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SUMMARY

Type l interferon (IFN)-stimulated gene (ISG) expression requires interaction between a transcription
factor complex, ISGF3, and target gene promoters to initiate transcription and protection against
infection. To uncover chromatin regulatory features of this antiviral immune response, IFN-induced
nucleosome and histone dynamics of human ISG loci were examined. ISGF3 recruitment after IFN stim-
ulation was accompanied by nucleosome reorganization at promoters and gene bodies. IFN stimula-
tion induced loss of core histones H2B, H3, and H4, as well as H2A.Z at ISG promoters. A strong cor-
relation was found between H2A.Z occupancy and ISGF3 target sites, and IFN-stimulated H2A.Z
removal requires STAT1, STAT2, and IRF9. Neither INO80 nor SWI/SNF participate in IFN-driven
H2A.Z eviction, but GCN5 and BRD2 are required. Interference with H2A.Z expression enhanced
ISGF3 recruitment to ISG promoters, ISG mRNA expression, and IFN-stimulated antiviral immunity.
This indicates that H2A.Z nucleosomes at ISG promoters restrict optimal ISGF3 engagement and
modaulate the biological response to IFN.

INTRODUCTION

Initially discovered as a soluble antiviral factor secreted from infected cells (Isaacs and Lindenmann, 1957),
type | interferon (IFN) is now known to govern a multitude of biological processes related to innate and
adaptive immunity, neoplastic transformation (Parker et al., 2016), efficacy of cancer therapies (Zitvogel
etal., 2015), and immunomodulatory processes (Gonzalez-Navajas et al., 2012). Most IFN actions are medi-
ated by transcriptional responses that drive the simultaneous expression of hundreds of IFN-stimulated
gene (ISG) loci, producing a wide range of products that combine to create a cellular “antiviral state”
that prevents virus entry; interferes with cellular and viral RNA transcription, stability, and translation;
and thwarts virus replication (Schneider et al., 2014).

IFN actions are largely mediated by a canonical JAK-STAT signaling pathway that induces ISG
products (Aaronson and Horvath, 2002; Platanias, 2005). IFN binding to its cell surface receptor
engages the tyrosine kinases, JAK1 and TYK2, to phosphorylate latent transcription factors
STAT1 and STAT2 on activating tyrosine residues. Phosphorylated STAT1 and STAT2 undergo SH2
domain-mediated dimerization, and associate with an interferon regulatory factor, IRF9, to form
the mature ISGF3 transcription factor complex. Nuclear translocation of ISGF3 enables it to bind to IFN-
stimulated response element (ISRE) sequences in chromatin, recruit co-activating machinery, and
mobilize RNA polymerase Il (Pol Il) transcription (Au-Yeung et al., 2013; Chang et al., 2004; Stark and
Darnell, 2012).

Current evidence indicates that most eukaryotic promoters feature positioned nucleosomes flanking
regions that contain regulatory elements for the assembly of transcription regulators, Pol Il, and essen-
tial or gene-specific co-activators. In addition to nucleosomes composed of an octamer of histones
H2A, H2B, H3, and H4 wrapped with ~147 bp of DNA, less abundant nucleosomes contain histone
variants that are associated with specific regulatory phenomena (Buschbeck and Hake, 2017). Histone
variants allow for greater control of DNA replication, repair, or transcription and contribute to the ef-
ficiency of Pol Il elongation, termination, and processivity. Histone H2A.Z is a variant of H2A that is
enriched at eukaryotic gene promoters and can also be found at heterochromatin boundaries, at sites
of DNA damage repair, and in segregating chromosomes. H2A.Z is frequently associated with active
promoters that are marked by H3K4me3 and is thought to function contextually in controlling gene
expression through differential co-activator recruitment (Barski et al., 2007; Hu et al., 2013; Ku
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et al, 2012; Surface et al, 2016). Depending on its post-translational modification, H2A.Z has
been implicated as both an activator and inhibitor of transcription regulation and nucleosome stability
(Bonisch and Hake, 2012; Ku et al., 2012, Marques et al., 2010; Subramanian et al., 2015; Talbert and
Henikoff, 2017). For example, depletion of H2A.Z can result in increased expression of p21 and
decreased expression of estrogen receptor target genes in human cells (Gevry et al., 2007, 2009).
Deposition and removal of H2A.Z by chromatin remodeling complexes, SWR1 and INO8O, has been
inferred from yeast studies, and H2A.Z-specific remodelers continue to be investigated in more
complex organisms. H2A.Z is evolutionarily conserved from yeast to human, but its function
remains contextual: loss of H2A.Z leads to viable yeast with growth defects, yet it is essential in
mouse, Drosophila, Xenopus, Tetrahymena, and Trypanosoma (Faast et al., 2001; Zlatanova and
Thakar, 2008).

Little is known about how chromatin structure and nucleosome dynamics influence ISGF3 promoter
engagement, transcriptional activity, and innate immunity, but several studies have implicated chro-
matin-remodeling, histone-modifying, and polymerase-activating factors as ISGF3 co-activators (Gnatov-
skiy et al., 2013; Huang et al., 2002; Kadota and Nagata, 2014; Nusinzon and Horvath, 2003; Patel et al.,
2013; Paulson et al., 2002). ISGF3 has been linked to many transcription co-activators that are commonly
recruited by the strong STAT2 transcriptional activation domain, often with support from STAT1.
Notably, ISGF3 has an absolute requirement for histone deacetylase (HDAC) activity (Nusinzon and Hor-
vath, 2003) for transcriptional stimulation, and STAT2 interacts with HDACs (Chang et al., 2004; Nusinzon
and Horvath, 2003; Sakamoto et al., 2004). In addition, ISGF3 engages histone acetyltransferase (HAT)
activities from CBP (human CREBBP)/p300 and GCN5 (human KAT2A), and has been linked to SWI/
SNF (human BAF) and INO80 chromatin remodeling complexes via specific STAT2 interaction partners
including BRG1 (human SMARCA4), RVB1 (human RUVBL1/TIP49), and RVB2 (human RUVBL2/TIP48)
(Bhattacharya et al., 1996; Cui et al., 2004; Gnatovskiy et al., 2013; Huang et al., 2002; Liu et al., 2002;
Patel et al., 2013; Paulson et al., 2002). HDAC and HAT activity are linked to recruitment of BRD4 to con-
trol RNA Pol Il elongation through p-TEFb and NELF/DSIF (Patel et al., 2013), and STAT2 association
with Mediator subunits and TAFs directly connects ISGF3 to Pol Il initiation and elongation machinery
(Lau et al., 2003; Paulson et al., 2002). Together the patterns of co-activator and remodeler recruitment
are consistent with a highly regulated general and gene-specific ISGF3-mediated transcriptional activa-
tion process for ISGs and suggest a role for chromatin structure and composition in antiviral gene
regulation.

To investigate ISGF3-mediated interactions with native chromatin, the chromatin architecture and
nucleosome organization of ISGs was characterized using chromatin immunoprecipitation sequencing
(ChIP-seq) and targeted high-resolution nucleosome position analysis. An IFN-induced nucleosome
loss observed at most of the surveyed promoters led to examination of the histone composition at
these loci. Evidence is presented here indicating that ISG promoters, like many active eukaryotic pro-
moters, are decorated with the variant histone H2A.Z. This variant nucleosome composition exhibits
dynamic behavior in response to IFN stimulation, with loss and recovery coordinated with ISGF3 activ-
ity. The loss of H2A.Z requires ISGF3, the HAT, GCN5, and the "“bromodomain and extraterminal”
(BET) protein BRD2. Interference with H2A.Z enhances ISGF3 recruitment to ISG promoters and hyper-
activates ISG expression, leading to greater IFN-induced antiviral protection in cells with H2A.Z deple-
tion. These results reveal dynamic nucleosome remodeling associated with IFN-stimulated transcription
and indicate a negative regulatory role for H2A.Z nucleosomes in innate antiviral immune signal
transduction.

RESULTS

Timing, Occupancy, and Transcriptional Activity of ISGF3 at Target Promoters

To establish the foundation for investigating IFN-stimulated ISGF3 occupancy and chromatin dynamics,
ChIP time course assays were performed to examine the kinetics of promoter binding by ISGF3 compo-
nents STAT1, STATZ2, and IRF9, as well as Pol Il (Figure 1A). Maximal ISGF3 subunits and Pol Il recruitment
to the ISRE sequence in the OAS3 promoter was observed between 2 and 4 hr of IFN stimulation and was
attenuated after 6 hr (Figure 1A). Parallel samples were analyzed for ISG mRNAs by RT-gPCR, and repre-
sentative I1SGs, OAS3, IFIT1/ISG56, and IFITM1/9-27, achieved a corroborating mRNA increase after 2-hr
IFN treatment with peak expression levels between 6 and 8 hr (Figure 1B). These parameters are in
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Figure 1. IFN-Stimulated ISGF3 Recruitment and Transcriptional Activity
(A) ChIP analysis of IFNa-induced STAT1, STAT2, IRF?, and Pol Il C-terminal domain (CTD) recruitment at the OAS3 promoter locus in Hela cells after mock
treatment (0 min) or IFNa stimulation for 15 min, 30 min, 1 hr, 2 hr, 4 hr, 6 hr, and 12 hr. Error bars denote mean + SD of three technical replicates.

