARKS-10 motif of its target H3 target residue (Figure 1A, left). Consistent
with the presence of the histone mimic, G9a can auto-methylate itself on lysine 165
(Sampath et al. 2007) and this methylation facilitates the formation of the G9a bound
repressor complex with chromodomain-containing protein, HP1y (Figure 1A, right)
(Sampath et al. 2007). The H3-like sequence in G9a is conserved in its homologue and
hetero-dimerization partner GLP (Figure 1A, left) (Tachibana et al. 2005; Sampath et al.
2007), although the two proteins share relatively poor primary sequence conservation in
their N-terminal domains. The initial discovery of the histone mimics in G9a/GLP led to
identification of numerous histone mimics in nuclear and non-nuclear proteins, where these
mimics contribute to protein-protein interaction or protein stability (Lee et al. 2010; Donlin
et al. 2012; Lee et al. 2012; Badeaux and Shi 2013; Shi et al. 2014).

The compactness and intrinsic evolutionary plasticity of SLiMs, including those that are
present within histones, make them easy to imitate, thus enabling pathogen-derived SLiMs
to compete with the host counterparts. The viral histone mimicry has been initially
demonstrated by identification of the histone H3-like sequence within the carboxy-terminal
(C-terminal) portion of the non-structural protein 1 (NS1) derived from the H3N2 subtype of
influenza A virus (Marazzi et al. 2012). We found that the C-terminal domain of the NS1
protein carries the sequence 226-ARSK-229 (yellow) that resembles the first 4 amino acids
of the histone H3 protein 1-ARTK-4 (red; Figure 1B, top). Strikingly, both of these
sequences were localized to the unstructured terminal domains of their respective proteins,
indicating that the NS1 histone-like sequence is present within a similarly disordered
structural context as the histone H3 tail.

The NS1 protein plays a key role in virus propagation by suppressing the type I IFN
response during influenza infection (Garcia-Sastre et al. 1998; Wang et al. 2000).
Interestingly, amongst the 2753 unique full-length NS1 sequences obtained from the
Influenza Virus Resource (Bao et al. 2008), the H3N2 subtype of viruses appears to be the
predominant carrier of the bona fide histone H3K4-like sequence. In contrast, “tails” of NS1
proteins from other influenza subtypes vary significantly and display either no recognizable
motifs or possess highly specific motifs such as PDZ ligand (PL) motifs (Obenauer et al.
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2006; Jackson et al. 2008; Thomas et al. 2011) or the sumoylation sequence within the NS1
tail of the HIN1 (1918) influenza A virus (Table 1) (Santos et al. 2013).

This NS1 tail diversity may contribute to unique features of the individual virus subtypes.
The NS1 C-terminal tail domain has previously been implicated as a virulence factor for
some avian influenza A viral isolates (Jackson et al. 2008). The PL motifs ESEV and EPEV,
found in the NS1 C-terminus from multiple avian-derived influenza strains, have been
associated with several highly-pathogenic human isolates such as H5N1 1997 and H5N1
2003 respectively (Obenauer et al. 2006; Jackson et al. 2008; Thomas et al. 2011). These PL
motifs enable viral interference with the apoptotic death of the infected cells, thus
contributing to viral virulence (Golebiewski et al. 2011). Contrary to the avian viruses, the
commonly circulating and relatively low-pathogenic human viruses predominantly contain
PL motif sequences RSKV (H3N2 isolates) or RSEV (H1N1 isolates) that do not bind to
known PDZ domain containing proteins (Obenauer et al. 2006; Thomas et al. 2011).
Furthermore, the overall loss of the NS1 C-terminal tail from low-pathogenic viruses
resulted in major attenuation of the virus (Jackson et al. 2008).

In the H3N2 strain, the presence of the histone mimic may contribute to the unique ability of
the virus to compete with the cognate histone sequences for their common binding partners,
including those that play an important role in regulation of antiviral gene expression. In
support of this model, we found that both the histone H3 tail and the H3N2 NS1 tail bind in
a sequence-dependent fashion to the Pafl component of the polymerase-associated factor 1
complex (Paf1C) that contributes to RNA elongation, as well as other co-transcriptional
processes (Marazzi et al. 2012). As expected, the NS1 tails from influenza H5N1 (Marazzi
et al. 2012) and H1N1 (Marazzi and Tarakhovsky, unpublished data) that do not carry the
histone mimic did not bind to Pafl.