(B) Gene expression analysis of OAS3, IFIT1/ISG56, and IFITM1/9-27 after mock treatment (0 hr) or 1-, 2-, 4-, 6-, 8-, 10-, or 12-hr IFNa treatment. Relative
abundance is normalized to GAPDH. Error bars denote mean + SD of three technical replicates.
(C) Normalized sequencing tag density of mock-treated (dashed) and IFNa-stimulated (solid) STAT1 (top), STAT2 (middle), and IRF9 (bottom) binding at
2,531, 3,209 and 2,129 genomic loci representing sites with a > 2-fold increase in occupancy after IFNa treatment. Tag density is computed 2,500 bp

upstream and downstream of the peak center and is grouped into 10 bp bins.
(D) DNA sequence logo of the most frequent de novo motif identified from 2,531 STAT1 peaks (top), 3,209 STAT2 peaks (middle), and 2,129 IRF? peaks

(bottom) as described in Table S1. For each position, the sequence logo bit height corresponds to its relative frequency within the sequence. The associated
motif name and p value are identified above the logo.
(E) Distribution of specific annotated DNA (intergenic, intron, promoter-TSS, exon, 5 UTR, 3' UTR, non-coding) and the corresponding number of peaks from
2,531 STAT1 peaks (top), 3,209 STAT2 peaks (middle), and 2,129 IRF9 peaks (bottom).

See also Table S1.
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agreement with prior studies and serve as a baseline for genome-wide analysis (Hartman et al., 2005;

Nusinzon and Horvath, 2003).

To expand these findings, ISGF3 occupancy was examined by ChIP-seq at steady state and after 2-hr IFN
stimulation using STAT1, STAT2, and IRF? antisera. Specific recruitment of ISGF3 was observed throughout
the genome following IFN stimulation, with STAT1, STAT2, and IRF9 recruitment to 2,531, 3,209 and 2,129
target loci, respectively (Figure 1C and Table S1). The higher number of STAT2 binding sites is likely due to
more efficient precipitation with the STAT2 antibody, but it may also reflect non-canonical IFN-activated
factors that include STAT2 (Majoros et al., 2017). Motif analysis revealed the ISRE sequence as the predom-
inant DNA sequence recovered in all datasets, confirming the known affinity of ISGF3 to ISRE elements (Fig-
ure 1D). ISGF3 is recruited to diverse intergenic and intronic regions, as well as to well-known ISG pro-
moter-transcription start sites (Figure 1E). Similar to other human transcription factors, IFN-activated
STAT1, STAT2, and IRF? occupy a large number of loci annotated as intergenic and intronic regions
(Schmidt et al., 2010). Notably, a greater proportion of STAT2 and IRF? mapped to TSS loci compared
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with STAT1 and may reflect the unique and obligatory association of STAT2 and IRF? in gene regulation
(Banninger and Reich, 2004; Lau et al., 2000).

IFN-Mediated Nucleosome Dynamics at ISGs

Access to the ISRE requires ISGF3 interaction with the chromatinized ISG promoter. To observe IFN and
ISGF3-mediated chromatin dynamics, nucleosome occupancy profiles were determined at select ISGs (Fig-
ure 2 and Table S2) throughout a time course of IFN stimulation. A set of 20 ISGs were chosen as represen-
tatives of well-documented ISGF3 targets, including members of highly inducible ISG families (e.g., the
linked OAS1, 2, and 3 genes [Hovnanian et al., 1998]) and ISGs connected with specific chromatin remod-
eling machinery such as IFI27 and IFITM1/9-27, genes that exhibit differential dependence on SWI/SNF
(BAF) remodeler subunits. Nucleosome occupancy at these loci was surveyed at steady state and after 2,
6, and 10 hr of IFN stimulation (corresponding to times of ISGF3 recruitment, peak transcriptional activity,
and attenuation, respectively) using a direct selection micrococcal nuclease method to provide greater
sequencing read depth per nucleosome (Freaney et al., 2014; Yigit et al., 2013).

Parallel visualization of the one-dimensional occupancy maps from ChlIP-seq and the nucleosome profiles
of individual ISGs enables correlations of chromatin changes at sites corresponding to ISGF3 interaction
(Figure 2). Comparing mock-treated and IFN-stimulated nucleosome samples over time allows observation
of ISGF3 recruitment and corresponding changes to the nucleosome positions. Consistent with contempo-
rary models of nucleosome positioning (Radman-Livaja and Rando, 2010), most of the 20 ISGs were found
to have well-positioned nucleosomes in the ISRE region at steady state, with varying degrees of promoter
demarcation by nucleosome-depleted regions (NDRs; Figure 2). Gene-specific variations include those
with well-positioned +1 and —1 nucleosomes (IFIT2/ISG54, OAS2, IFIT3/ISG60, IFIé, IFITM3/1-8U, MX2)
or +1 and NDR nucleosomes (OAS1, IFIT1/ISG56), those with only +1 nucleosomes (STAT2), or those
with only —1 nucleosomes (OAS3), and genes with no apparent NDR (IFITM1/9-27, IFI16). In all cases,
IFN stimulation resulted in decreased nucleosome positioning strength, with clear disruption over the
course of IFN treatment followed by a return to steady state. In most cases, this is evident from a loss of
an ISRE-proximal nucleosome (arrows in Figure 2). To quantify the nucleosome loss, the Dynamic Analysis
of Nucleosome Positioning and Occupancy Software (DANPOS; [Chen et al., 2013]) was used to indicate
changes to nucleosome positions with a p value < 1 x 107> following IFN stimulation. The normalized
tag counts between mock-treated and IFN-treated samples confirmed statistically significant nucleosome
loss at ISG promoters that propagated over time throughout the gene bodies (red bars in Figure 2). These
findings are not dissimilar to ATAC-seq data indicating that IFN stimulation of B cells increased chromatin
accessibility at the TSS of ISGs (Mostafavi et al., 2016). Within the 20 ISGs examined here, the most prom-
inent chromatin alterations coincided with strong ISGF3 peaks and well-positioned nucleosomes (i.e.,
OAS1), but not strictly at the TSS (i.e., ISG15).

IFN-Induced Histone Dynamics at ISG Promoters

To investigate the potential mechanisms underlying nucleosome dynamics at ISGs, the presence of core
histones was examined using ChIP-gPCR and primers specific to either the ISRE region of the promoter
or distal regions of the gene bodies of OAS3, IFIT1/ISG56, and IFITM1/9-27 (Figure 3 and Table S3). In
the gene bodies, all four core histones (H2A, H2B, H3, and H4) were present at steady state and remained
relatively constant following a 2-hr IFN treatment (Figures 3A-3C). In contrast, the core histones H2B, H3,
and H4 were readily detected at ISG promoters, whereas H2A was notably underrepresented. Instead, the
histone variant H2A.Z was detected at the ISG promoters (Figures 3D-3F). Stimulation with IFN decreased
promoter-associated histones, observed most dramatically for H2A.Z, consistent with the observed nucle-
osome reorganization identified at ISG promoters (Figure 2). H2A.Z is well known for its association with the
promoter TSS region and colocalization with specific histone modification marks, including H3K4me3, in a
variety of biological systems, including genes that respond to environmental stimuli (Barski et al., 2007; Hu
etal., 2013; Kuetal., 2012). As such, the presence of H2A.Z at ISG promoters provides a tractable system for
investigating H2A.Z dynamics and biological impact in mammalian cells.

H2A.Z Is Inversely Correlated with ISGF3 Recruitment

The previously unrecognized association of H2A.Z with ISG promoters suggested that this histone variant
might be a more general feature of ISGF3 target genes. To test this idea, a Hela cell H2A.Z ChIP-seq data-
set (ENCODE Project Consortium, 2012; Rosenbloom et al., 2013) was compared to the top 250 IFN-
induced STAT? targets (Figure 4A). A clear correlation was found between the top IFN-activated target
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Figure 2. IFN-Stimulated Nucleosome Reorganization

Genome browser diagram of IFN-induced ISGF3 recruitment and nucleosome dynamics at select ISGs with (A) high to (B) moderate to (C) low or no
nucleosome loss shown within 2000 bp +/— TSS. (A-C) (Top) 5" End of gene depicted with the black arrow depicting the direction of transcription; the small
and large black bars representing untranslated and exonic regions, respectively; and the line representing intronic regions. (Middle) ChIP-seq density of
STAT1, STAT2, and IRF9 occupancy after mock or 2-hr IFNa. treatment in Hela cells. (Bottom) Nucleosome occupancy after mock, 2-hr, é-hr or 10-hr IFNa
treatmentin Hela cells. Red arrows highlight nucleosome loss at ISGF3-ISRE proximal regions. Red bars beneath nucleosome maps denote nucleosome loss
due to 2, 6, or 10-hr IFNa treatment compared with mock (Poisson p value < 1 x 10%). All sequencing reads are normalized to 10 million reads.