Overall, the NS1 tail could be viewed as a highly interactive internally disorganized motif,
where amino acid variations contribute to target specificity and hence to the unique features
of individual virus subtypes. One of the extreme extensions of this model is that the diversity
of the entire NS1 tails collection of the global influenza pool matches the diversity of the
histone tails, as well as other “tail”’-like disordered structures in other host proteins. This
feature of NS1 may support the influenza subtypes ability to choose their optimal strategy
for the host-pathogen interaction, based on the genetic and epigenetic state of the infected
host during the emergence of infection. In turn, the counter-selection against certain viral
subtypes, including some of the NS1 tail-less viruses, could be explained by the inability of
NS1 to match the host factor(s), including those localized in the cell nucleus. Most
provoking could be a consideration of the existence of the unique host-binding partner(s) for
the sumoylated NS1 of the 1918 Spanish flu that was “removed” from the human population
due to the exceptionally high morbidity of the Spanish influenza.

Viral “histone mimics” reveal novel regulators of antiviral response

NS1 binding to Pafl, while apparently specific for H3N2, may offer a clue for understanding
of the general mechanism that governs antiviral transcriptional responses. Pafl is an obligate
member of the multi-protein Pafl complex that contributes to RNA elongation (Kim et al.
2010) in addition to other co-transcriptional processes. The latter include transcription-
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coupled histone modifications (Wood et al. 2003; Kim and Roeder 2009; Hahn et al. 2012)
and regulation of MRNA 3" end processing (Mueller et al. 2004; Penheiter et al. 2005;
Nordick et al. 2008; Rozenblatt-Rosen et al. 2009; Nagaike et al. 2011). In particular, the
Paf1C has been shown to impact monoubiquitylation of histone H2BK120 in human cells,
by promoting recruitment of the ubiquitin-conjugating enzyme Rad6 and the ubiquitin
protein ligase Brel to chromatin (Wood et al. 2003; Kim and Roeder 2009). Rad6/Brel
mediated monoubiquitylation of H2BK120 facilitates H3K4 tri-methylation and H3K79 di-
methylation by the Setl/MLL-1 and Dotl complexes respectively (Dover et al. 2002; Sun
and Allis 2002; Kim and Roeder 2009; Nakanishi et al. 2009).

By binding to Pafl the NS1 protein has the potential to interfere with multiple
transcriptional processes, including those that support antiviral gene expression (Figure 1B,
bottom). Indeed, truncation of the Pafl-binding NS1 sequence decreased virus ability to
suppress antiviral gene expression and attenuated influenza infectivity /n vitro (Marazzi et
al. 2012). Conversely, the association with NS1 points to an important role of Paf1C in
antiviral transcriptional response.

In a course of cell infection with the influenza virus that lacks NS1 and hence does not
interfere with Paf1 function, Pafl is recruited de novoto approximately 200 genes
associated with antimicrobial and antiviral response, including numerous type I/111 IFN
stimulated genes (ISGs; Figures 2A-C). The virus-induced recruitment of Pafl correlates
with recruitment of RNA Poll 11 and an increase in Paf1 bound gene expression levels
(Figures 2C-E). Accordingly, the siRNA mediated knock-down of Pafl suppressed
selectively the expression of genes that recruit Pafl during infection, but did not affect the
expression of the majority of the approximately 10,000 genes that bind Pafl in a non-
inducible fashion (Figure 2F).

The ability of the NS1 histone mimic to interact with host nuclear proteins could be
expanded by its post-translational modification. Similar to histone H3, the lysine residue
within the NS1 histone mimic could be acetylated or methylated in influenza infected cells
(Marazzi et al. 2012). While this methylation appears to have no obvious impact on the
NS1-Pafl interaction, the lysine methylation of NS1 supported its interaction with the
chromatin remodeling protein Chd1 (Marazzi et al. 2012). Moreover, the affinity of the
methylated NS1 interaction with Chd1 is nearly equal to the affinity of Chd1l binding to the
methylated lysine 4 of histone H3. Despite tight association of Chd1 with NS1, the siRNA-
mediated deficiency of Chd1 had no effect on virus-induced gene expression. However,
combined Pafl and Chd1 deficiencies resulted in a nearly complete abrogation of antiviral
gene expression and 50-fold increase in influenza virus replication /n vitro (data not shown).
The major negative and cumulative effect of Chd1 and Pafl deficiencies on antiviral defense
may reflect the Chd1 and Paf1C interaction (Simic et al. 2003) that has been implicated in
control of pre-mRNA splicing (Sims et al. 2007). NS1 interaction with Chd1 may provide
the virus with the access to the host splicing machinery and contribute to viral mMRNA
splicing and hence to viral replication (Chua et al. 2013).

The Paf1C and associated proteins contribute to replication of the human adenovirus
(HAdV). During HAdV infection, E1A recruits the Paf1C to the viral genome via Brel, thus
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promoting viral early gene expression (Fonseca et al. 2013). The interaction of E1A with
Brel was also shown to inhibit the expression of IFN and I1SGs, suggesting that Rad6/Brel
mediated ubiquitylation of H2BK120 was important for the expression of these genes
(Fonseca et al. 2012). Given that the Paf1 complex also facilitates Rad6/Brel activity, these
data support the notion that the Paf1C and its related activities are key regulators of
inflammatory response. Binding of the HIV protein TAT to Paf1C has also been implicated
in generating the permissive transcription environment for HIV replication (Sobhian et al.
2010). Reduced levels of HIV pro-viral integration in cells that over-express Pafl
highlighted the importance of Pafl expression in the HIV viral life cycle (Liu et al. 2011).

Functional similarity between synthetic and natural histone mimics

The important role of Paf1C in up-regulation of virus-inducible gene expression
corroborates well with earlier data that showed the key role of transcriptional elongation in
inflammatory gene expression. RNA elongation depends greatly on the signal-induced lysine
acetylation of histone H3 and H4 at gene promoters followed by the acetylated histone
association with bromodomain and ET domain (BET) family of proteins (Hargreaves et al.
2009). The interaction between BET and acetylated histones is mediated by the evolutionary
conserved ~ 110aa long bromodomain, which is present in each of the two tandem arranged
modules (BDI and BDII) in BRD4, as well as related BRDT, BRD2 and BRD3 proteins of
the BET family (Dey et al. 2000; Dey et al. 2003; Kanno et al. 2004; Huang et al. 2007). The
mechanism by which individual BETs contribute to gene regulation is not fully understood.
BRD4 is the only BET protein that links acetylated chromatin to the P-TEFb complex that
mediates the signal-induced phosphorylation and activation of RNA Pol Il (Jang et al. 2005;
Yang et al. 2005; Hargreaves et al. 2009; Zhou et al. 2012). The BET proteins can also
contribute to RNA synthesis by a bromodomain independent association with Paf1C as well
as with numerous effector proteins such as NSD3, a SET domain-containing histone
methyltransferase; JMJD6, a histone arginine demethylase; or Chd4, a catalytic component
of the NuRD nucleosome remodeling complex (Rahman et al. 2011; Liu et al. 2013).

We were the first to demonstrate the powerful anti-inflammatory effect of synthetic
antagonists of BET bromodomains (Nicodeme et al. 2010). The pharmacological inhibitor of
BET proteins that we named I-BET, binds to the acetylated lysine-binding pockets of BET
proteins and prevents these proteins from interacting with their cognate acetyl-lysine ligands
(Nicodeme et al. 2010). In addition to suppression of inflammatory genes, the inhibitor of
BET proteins (I-BET) possess a remarkable capacity to inhibit expression of numerous
inducible genes, including those that are driven by transcription factors such as c-Myc in
tumor cells (Dawson et al. 2011; Delmore et al. 2011; Zuber et al. 2011; Loven et al. 2013),
NFkB in macrophages (Nicodeme et al. 2010; Belkina et al. 2013) or OCA-B in B cells
(Chapuy et al. 2013). In a certain sense, I-BET appears as a chemical equivalent of a histone
SLiM and hence could be qualified as a synthetic histone mimic.

We found that similar to Paf1C, the BET proteins play an important role in regulation of
antiviral gene expression and antiviral defense. Incubation of A549 cells with I-BET resulted
in greatly attenuated expression of 18 and 256 genes induced by infection with influenza A
PR8/ANS1I at 4 hours and 12 hours post infection, respectively (Figure 3A). The impact of I-
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BET on antiviral gene expression reflects the ability of the inhibitor to suppress expression
of the virus-induced type I/111 IFN genes as well as multiple ISGs. Incubation with I-BET
led to down- regulation of 45 and 75 ISGs in A549 cells treated with IFNp at 4 hours and 12
hours post stimulation, respectively (Figure 3B). The suppressive effect of I-BET on
antiviral gene expression was associated with greatly increased cell susceptibility to viral
infection. Similar to Pafl-deficient cells, the I-BET-treated A549 cells display a nearly 10-
fold increase in levels in replication of NS1-deficient influenza A PR8/ANS1 as compared to
non-treated cells (Figure 3C).