See also Table S2.
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Figure 3. IFN-Stimulated Loss of Histones H2A.Z, H2B, H3, and H4 at ISG Promoters

(A=F) ChIP analysis of histones H4, H3, H2B, H2A, and H2A.Z occupancy at the gene body (A-C) or gene promoter (D-F) of OAS3, IFIT1/ISG5é, IFITM1/9-27
during steady state and after 2-hr IFNa stimulation. The position of the gene body and promoter-specific primers and their relative distance are indicated in
the upper panel of A-C. Error bars denote mean + SD of three technical replicates from one representative experiment. Statistical analysis was computed
using the Student’s t test with n > 2 (*p < 0.05, **p < 0.005).

genes and H2A.Z occupancy at steady state (R? = 0.83), and examination of target promoter regions indi-
cates that peaks of H2A.Z deposition closely overlap with STAT2-binding ISRE sites (Figure 4B). The pres-
ence of H2A.Z inversely correlates with IFN stimulation, and this relationship is further verified by IFN stim-
ulation and recovery experiments. H2A.Z is lost from ISG promoters, whereas ISGF3 is active, but recovers
by 8 hr post-stimulation (Figure 4C). H2A.Z has been shown to colocalize with H3K4me3 and at bivalent pro-
moters containing both H3K4me3 and H3K27me3 marks (Ku et al., 2012). Consistent with this observation,
the top STAT2 targets also bear the active mark H3K4me3 (Figure 4A), which is coordinately lost from ISGs,
OAS3 and IFIT1/ISG56, following IFN stimulation (Figure 4D).

To determine whether IFN-stimulated H2A.Z dynamics require ISGF3 activity, H2A.Z loss was examined in a
series of cell lines with single gene defects in ISGF3 components STAT1, STAT2, or IRF9 (John et al., 1991;
Leungetal., 1995; McKendry et al., 1991). In the IFN-responsive parent 2fTGH cells, H2A.Z localized at ISG
promoters and was lost following IFN stimulation (Figure 5A). In contrast, in the daughter cell lines U3A,
U6A, and U2A, with defects in either STAT1, STAT2, or IRF9, H2A.Z remained at ISG promoters following
stimulation, indicating that ISGF3 is required for efficient H2A.Z removal (Figures 5B-5D).

INO80 and SWI/SNF Do Not Alter IFN-Induced H2A.Z Removal

Several histone and chromatin-modifying activities have been linked to transcriptional activation by IFN
signaling and ISGF3, including HATs, HDACs, and the remodeling machines related to SWI/SNF (BAF)
and INO8O (Bhattacharya et al., 1996; Chang et al., 2004; Cui et al., 2004; Gnatovskiy et al., 2013; Huang
2002; Liu et al., 2002; Nusinzon and Horvath, 2003; Patel et al., 2013; Paulson et al., 2002; Sakamoto
2004). In lower eukaryotes, homologous machinery has been implicated in H2A.Z deposition and
removal; the yeast chromatin remodeling complexes SWR1 and INO80 have been implicated in H2A.Z
2004; Yen et al., 2013), and H2A.Z and SWI/SNF are thought
to be partially redundant in yeast, where deletion of H2A.Z increases the need for SWI/SNF (Santisteban
et al., 2000). In mammals, the RVB1 (RUVBL1) and RVB2 (RUVBL2) proteins that are subunits of BAF,
INO80, SWR1 (SRCAP), and TIP40 complexes (Huen et al., 2010) were found to cooperate with STAT2

etal.,
et al.,

deposition and removal (Mizuguchi et al.,
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Figure 4. Histone Variant, H2A.Z, Is a Dynamic Component of ISG Promoters

(A) Heatmap depicting steady-state and IFNa-recruited STAT2 occupancy (in-house ChIP-seq) compared with steady-
state H2A.Z, H3K4me3, and H3K27me3 occupancy (ENCODE ChlP-seq) at the top 250 enriched STAT2 target loci
spanning +2,500 bp from the STAT2 peak center. H2A.Z and STAT2 occupancy at these loci had a Pearson correlation
coefficient of R? = 0.83.

(B) Genome browser view of H2A.Z occupancy at steady state and STAT2 occupancy after 2-hr IFNa stimulation at three
ISGs, OAS3, IFIT1/ISG56, and IFITM1/9-27.

(C) ChlP analysis of H2A.Z removal and recovery after 3-hr IFNa. treatment followed by recovery without IFNe. for O hr or
8 hratthe OAS3, IFIT1/ISG56, and IFITM1/9-27 promoters. Error bars denote mean & SD of a representative experiment
with three technical replicates.

(D) ChIP analysis of steady-state and IFN-stimulated H3K4me3 at OAS3 and IFIT1/ISG56 promoters. Error bars denote
mean + SD of a representative experiment with three technical replicates.

See also Table S1.

and regulate ISGF3 transcriptional activity, but through an unknown mechanism (Gnatovskiy et al., 2013).
SWI/SNF (BAF) can remodel the chromatin structure of the ISGs, IFITM1/9-27 and IFITM3/1-8U (Cui
et al., 2004; Liu et al., 2002), and the ATPase subunit, BRG1 (SMARCA4), is required for a subset of ISG tran-
scription (Huang et al., 2002).

To determine the machinery involved in IFN-induced, ISGF3-dependent H2A.Z loss, these transcriptional
cofactors were examined using chemical inhibitor-, small interfering RNA (siRNA)-, or short hairpin RNA
(shRNA)-based approaches (Figures 6 and S1). Interference with SWI/SNF complex with the BRG1/BRM in-
hibitor, PFI-3, potently inhibited ISG activation (Figure éA). However, this treatment did not alter IFN-
dependent H2A.Z removal (Figure 6B). To target the INO80 complex, shRNA was used to knockdown
the INO8O0 subunit and its associates, RVB1 and RVB2 (Figure 6C). INO80 and RVB2 interference had little
effect on IFN-induced mRNA expression, whereas RVB1 interference effectively prevented ISG transcrip-
tion (Figure 6D). Examination of H2A.Z occupancy revealed that none of these INO80 complex proteins
were required for H2A.Z removal following IFN stimulation, although it is interesting to note that RVB1
shRNA led to greater H2A.Z ChIP signals at steady state (Figure 4E). Analysis of the SWR1 (SRCAP) com-
plex, which deposits H2A.Z (Mizuguchi et al., 2004), demonstrated that knocking down the expression of
the ATPase subunit, SRCAP, led to an unexpected increase in steady-state H2A.Z occupancy, but was insuf-
ficient to inhibit IFN-induced H2A.Z removal (Figure S1). These experiments rule out the SWI/SNF (BAF),
SWR1 (SRCAP), and INO80 complexes in the process of IFN-mediated H2A.Z removal.

GCNS5 and BRD2 Are Essential to IFN-Induced H2A.Z Loss at ISGs

Both HAT and HDAC activities are required for positive regulation of ISG transcription. Two HATs, GCN5
(KAT2A) and CBP (CREBBP), interact with ISGF3 and participate in ISG transcription (Bhattacharya et al.,
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Figure 5. H2A.Z Removal Requires ISGF3

(A) ChIP analysis of H2A.Z in 2fTGH cells with intact ISGF3 at the promoter region of OAS3, IFIT1/ISG56, and IFITM1/9-27
with mock or 3-hr IFNa treatment. Error bars denote mean + SD of one representative experiment with three technical
replicates. Statistical analysis was computed using the Student’s t test with n > 2 (*p < 0.05, **p < 0.005, ***p < 0.0005,
NS, not significant).

(B) Same as A but with STAT2-deficient UbA cells.

(C) Same as A but with STAT1-deficient U3A cells.

(D) Same as A but with IRF9-deficient U2A cells.

1996; Paulson et al., 2002). HDACs are also essential for the regulation of ISG transcription (Chang et al.,
2004; Nusinzon and Horvath, 2003; Sakamoto et al., 2004). Targeting CBP by lentiviral shRNA (Figure 4F)
interfered with ISG transcription (Figure 6G) and reduced steady-state H2A.Z levels at ISG promoters,
but H2A.Z was still removed after IFN stimulation (Figure 6H). Likewise, treatment with the HDAC inhibitor
trichostatin A potently inhibited ISGF3 transcriptional activity (Figure 6l), but no effect was observed for
H2A.Z in ChIP assay (Figure 6J), ruling out class | and Il HDACs in this process. In contrast, inhibition of
GCNS with the compound MB-3 not only downregulated ISG transcription (Figure 6K) but also abrogated
IFN-induced H2A.Z loss (Figures 6L and S2A). Similar inhibition of IFN-induced H2A.Z loss by inhibiting
GCNS5 activity is observed in 2fTGH cells (Figures S2B and S2C).