The profound and selective impact of I-BET on antiviral gene expression in infected cells is
similar to a negative effect of NS1 on the antiviral state of the infected cells. Assuming that
the histone mimic mediates a significant part of the NS1 effect on gene expression, our
finding shows a remarkable similarity between natural, e.g. the NS1 tail and synthetic, e.g. I-
BET, histone mimics.

Conclusion

Our finding identified the ability of viral and synthetic histone mimics to interfere with the
formation of transcriptional complexes and gene expression. We show that the
immunosuppressive NS1 protein of influenza A virus employs histone mimicry for
suppression of antiviral gene expression. We also demonstrate the potent role of synthetic
histone mimics in suppression of antiviral response.

The presence of histone mimics in structurally distinct viral proteins (Table 2) underscores
the ability of viruses to employ highly evolvable host proteins sequences for developing the
optimal strategy for pathogen-host interaction. By imitating histones, the viruses can
challenge the adaptive capacity of the host that cannot modify the histone primary sequences
without endangering the very foundation of eukaryotic cell organization. Therefore, it’s
plausible that many of the histone modifying enzymes that operate in the nucleus have a dual
function, both as regulator of host gene expression as well as possible modifiers and
attenuators of the viral histone mimic function. In support of this model, acetylation of the
histone mimic within NS1, that prevents its binding to Paf1C (Marazzi et al. 2012), could be
seen as a part of the host defense against the virus. Accordingly, identification of enzymes
that modify viral mimics may lead to the development of novel antiviral drugs.

The histone mimics may not only potentiate the ability of the virus to interfere with the host,
but also increase virus dependence on host transcription. It is tempting to speculate, that by
using histone mimicry the viruses may become more dependent on the host. As a
consequence, the histone mimic-bearing viruses or other pathogens may evolve eventually as
symbiotic pathogens in a fashion similar to the commensal organisms in humans and
animals.

The synthetic histone mimics such as the BET inhibitor I-BET or, similar to it, JQ1
(Filippakopoulos et al. 2010) can interfere with a significant number of genes largely
overlapping but subtly different, including those triggered by viruses. This effect of BET
inhibitors relies on a highly specific interaction with the bromodomains of the BET family

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2017 April 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schaefer et al.

Page 8

of proteins. By using the analogy to SLiMs, it is possible to speculate that minor changes in
the structure of BET inhibitors, while altering the inhibitor binding to BET proteins, may
reveal therapeutically relevant drug targets that could not have been predicted based on the
rational design that commonly ignores the founding role of SLiM in protein-protein
interaction.
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Figure 1. The structure and function of histone mimics
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A. The methyltransferases G9a and GLP possess a functional histone mimic. The histone-

like sequence (red letters) is localized within the N-terminal domain of the proteins

(Sampath et al. 2007). The G9a histone mimic methylation (red hexagon) is mediated in ¢/s
by the catalytic SET domain (Sampath et al. 2007) that is flanked by pre- and post-SET
domains. The ankyrin repeat domain is involved in G9a interaction with methylated histones
(Collins et al. 2008), and the methylated histone mimic in G9a (red hexagon) binds to the
chromodomain-containing protein HP1+y that can also interact with methylated histone H3
(red hexagon). B. The NS1 proteins of the influenza A H3N2 virus possess a functional
histone H3K4-like sequence. The histone-like sequence of NS1 (yellow letters) is localized
within the non-structured carboxy-terminus of the protein whereas the homologous H3
sequence (red letters) is localized within the amino-terminus of histone H3 (Marazzi et al.
2012). The NS1 histone mimic (yellow tail) is present in the nucleus (Greenspan et al. 1988)

where it interacts with Pafl and Chd1 proteins. Interaction with Chd1 depends on NS1

lysine methylation, whereas Pafl can bind to the unmethylated or methylated NS1 histone
mimic. The pattern of Pafl and Chd1l binding to NS1 is similar to these protein interactions
with histone H3. The schematic model describes a putative mechanism of NS1 interference

with Pafl-mediated transcription of virus-induced genes.
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Figure 2. Virusinfection leads to Paf1 recruitment to the virus activated gene loci
A. A549 lung epithelia cells were infected with PR8/ANSL1 virus that due to the lack of NS1