Histone H3 and H4 acetylation levels have been shown to be altered in response to IFN stimulation (Nu-
sinzon and Horvath, 2003; Paulson et al., 2002), and H2A.Z dynamic regulation is also under acetylation
control (Sevilla and Binda, 2014; see Figure S3). Bromodomains in the BET family proteins, BRD2, BRD3,
BRD4, and BRDT, recognize and bind to acetylated lysine residues on histones to execute histone chap-
erone activities and recruit transcriptional machinery (Taniguchi, 2016). In the IFN response, BRD4 is an
adaptor used for the recruitment of pTEFb and NELF/DSIF for ISG transcription elongation (Patel et al.,
2013), and although BRD2 has not previously been examined for a role in the IFN system, it has been
shown to preferentially associate with H2A.Z-containing nucleosomes rather than H2A and its recruit-
ment has been linked to H2A.Z and acetylated H4K12 (Draker et al., 2012). Both the BET inhibitor,
JQ1 (targeting BRD4 and BRD2) and BIC1 (a more selective BRD2 inhibitor), were able to interfere
with ISG transcription (Figure 6K) and prevent IFN-stimulated H2A.Z removal (Figures 6L and S2)
including acetylated H2A.Z, which is known to be enriched at active genes (Figure S3) (Ku et al,
2012). The inhibitory effects of BET inhibitors on IFN-induced H2A.Z removal were also observed in
2fTGH cells, indicating it is a general feature of ISG regulation (Figures S2B and S2C). Together, these
results demonstrate that GCN5 HAT and BRD2 bromodomain-binding activity are required to regulate
IFN-induced H2A.Z removal.
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Figure 6. GCN5 and BRD2 Are Essential to IFN-Induced H2A.Z Loss
(A and B) Hela cells were mock-treated or IFNa-treated with or without PFI-3 for 3 hr, and then analyzed for (A) IFIT1/ISG56 mRNA expression by RT-gPCR
and (B) ChIP assays of H2A.Z occupancy at IFIT1/ISG56 and IFIT2/ISG54 promoters. Error bars denote mean + SD of one representative experiment with

technical triplicates.
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(C-E) Hela cells were transduced with shRNA vectors targeting INO80, RVB1, RVB2, or control. (C) Expression of shRNA targets in mock and 3-hr
IFNo-treated cells was measured by RT-qPCR. (D) IFIT1/ISG54 and IFIT2/ISG56 mRNA expression in mock and 3-hr IFNa-treated cells harboring the
indicated shRNA was measured by RT-gPCR. (E) ChIP assay of H2A.Z occupancy at IFIT1/ISG56 and IFIT2/ISG54 promoters in mock and 2-hr IFNa-treated
cells containing the indicated shRNA target. Error bars denote mean £ SD of three biological replicates and three technical replicates. For siRNA

knockdown of SRCAP, see Figure S1.

(F-H) Hela cells were transduced with CBP shRNA or control shRNA. (F) Expression of shRNA target in mock and 3-hr IFNa-treated cells was measured by
RT-gPCR. (G) IFIT1/ISG56 mRNA expression in mock and 3-hr IFNa-treated cells harboring the indicated shRNA was measured by RT-qPCR. (H) ChlIP assay of
H2A.Z occupancy at IFIT1/ISG56 and IFIT2/I1SG54 promoters in mock and 2-hr IFNa-treated cells containing the indicated shRNA target. Error bars denote
mean + SD of a representative experiment with technical triplicates.
(I and J) Hela cells were mock-treated or IFNa-treated with or without trichostatin A (TSA) for 3 hr and then analyzed for (I) IFIT1/ISG56 and IFIT2/ISG54

mRNA expression and (J) H2A.Z occupancy at IFIT1/ISG56 and IFIT2/I1SG54 promoters. Error bars denote mean + SD of one representative experiment with

technical triplicates.
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Figure 6. Continued

(K and L) Hela cells were pretreated with MB-3 or BET inhibitors JO1 and BIC1 for 1 hr, mock-treated or stimulated with IFNa for 3 hr (+/— inhibitor), then
analyzed for (K) IFIT1/ISG56 and IFIT2/ISG54 mRNA expression and (L) H2A.Z occupancy at IFIT1/ISG56 and IFIT2/ISG54. Error bars denote mean + SD of
one representative experiment with technical triplicates.

See also Figures S1-S3.

Loss of H2A.Z Enables Greater ISGF3 Recruitment

The uniform decoration of ISG promoters with H2A.Z, and its IFN-induced loss and recovery, suggested
a potential role for H2A.Z in ISG regulation and biological activity. To investigate the impact of H2A.Z
in IFN responses and ISG transcription, knockdown experiments were conducted in cells harboring
shRNA against H2A.Z or a non-silencing control sequence. H2A.Z-shRNA reduced H2A.Z protein levels
by 64%-67% (e.g., Figure 7A). ChIP assays determined that depletion of H2A.Z resulted in increased levels
of STAT2 occupancy at the ISG promoters after IFN stimulation compared with the control cells (Figure 7B),
resulting in a 51%-98% increase in ChIP signals at individual ISG loci. Similar levels of total and tyrosine-
phosphorylated STAT1 and STAT2 were found in control and knockdown cells, confirming that H2A.Z
knockdown did not alter IFN-JAK-STAT signaling (Figure 7A). These results indicate H2A.Z-containing
nucleosomes restrict maximal IFN-induced ISGF3 occupancy at ISG promoters.

Loss of H2A.Z Increases ISG Expression

The increased ISGF3 occupancy observed in H2A.Z-shRNA cells suggested the possibility of altered ISG
transcription. H2A.Z mRNA levels did not change due to IFN stimulation, indicating it is not itself an
ISG, and shRNA expression resulted in a significant decrease in H2A.Z mRNA (70%-78%) (Figure 7C).
ISG mRNA levels were measured by RT-qPCR in H2A.Z-shRNA and control cells (Figure 7D). For all loci
tested, increased ISG mRNA levels (2- to 6-fold) were observed in H2A.Z-shRNA cells compared with con-
trol cells. The increase in ISGF3 occupancy due to H2A.Z deficiency results in increased ISG mRNA
expression.

Loss of H2A.Z Enhances the IFN-Stimulated Antiviral Response

The IFN-stimulated transcriptional response is the primary cell-autonomous innate antiviral response that
inhibits virus replication. To test the overall phenotypic impact of H2A.Z deficiency in the IFN response, a
biological response assay was used to assess a role for H2A.Z in IFN-induced antiviral protection. H2A.Z-
shRNA and control shRNA cells were stimulated with IFN for 9 hr to establish an antiviral state, then
challenged with vesicular stomatitis virus (VSV) infection, overlayed with agarose, and viral plaques quan-
tified. Virus replication was virtually identical in H2A.Z-shRNA or control shRNA cells in the absence of IFN
stimulation, irrespective of H2A.Z depletion (Figure S4). In contrast, IFN-mediated virus interference was
clearly increased in the H2A.Z-shRNA cells compared with control cells, resulting in 2x-5x fewer plaques
in the absence of H2A.Z in Hel.a (Figure 7E) and 2fTGH cells (Figure 7F). This increased antiviral protection
observed under reduced H2A.Z conditions is consistent with increased ISGF3 recruitment and ISG
transcription and supports the conclusion that H2A.Z acts as a negative regulator of antiviral responses
in human cells.

DISCUSSION

To better understand the contribution of chromatin and nucleosome dynamics to mammalian antiviral tran-
scriptional regulation, the chromatin architecture and nucleosome organization of ISG loci were character-
ized to correlate IFN-mediated changes with the activation of ISGF3 components, STAT1, STAT2, and IRF9.
Overall, stable steady-state nucleosome positions at ISG loci were rearranged by IFN stimulation, giving
rise to a transient alteration in chromatin structure during the response. These alterations were particularly
evident at ISGF3-ISRE promoter regions, supporting the notion that ISGF3-mediated recruitment of chro-
matin-modifying enzymes serves to remodel chromatin.

Direct examination of the histone composition of ISG promoters not only confirmed the IFN-induced nucle-
osome loss but also identified an absence of histone H2A. In its place, the H2A variant H2A.Z was found to
be enriched at or near the ISRE regions of most highly responsive ISGs before IFN stimulation. H2A.Z pres-
ence at ISG promoters was found to be tightly but inversely correlated with IFN-stimulated STAT2 occu-
pancy, and IFN stimulation induced acute and transient loss of H2A.Z at ISG promoters coinciding with
the cycle of ISGF3 activation, inactivation, and transcription attenuation. H2A.Z removal requires ISGF3
components STAT1, STAT2, or IRF9, indicating a role for ISGF3 in recruiting and coordinating machinery
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Figure 7. H2A.Z Suppresses ISGF3 Occupancy, ISG Expression, and IFN-Mediated Antiviral Protection

Hela cells were transduced with an shRNA vector targeting H2A.Z or a non-targeting control.

(A) Immunoblot of H2A.Z, STAT1, phosphotyrosine 701 STAT1, STAT2, phosphotyrosine 690 STAT2, and GAPDH protein expression in control or H2A.Z
knockdown Hela cells with or without 1-hr IFNa treatment. H2A.Z expression level normalized to GAPDH indicated as % of control.

(B) ChIP analysis of STAT2 occupancy in H2A.Z knockdown or control Hela cells with or without 1-hr IFNea stimulation at promoters of IFIT1/ISG56, IFIT2/
ISG54, IFITM1/9-27, OAS3, ISG15, and LOC100419583. % Indicates the increased percentage of STAT2 occupation in shH2A.Z cells compared with non-
targeting control cells. Error bars denote mean + SD of a representative experiment with technical triplicates. Statistical analysis was computed using
Student's t test with n > 2 (*p < 0.05, **p < 0.005.).

(C) H2A.Z mRNA levels were quantified by RT-gPCR in unstimulated and 10-hr IFNa-stimulated H2A.Z knockdown or control cells. Error bars denote
mean + SD of a representative experiment with technical triplicates.

(D) Levels of ISG mRNAs, IFIT1/ISG56, IFIT2/ISG54, IFITM1/9-27, OAS3, ISG15, and LOC100419583 were measured as in (C). Statistical analysis was
computed using Student’s t test with n > 3 (*p < 0.05, **p < 0.005, ***p< 0.0005).

(E) Plague assay in Hela cells harboring control shRNA or H2A.Z shRNA. Cells were treated for 9 hr with IFNa, followed by 1.5 hrinoculation with a titration of
vesicular stomatitis virus (VSV), and then overlaid with DMEM-agar at 37°C for 72 hr before staining with crystal violet. TMTC, too many to count.

(F) Same as E, but in control or H2A.Z-deficient 2fTGH cells.

See also Figure S4.
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for H2A.Z nucleosome eviction. Identification of H2A.Z at ISG promoters is in agreement with the general
paradigm of H2A.Z nucleosome association with active or inducible gene promoters (Barski et al., 2007; Hu
etal., 2013; Raisner et al., 2005). Here, H2A.Z colocalizes at steady state with the active histone modification
mark, H3K4me3, but not the repressive H3K27me3 mark, and H3K4me3 is reduced after IFN. Additional
studies will be required to examine histone modifications that are present before or following IFN stimu-
lation and their correlation with H2A.Z chromatin dynamics at ISG promoters.

To determine the factor(s) regulating H2A.Z loss, we examined a broad array of co-activators that were
known to be associated with ISGF3 and ISG transcription, as well as those implicated previously in H2A.Z
deposition or removal from other systems. In lower eukaryotes, SWR1 (SRCAP), was demonstrated to de-
posit H2A.Z, and knockdown of mammalian SRCAP did not alter IFN-induced H2A.Z removal. Although
the INO80 remodeling complex is purported to be responsible for removing H2A.Z nucleosomes in
lower eukaryotes (Lai and Pugh, 2017), results indicate that neither RVB nor the INO80 components
are necessary for IFN-induced H2A.Z removal in mammalian cells. Unexpectedly, interference with
INO8O0 or RVB2 had no discernable effect on ISG transcription, although it is possible that RNAi was
insufficient to deplete stable protein activity. In contrast, RVB1, as well as CBP, BRG1/BRM, and HDACs
were all found to be essential for ISG mRNA transcription, but their inhibition had no effect on IFN-stim-
ulated H2A.Z removal. These proteins are otherwise required for ISG transcription, acting either through
another remodeler such as SWI/SNF (BAF) or through distinct mechanisms. The increase of steady-state
H2A.Z in SRCAP and RVB1 knockdown cells suggests that the human SRCAP subunit/complex differs
from its yeast homolog, which may not be surprising given the fact that the interferon/JAK-STAT system
does not exist in yeast.

Instead, the HAT GCN5 was identified as being required for ISG transcription and as an essential compo-
nent of H2A.Z eviction. Inhibition of GCN5 using MB-3 generally inhibited the IFN-induced H2A.Z removal
at the ISG promoters examined in both Hela and 2fTGH cell lines, but a smaller effect of GCN5 inhibition
was observed at the IFIT2/ISG54 promoter. We postulate that this might indicate redundancy in HAT ac-
tivities or reflect heterogeneity at individual ISG loci. GCN5 or GCN5-containing HAT complexes have
been shown to acetylate histones H3, H4, and H2A.Z, and these acetylated lysines are in turn recognized
by BET family protein bromodomains (Anamika et al., 2010; Millar et al., 2006). The BET family protein
BRD4 is a mediator of ISG transcriptional elongation by recruiting pTEFb and NELF/DSIF to paused poly-
merases (Patel et al., 2013), and we find that BRD2 inhibition prevents both ISG transcription and H2A.Z
removal. This finding is consistent with BRD2's preferential association with H2A.Z-containing nucleosomes
(Draker et al., 2012; Punzeler et al., 2017; Surface et al., 2016).

H2A.Z is thought to influence nucleosome stability and positioning, and consequently alter the ability of
activating or repressing factors to make stable or transient contact with DNA. This general property of
H2A.Z nucleosomes can result in both positive and negative regulation, depending on gene-specific, tis-
sue-specific, and/or context-specific transcriptional responses (Marques et al., 2010; Subramanian et al.,
2015). The physical and regulatory properties of H2A.Z-containing nucleosomes have been widely studied,
but the literature reflects a variety of roles. H2A.Z has been associated with both transcription activation
and transcription inhibition, and has been described as both an activator and repressor of gene expression
(Hu et al., 2013; Ku et al., 2012; Schones et al., 2008; Surface et al., 2016; Zlatanova and Thakar, 2008). For
example, in embryonic stem cell differentiation H2A.Z is important for facilitating the recruitment of chro-
matin activators and repressors (Hu et al., 2013; Surface et al., 2016). Although knocking down H2A.Z does
not alter steady-state ISG expression, loss of H2A.Z nucleosomes allows ISGF3 greater access to DNA, in-
creases ISG expression, and produces a more effective innate antiviral response. Altogether, these results
suggest a model wherein ISGF3 recruits GCN5 to acetylate histones, leading to BRD2 engagement, and to
mediate remodeling/eviction of H2A.Z nucleosomes. Reduced H2A.Z relieves the need to remodel the nu-
cleosomes at ISG promoters, enabling ISGF3 to bind and activate ISG expression more easily. This greater
access translates into more potent antiviral activity.

Regulating ISG transcription is critical for cellular antiviral responses and for subsequent immune re-
sponses, and chronic IFN signaling can lead to inflammatory and autoimmune diseases (Rodero and
Crow, 2016). Dysregulation of ISG transcription is also observed in tumors and contributes to immuno-
therapy resistance (Benci et al., 2016). The combinatorial use of BET inhibitors or other epigenetic drugs
with immunotherapy is a current strategy to improve treatment outcomes (Marazzi et al., 2018), and
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H2A.Z expression is also associated with malignancies (Monteiro et al., 2014), suggesting an interrelated
regulatory network that includes cytokine-activated transcription, nucleosome dynamics, and chromatin
remodeling activities that can be exploited for augmenting therapeutic strategies.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND SOFTWARE AVAILABILITY
All deep sequencing data have been deposited in GEO under accession number GSE110067.
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Supplemental Information includes Transparent Methods, four figures, and three tables and can be found
with this article online at https://doi.org/10.1016/].isci.2018.07.013.
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Figure S1. SRCAP is not required for IFN-induced H2A.Z loss, Related to Figure 6

(A-B) HelLa cells were transfected with siRNA against control (non-targeting sequence) or SRCAP. (A)
SRCAP mRNA expression in control or SRCAP knockdown cells and normalized to GAPDH. (B) ChIP assay
of H2A.Z occupancy at OAS3 and IFIT1/ISG56 promoters in control or SRCAP knockdown cells after mock or
3h IFNa-treated cells. Error bars denote mean £ SD of a representative experiment with technical triplicates.
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Figure S2. GCN5 and BRD2 are essential to IFN-induced H2A.Z loss, Related to Figure 6