induces strong antiviral responses. The virus infection resulted in time-dependent increase
(red) or decrease (blue) in Pafl binding. The heatmap shows relative abundance of Pafl
binding to the gene transcriptional start sites (TSS) in control or infected cells as determined
by ChlP-sequencing. Grey boxes at the right of the heat map indicate known interferon
stimulated genes (ISGs) (Schoggins et al. 2011). B. The table shows the top five functional
categories associated with genes that display > 2-fold change in Paf1 binding at 12 hours (h)
after infection. C. Virus infection increases Pafl abundance at key antiviral genes. Binding
of H3K4me3 (green), Pafl (blue) and Pol 1l (black) at virus-induced genes in non-infected
cells (0 hours) and PR8/ANS1-infected cells at 4 hours and 12 hours post infection is shown.
The y-axes represent the average number of tags per gene per 25 base pairs per 1,000,000
mapped reads. Scale values are indicated in parentheses. D. Virus induced Pafl binding
correlates with recruitment of RNA Pol Il to antiviral gene loci. The plot shows the
cumulative distribution function (CDF) of changes in Pol 11 binding to different groups of
Pol Il or Pafl-bound genes at 12 hours post infection with influenza PR8/ANS1. Genes that
change Pafl binding upon infection: red line; all genes that bind Pafl: black line; all genes
that bind Pol Il green line. The broken grey line indicates a fold change of 1. E. Virus
induced Pafl binding correlates with up-regulation of antiviral gene expression. The plot
shows the CDF of changes in gene expression for different groups of Pafl-associated genes
at 12 hours post infection with influenza PR8/ANS1. Genes that change Pafl binding upon
infection: red line; all genes that bind Pafl: black line; genes that do not bind to Pafl: blue
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line; all genes: yellow line. The broken grey line indicates a fold change of 1. F. Pafl
deficiency down-regulates selectively expression of genes that recruit Pafl during infection.
The plot shows the CDF of Pafl binding levels (log2 RPKM/bp) in non-infected A549 cells
(left), in A549 cells 4 hours post infection with influenza PR8/ANS1 (middle), or 12 hours
post infection (right) for genes that were suppressed by Pafl knockdown (dark blue line),
up-regulated by Pafl-deficiency (orange line), or for all genes (black line).
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Figure 3. I-BET suppressesthe antiviral response
A. Venn diagrams display the number of virus-induced genes (> 2-fold, yellow circle) that

were suppressed (> 2-fold, green circle) by I-BET treatment of A549 cells at 4 hours or 12
hours after infection with influenza PR8/ANS1. The scatter plot shows gene expression
levels in control (x-axis) versus I-BET-treated cells (y-axis) at 4 hours after infection. The
down- or up-regulated genes are shown in green or red, respectively. A black circle
highlights genes that play an important role in antiviral response. The broken black line
indicates a 2-fold change in expression; the dotted black line indicates a 10-fold change in
expression. B. Venn diagrams display the number of IFNB-induced genes (> 2-fold, orange
circle) that were suppressed (> 2-fold, green circle) by I-BET treatment of A549 cells at 4
hours or 12 hours after incubation with IFNp. The scatter plot shows gene expression levels
in control (x-axis) versus I1-BET-treated cells (y-axis) at 4 hours after IFNB treatment. The
down- or up-regulated genes are shown in green or red, respectively. A black circle
highlights examples of genes that play an important role for the cellular antiviral response.
The broken black line indicates a 2-fold change in expression; the dotted black line indicates
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a 10-fold change in expression. C. I-BET increases virus growth /n vitro. The kinetics of
influenza PR8/ANS1 virus replication in control (black circle) or I-BET-treated A549 cells
(red circle) has been measured as described (Marazzi et al. 2012). The viral replication in I-
BET treated cells was compared to viral replication in Pafl-deficient A549 cells (blue
triangle) that display significant increase in viral replication as compared to control cells
(black triangle).
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The heterogeneity of the NS1 histone-liketailsin influenza A subtypes
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The NS1 tails of the displayed influenza A subtypes vary at amino acid positions 217 and 226-229 (boxed).
The bona fide H3K4-like sequence in NS1 of the influenza A H3N2 virus (226-229) is shown in yellow. The
sumoylation sequence within the NS1 tail of the influenza A HLN1 1918 virus is shown in blue.

Strain | Year of appearance | NS1 C-terminal

H3N2 1968-2014 216 PKQKRKMART V 230
H1N1 1933-2014 216 PKQKRKMART|IRSE |V 230
H5N1 2003 216 PNQKRKMART|IESE |V 230
H1N1 | 1918 (pandemic) 216 PKQKRKMART|IKSE V 230
H1N1 2009 (pandemic) 216 PKQK 219
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