(A) HelLa cells were pretreated with MB-3 or BET inhibitors JQ1 and BIC1 for 1h, mock-treated or stimulated
with IFNa for 3h (+/- inhibitor), then analyzed for H2A.Z occupancy at IFIT3/ISG60 and OAS3. Error bars
denote mean * SD of a representative experiment with technical triplicates. (B-C) 2fTGH cells were pretreat-
ed with MB-3 or BET inhibitors JQ1 and BIC1 for 1h, mock-treated or stimulated with IFNa for 3h (+/- inhibi-
tor), then analyzed for (B) IFIT1/ISG56 and IFIT2/ISG54 mRNA expression and (C) H2A.Z occupancy at
IFIT1/1ISG56 and IFIT2/ISG54. Error bars denote mean + SD of a representative experiment with technical
triplicates.
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Figure S3. IFN-stimulated acetylated H2A.Z loss requires BRD2, Related to Figure 6

(A) ChIP analysis of acetylated H2A.Z (K4, K7, K11) after mock, 3h IFNa or 1h pre-incubation with BIC1
followed by 3h IFNa/BIC1 treatment at the gene promoters of IFIT1/ISG56, IFIT2/ISG54, IFIT3/ISG60, OASS3,
IFITM1/9-27 and LOC100419583. Error bars denote mean + SD of a representative experiment with three

technical replicates.
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Figure S4. Loss of H2A.Z does not alter VSV replication, Related to Figure 7

(A) Plaque assay in 2fTGH cells harboring shRNA non-targeting control or H2A.Z shRNA. Cells were
inoculated with a VSV titration for 1.5h as in Figure 7F, but with no IFN stimulation, and overlaid with
2% DMEM-agar at 37°C for 24h before staining with crystal violet. (B) Plaque assay of 2fTGH cells
harboring shRNA non-targeting control or H2A.Z shRNA. Cells were treated for 9h with IFNa before
inoculation with VSV as in Figure 7F, and incubated for 48h before staining with crystal violet. TMTC,
too many to count.



inoa Gene Total Nucleosomes
Gene ISGF3 Cluster Locus Size (bp) | Nucleosomes per bp
Targets
IFIT1 (ISG56) v chr10:91,152,322-91,163,742 11,420 64 0.0056
IFIT2 (ISG54) v v chr10:91,061,706-91,069,032 7,326 35 0.0048
IFIT3 (ISG60) v chr10:91,092,239-91,100,724 8,485 47 0.0055
IFIT5 chr10:91,174,325-91,180,758 6,433 21 0.0033
ISG15 v chr1:948,847-949,915 1,068 6 0.0056
IFITM1 (9-27) v chr11:313,991-315,271 1,280 6 0.0047
IFITM2 chr11:308,107-309,409 1,302 9 0.0069
IFITM3 (1-8U) v v chr11:319,673-320,914 1,241 10 0.0081
IFITM5 chr11:298,203-299,526 1,323 7 0.0053
OAS1 v chr12:113,344,739-113,357,711 | 12,972 66 0.0051
OAS2 v v chr12:113,416,274-113,449,527 | 33,253 172 0.0052
OAS3 v chr12:113,376,249-113,411,052 | 34,803 177 0.0051
mx1 v / chr21:42,797,978-42,831,140 33,162 165 0.0050
mX2 v chr21:42,733,950-42,780,869 46,919 227 0.0048
STAT1 chr2:191,833,762-191,878,976 45,214 222 0.0049
STAT2 chr12:56,735,384-56,753,909 18,525 85 0.0046
IFI6 (6-16) v chr1:27,992,572-27,998,724 6,152 23 0.0037
AlM2 v chr1:159,032,275-159,046,647 14,372 61 0.0042
IFI16 chr1:158,979,682-159,024,943 45,261 204 0.0045
IFI27 v chr14:94,577,079-94,583,033 5,954 30 0.0050
B
Total reads Unique reads 137-157 bp reads | Read coverage (fold)

Mock 104,796,614 55,463,526 6,720,135 562

2 hr IFNa 106,756,227 56,949,366 4,302,688 360

6 hr IFNa 94,274,867 51,243,148 5,050,067 422

10 hr IFNa 103,862,266 55,437,595 7,280,912 608

Table S2. Direct selection nucleosome selection criteria and sequencing analysis, Related

to Figure 2

(A) Summary of the rationale in selecting 20 representative ISGs for nucleosome profiling and
characterization of the ISG nucleosome composition (total nucleosomes, average nucleosome
per bp). (B) Total and unique sequencing reads from each sample and the read enrichment

calculated from (number of reads x 147 bp)/(1758135 bp length of BACs).




Table S3. Reagents, qPCR Primers and Plasmids, Related to Figures 1, 2, 3,4, 5, 6, 7, $1,

S2, 83

MmRNA/cDNA RT-PCR Primers

Forward Primer Reverse Primer

H2A.Z CTCACCGTGGGTCCGATTAG CGCCTTTGTCTTGGCCTTTC
OAS3 TTCATCCAGGACCACCTGA GCCAAATGAGCCCCCTTTAC
IFIT1/1SG56 CAGAACGGCTGCCTAATTT GGCCTTTCAGGTGTTTCAC
IFIT2/1SG54 GGAAGATTTCTGAAGAGTGCAG | CTCCCTCCATCAAGTTCCAG
IFITM1/9-27 CCTTCCAAGGTCCACCGT ACGTCGCCAACCATCTTC
LOC100419583 GCTTGCTCAGGTCTCTGTCC CTGCCCGGTAGTTATTCAGC
ISG15 GACCTGACGGTGAAGATGCT CGATCTTCTGGGTGATCTGC
GAPDH ACAGTCAGCCGCATCTTCTT ACGACCAAATCCGTTGACTC

Genomic DNA/ChIP RT-PCR Primers

Forward Primer Reverse Primer
OAS3 promoter CAAGTTTGGGGAAGACAGGA TCGGATTTCTGGTTTCGTTT
OAS3 gene body AAAGCCAGCCAGTGAACAGT ATCCAAGCCACTCTCCTCAA
IFIT1/1SG56 GCAGGAATTCCGCTAGCTTT GCTAAACAGCAGCCAATGGT
F;?TTZ§é56 gene | CCTCCTTGGGTTCGTCTACA GGCTGATATCTGGGTGCCTA
IbFOIEII')I/\/I 1/9-27 CAGCAGGAAATAGAAACTTAAGAGAAA | GGGGAAGGAAGTGTTGAGTG
IpFrIOTnI:/cI)‘;[ e/r9-27 gene | CTGATTCTGGGCATCCTCAT AGGCTATGGGCGGCTACTA
Ec())dg 100419583 TTGCTGATCTCATCACTGCAT ACTTTCCCGTCCTGGTTTCT
IpSrcC)Sn‘?gtg:omoter CGTGTGTGCCTCAGGCTTAT ACGGCACAAGCTCCTGTACT
IFIT3/1SG60 ATTTTCCTCCTCCCAACGAT GAGAGTAGGGCACGCATCAG
Efc?r? tSrromoter CTGGGTTCTGTACGCTCCTG GACCCACCCAGCACATTTAG
Plasmids or siRNA
Sequence Clone ID
shRNA: H2AFZ CGTATTCATCGACACCTAA V2LHS_132986

shRNA: H2AFZ

GCCGTATTCATCGACACCT

V2LHS_132984




shRNA: H2AFZ

CCGTATTCATCGACACCTA

V2LHS_132985

shRNA: Non-silencing N/A RHS 4346
shRNA: INO80 ATTTCTTCCAGTACAGAAG V2LHS_238013
shRNA: RVB1 TTAGCAAGCAAGTTGGCCG V2LHS_14740
shRNA: RVB2 TGCTGGTCGATCAATCTGG V3LHS_641743
shRNA: CBP TAAGTGATAATATTCATCC V2LHS_24251
siRNA: SRCAP Dharmacon On-TARGETplus L-004830-00-
SMARTpool 0005

Bacterial artificial chromosomes (BAC)

BAC BAC start-end Hybridization ISG target(s)

RP11-1065J8

Chr1: 158892666- 159066838

IF116, AIM2

RP11-1107P24

Chr10: 91017523- 91231100

IFIT1, IFIT2, IFIT3, IFITS

RP11-932J23

Chr12: 113297537- 113465374

OAS1, OAS2, OAS3

RP11-120C17 Chr21: 42708733- 42858453 MX1, MX2

CTD-2344F1 Chr11: 212684- 355505 [FITM1, IFITM2, IFITM3, IFITM5
CTD-3113J13 Chr1: 838835- 1031922 ISG15

RP11-553K16 Chr1: 27887559-28085894 IFI6

RP11-641G12 Chr2: 191780297- 191951049 STAT1

RP11-348M3 Chr12: 56684981- 56848839 STAT2

RP11-668H1 Chr14: 94486463- 94670429 IF127




TRANSPARENT METHODS

Cell culture and treatment with interferon or chemical inhibitor

Human cells lines, HeLa S3, 293T/17, 2fTGH, U2A, U3A and UGA cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% cosmic calf serum (CCS) and 1% pen-strep
(PS) at 37°C with 5% CO,. Lentiviral-transduced HelLa or 2fTGH cells harboring shRNA were
cultured in DMEM containing 10% CCS, 1% PS and 5-10 ug/ml puromycin (Sigma, St. Louis, MO)
at 37°C with 5% CO.. Cells were mock-treated or treated with 1000 units/ml of IFNa (Hoffman-
Roche) for the specified amount of time. Chemical inhibitors, PFI-3 (0.9 mM, Sigma), TSA (1.3
mM; EMD Millipore, Burlington, MA), MB-3 (0.5 mM, Sigma), JQ1 (10 uM; Apexbio, Houston, TX),
and BIC1 (0.5 mM, Sigma) were added 1h pre-IFN treatment and not removed during IFN
treatment. See Table S3 and Key Resources Table for reagent details.

mMRNA Expression

RNA was isolated from cells with Trizol, extracted with phenol/chloroform and isopropanol-
precipitated. RNA was treated with DNase I, primed with random primers and reverse transcribed
to cDNA with Superscript lll (Invitrogen, Carlsbad, CA). Relative mRNA abundance was
determined by SYBR green qPCR (Invitrogen) using specific primers. Analysis was based on the
delta Ct method using GAPDH to normalize for relative abundance. Statistical analysis was
computed using the Student’s t-test with n > 3. See Table S3 and Key Resources Table for
reagent details.

Lentivirus-mediated RNA interference

293T/17 cells were transfected with pGIPZ lentiviral short hairpin RNA vectors, pA8.91 and pUC-
MDG using either lipofectamine 2000 or polyethylenimine in DMEM media for 15h followed by a
change to DMEM media supplemented with 10% CCS and 1% PS for 24h. Lentivirus-containing
supernatant was centrifuged and filtered to remove cell debris. HelLa or 2fTGH cells were
transduced 2-3 times with fresh lentivirus and polybrene for 24h each time. See Table S3 and
Key Resources Table for reagent details.

siRNA-mediated RNA interference

HeLa or 2fTGH cells were transfected with 40 nM siRNA using lipofectamine 2000 for 48 hr. Cells
were mock- or IFN-treated and harvested by Trizol for RNA analysis or processed for ChlP sample
preparation. See Table S3 and Key Resources Table for reagent details.

Antiviral plaque assay

Lentivirus-shRNA-transduced HelLa or 2fTGH cells were mock-treated or treated with 1000
units/ml of IFNa for the specified amount of time, then infected with vesicular stomatitis virus
(Indiana strain) for 24-72h at 37°C with 5% CO.. Cells were fixed with 3.7% formaldehyde and
stained with crystal violet.

Immunoblot

Cells were lysed on ice in whole cell extract buffer (50 mM Tris pH 8.0, 280 mM NacCl, 0.5%
Igepal, 0.2 mM EDTA, 2 mM EGTA, 10% glycerol) supplemented with fresh DTT, protease
inhibitor and sodium vanadate for 15-30 min, then sonicated for 5 minutes (15 sec on, 45 sec off)
at 4°C using a cuphorn sonicator (Misonix). The sonicated sample was centrifuged at 14,000 x g
for 15 minutes to remove the cellular debris. Total protein was denatured at 100°C in SDS loading
buffer, separated by SDS-PAGE, transferred to nitrocellulose membrane, blocked in milk/TBST
solution, probed with specific antibody (H2A.Z ab4174 Abcam, Cambridge, MA; GAPDH sc-47724
Santa Cruz, Dallas, TX; STAT1 Santa Cruz sc-345, STAT2 sc-476) and the corresponding HRP



conjugated secondary antibody (Invitrogen).  Chemiluminescent detection (PerkinElmer,
Waltham, MA) was performed using Vision Works software. Relative density was quantified using
ImagedJ software. See Table S3 and Key Resources Table for reagent details.

ChIP sample preparation

Chromatin immunoprecipitation (ChIP) samples were prepared according to Lee et al., 2006.
Adherent cells were crosslinked for 10 minutes with 11% formaldehyde solution (50 mM HEPES-
KOH pH 7.5, 100 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 11% formaldehyde) and
quenched for 5-10 minutes with glycine at room temperature. Crosslinked cells were lysed at 4°C
with lysis 1 buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5%
NP-40, 0.25% Triton X-100, 1X protease inhibitors), pelleted to isolate the nuclei, washed with
lysis 2 buffer (10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1x protease
inhibitors) and pelleted. Nuclei was resuspended in lysis buffer 3 (10 mM Tris-HCI pH 8.0, 100
mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine, 1X
protease inhibitiors) and sonicated at 4°C with intervals of 15 seconds on and 45 seconds off until
DNA fragments were <1000 bp. Triton-X was added to the sonicated lysate to a final
concentration of 1% and centrifuged to pellet the cell debris. The cleared lysate was removed
and 1% input sample was saved. The lysate was incubated with Dynabeads bound to antibody
(STAT1 Santa Cruz sc-345, STAT2 Santa Cruz sc-476, IRF9 Santa Cruz sc-496, RNA Pol Il CTD
Abcam ab817, H2A.Z Abcam ab4174, H2A Abcam ab18255, H2B Abcam ab1790, H3 Abcam
ab1791, H4 Abcam ab7311) overnight at 4°C followed by 5 times wash with cold RIPA buffer (50
mM HEPES pH 7.5, 500 mL LiCl, 1 mM EDTA, 1% NP-40, 0.7% Na-Deoxycholate) and once with
cold Tris-EDTA (TE) pH 8.0 + NaCl. Immunoprecipitated complexes were eluted off the beads
with 30 minutes of 65°C water bath incubation and periodic vortexing. The eluate was further
incubated in a 65°C heated incubator for 12-15h. TE buffer was added to the reverse-crosslinked
sample and incubated with RNase A for 2h at 37°C, Proteinase K for 2h at 55°C and isolated with
phenol:chloroform:isoamyl. The sample was eluted with ethanol (EtOH), glycogen and NaCl at -
20°C overnight, washed with 80% EtOH and resuspended in Tris-HCI pH 8.0. ChIP DNA was
used either for gqPCR assays using specific primers or prepared into a sequencing library for
Applied Biosystems (ABI, Foster City, CA) SOLID 5500xI sequencing. See Key Resources Table
for reagent details.

ChIP library preparation for SOLiID 5500xI sequencing

The purified ChIP DNA was prepared for sequencing following ABI SOLID 5500xI library
preparation protocol. Purified DNA was end-repaired (NEBNext; NEB, Ipswich, MA). The DNA
was size-selected with Ampure beads followed by addition of a single dA-tail to the ends. ABI
SOLID 5500xI DNA adaptor barcodes were ligated onto the DNA with Quick Ligase (NEB) for 30
minutes at room temperature and size-selected with Ampure beads. Size-selected DNA was
pseudo nick-translated to fill in the 5’ overhang and remove the 3’ end (NEBNext). Ampure beads
was used to purify the final adaptor-ligated ChlP DNA. The adaptor-ligated ChIP DNA library was
amplified for 11-13 cycles using the SOLID P1 and P2 primers and DNA size was verified by
Bioanalyzer. See Key Resources Table for reagent details.

ChIP assays, deep sequencing and data analysis

ChIP and input DNA abundance was analyzed using SYBR green qPCR for ChIP assays. ChIP
DNA was normalized using the percent input method. Statistical analysis was computed using
the Student’s t-test with n > 2. For high-throughput sequencing, ChIP DNA was prepared following
the SOLID 5500xI library preparation protocol. Reads were aligned to the human hg19 build with
Bioscope v1.3.1. The reference genome was converted to colorspace. MACS software was used
to identify unique peaks. Genomic regions that were statistically enriched in the ChIP-Seq data
(p-value < 1 x 10°°) relative to the control input DNA were identified by the MACS software (Zhang



et al., 2008), and represent regions bound by IFN-induced STAT1, STAT2 or IRF9. Additional
data analysis was performed with the HOMER software.

Direct selection MNase nucleosome preparation, deep sequencing and data analysis
Mononucleosome DNA (mnDNA) from (~147-167 bp) was isolated, processed and sequenced as
described in Freaney et al., 2014 and Yigit et al., 2013. Briefly, a sequencing library was prepared
with isolated mononucleosome DNA (mnDNA) and ligated with SOLID 5500xI adaptor DNA
barcodes. The sequencing library was hybridized to 10 biotin-labeled bacteria artificial
chromosomes (BACs; BACPAC Resources, Oakland, CA) to enrich for 20 target interferon-
stimulated gene genomic loci. The target DNA was captured and eluted from streptavidin-
conjugated beads. The eluted library was amplified for 13-15 cycles using SOLID P1 and P2
primers and paired-end sequenced on the SOLID 5500x| platform. See Table S3 and Key
Resources Table for reagent details.

To obtain mnDNA, crude nuclei was isolated from HeLa cells. Approximately 5 x 10" adherent
HeLa cells were pelleted, washed, and lysed with MC lysis buffer (10 mM Tris-HCI pH 7.5, 10 mM
NaCl, 3 mM MgCl,, 0.5% Igepal). The nuclear pellet was resuspended in micrococcal nuclease
(MNase) reaction buffer (10 mM Tris-HCI pH 7.5, 10 mM NaCl, 3 mM MgCl,, 1 mM CaCly, 4%
Igepal, fresh 1 mM PMSF). MNase (800 units/5 x 107 cells) was added to the nuclear pellet and
digested the chromatin for the appropriate amount of time to generate mononucleosome DNA at
25°C. The digestion reaction was terminated with addition of a stop reaction solution (10 mM
EGTA, 1X PMSF, 1X PI, 1% SDS, 200 mM NaCl or 10 mM EDTA). The digested chromatin
sample was treated with RNase A for 30 min at 37°C followed by a phenol/chloroform extraction
to obtain the DNA. The DNA (~1.5 pg) was loaded onto a 3.5% NuSieve 3:1 agarose gel in 0.5%
TBE solution to resolve the nucleosomal DNA bands. The mononucleosomal-sized DNA
(mnDNA) band (~147 bp) was excised from the gel and isolated by the crush and soak method.
Briefly, the gel was incubated with 3 times volume to gel of crush and soak buffer (300 mM
NaOAc, 1 mM EDTA pH 8.0, 0.1% SDS) with gentle shaking at room temperature overnight. The
crush and soak buffer containing the mnDNA was filtered (Amicon Ultrafree-Cl) and the filtrate
was concentrated. The concentrated mnDNA was purified and used to prepare the sequencing
library.

The purified mnDNA was prepared for sequencing following ABI SOLID 5500xl library preparation
protocol. Purified mnDNA was end-repaired. The DNA was size-selected (~147 bp) with Ampure
beads followed by addition of a single dA-tail to the ends. ABI SOLID 5500xI DNA adaptor
barcodes were ligated onto the DNA with Quick Ligase for 30 minutes at room temperature and
size-selected with Ampure beads. Size-selected DNA was pseudo nick translated to fill in the 5°
overhang and remove the 3’ end. Ampure beads was used to purify the adaptor-ligated mnDNA.

To enrich for mnDNA from 20 target ISG genomic regions, bacterial artificial chromosomes
(BACs) encoding these regions were used to hybridize and enrich the target ISGs. The 10 biotin-
dUTP-labeled BACs allows capture of ~1.76 Mb of the genome corresponding to 20 ISG loci and
their surrounding genomic regions. The lyophilized biotin-dUTP-labeled BACs was resuspended
with human cot-7 DNA to reduce nonspecific repetitive DNA sequences with a mineral oil overlay,
followed by denaturation at 95°C for 5 min, incubated at 65°C for 15 min, and then incubated with
5 ul of 2X hybridization buffer (1.5 M NaCl, 40 mM sodium phosphate buffer pH 7.2, 10 mM EDTA
pH 8, 10X Denhardt’s, 0.2% SDS) at 65°C for 6h. Then 2 ug of the adaptor-ligated mnDNA in 5
ul of dH2O was denatured at 95°C for 5 min and incubated at 65°C for 15 min with a mineral oil
overlay. The mnDNA was transferred to a tube containing the cot-7 suppressed BACs and
allowed to hybridize with the BACs at 65°C for 72h. The hybridization mixture of BAC and mnDNA



was added to pre-washed streptavidin magnetic beads in 150 ul Streptavidin bead binding buffer.
Binding of the streptavidin magnetic beads with the biotin-dUTP labeled BAC hybridized with
mnDNA was carried out on a rotator at room temperature for 30 min with periodic mixing. The
magnetic beads were washed once with 1 ml 1X sodium-saline citrate (SSC) buffer with 0.1%
SDS at 25°C for 15 min, and then three times with 1 ml 0.1X SSC buffer with 0.1% SDS. The
hybridized BAC-mnDNA was eluted off the streptavidin beads with 100 pl of 0.1 M NaOH at 25°C
for 10 min. The BAC-mnDNA eluate was neutralized by addition of 100 pl 1M Tris-HCI pH 7.5 and
desalted through a Sephadex G-50 column. The eluted mnDNA was PCR-amplified for 13-15
cycles using the SOLID P1 and P2 primers.

Sequencing reads were aligned with the Bowtie software v0.12.7 using the human reference
genome build hg19/GR37. Aligned reads corresponding to the BAC-selected genomic
coordinates were used to generate nucleosome occupancy maps using a center-weighted
algorithm and selecting reads that were 137-157 bp, representing single nucleosome-protected
regions (Freaney et al., 2014; Yigit et al., 2013). The occupancy scores from the center-weighted
algorithm was normalized to 10 million reads to generate nucleosome occupancy maps. To
identify nucleosome occupancy changes between the steady state and different time points of
IFN-induced states, additional analysis was performed using the DANPOS software (Chen et al.,
2013).

KEY RESOURCE TABLE

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies

STAT1 Santa Cruz sc-345
STAT?2 Santa Cruz sc-476

IRF9 Santa Cruz sc-496
H2A.Z Abcam ab4174

RNA Pol Il CTD Abcam ab817

H2A Abcam ab18255
H2B Abcam ab1790

H3 Abcam ab1791

H4 Abcam ab7311
Phospho-STAT1 (Tyr 701) Cell Signaling Technology 7649
Phospho-STAT2 (Tyr 689) EMD Millipore 07-224
H2A.Z Acetyl K4, K7, K11 Abcam Ab18262
GAPDH Santa Cruz sc-47724
Bacterial and Virus Strains

Vesicular stomatitis virus N/A Indiana strain
Lentivirus (pUC-MDG, pA8.91, This paper See Table S3 -
harbors pGIPz shRNA) Plasmids
Chemicals, Peptides, and

Recombinant Proteins

Dynabeads Protein G Invitrogen 10004D
IFNo Hoffmann-La Roche Inc RO 22-8181/001
PFI-3 Sigma Aldrich SML0939
MB-3 Sigma Aldrich M2449

JQ1 Fisher Scientific/Apexbio 50-101-4886




BIC1 Sigma Aldrich 203830
TSA EMD Millipore 647925
iProof HF DNA Polymerase Biorad 172-5302
Critical Commercial Assays

SOLID library preparation: Fragment | Applied Biosystems 4464412
Library Core Kit

SOLID library preparation: Enzyme Applied Biosystems 4464413
Module

SOLID library preparation: Barcode Applied Biosystems 4464406
adapters

SOLID library preparation: Standard | Applied Biosystems 4464411
adapter kit

NEBNext: END Repair Module NEB E6050L
NEBNext: dA-Tailing Module NEB E6053L
Deposited Data

STAT1, STAT2, IRF9 ChlIP-Seq data | This paper GEO: GSE110067

(HeLa cells)

H2A.Z Encode data (HelLa cells)

(ENCODE Project Consortium,
2012)

UCSC:
wgEncodeEH0023
95; GEO:
GSM1003483
https://genome.ucs
c.edu/encode/

Human reference genome NCBI
build 37, GRCh37

Genome Reference Consortium

http://www.ncbi.nl
m.nih.gov/projects/
genome/assembly/

grc/human/
Experimental Models: Cell Lines
Human: HelLa N/A N/A
Human: 2fTGH George Stark lab, Cleveland Clinic | N/A
Human 2fTGH-derived (-/- IRF9): George Stark lab, Cleveland Clinic | U2A
U2A
Human 2fTGH-derived (-/- STAT1): George Stark lab, Cleveland Clinic | U3A
U3A
Human 2fTGH-derived (-/-STAT2): George Stark lab, Cleveland Clinic | UGA
UBA
Human: 293T ATCC CRL-11268
Oligonucleotides
Primers for RT and ChIP gPCR Eurofins, Invitrogen See Table S3
Recombinant DNA
pUC-MDG (VSV-G pseudotyped viral | Xiaomin Bao lab, Northwestern N/A
envelope) University
pA8.91 (Lentiviral Gag, Pol) Xiaomin Bao lab, Northwestern N/A
University
pGIPZ shRNA GE Dharmacon See Table S3 -
Plasmids

Software and Algorithms




Bowtie (Langmead et al., 2009) https://sourceforge
.net/projects/bowti
e_
bio/files/bowtie/0.1
2.7/

MACS (Zhang et al., 2008) http://liulab.dfci.har
vard.edu/MACS/

DANPOS (Chen et al., 2013) https://sites.google
.com/site/danposd
oc/

HOMER (Heinz et al., 2010) http://homer.ucsd.
edu/homer/

R R Development Core Team https://www.r-
project.org/

Other

Galaxy (Afgan et al., 2016) Usegalaxy.org

DATA AND SOFTWARE AVAILABILITY
All deep sequencing data have been deposited in GEO under accession number GSE110067.
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