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HDAC stimulates gene expression through
BRD4 availability in response to IFN and in

interferonopathies

Isabelle J. Marié, Hao-Ming Chang, and David E. Levy®

In contrast to the common role of histone deacetylases (HDACs) for gene repression, HDAC activity provides a required
positive function for IFN-stimulated gene (ISG) expression. Here, we show that HDAC1/2 as components of the Sin3A complex
are required for ISG transcriptional elongation but not for recruitment of RNA polymerase or transcriptional initiation.
Transcriptional arrest by HDAC inhibition coincides with failure to recruit the epigenetic reader Brd4 and elongation factor
P-TEFb due to sequestration of Brd4 on hyperacetylated chromatin. Brd4 availability is regulated by an equilibrium cycle
between opposed acetyltransferase and deacetylase activities that maintains a steady-state pool of free Brd4 available for
recruitment to inducible promoters. An ISG expression signature is a hallmark of interferonopathies and other autoimmune
diseases. Combined inhibition of HDAC1/2 and Brd4 resolved the aberrant ISG expression detected in cells derived from
patients with two inherited interferonopathies, 1SG15 and USP18 deficiencies, defining a novel therapeutic approach to

ISG-associated autoimmune diseases.

Introduction

The type I interferons (IFN-a/p) are central mediators of in-
nate immunity and inflammatory responses. IFN expression
is induced in a wide variety of cell types in response to micro-
bial and viral infection and cellular stress, through activation
of cellular pathogen recognition receptors by pathogen-asso-
ciated molecular patterns (Levy et al., 2011). Constitutive IFN
production at basal levels also contributes to immune system
homeostasis through tonic signaling (Gough et al., 2012). Once
produced, secreted IFNs induce antiviral and antimicrobial re-
sponses in target cells through activation of a receptor-mediated
JAK-STAT signal transduction system, involving tyrosine phos-
phorylation of STAT1 and STAT2, leading to their assembly with
the DNA binding protein IFN regulatory factor 9 (IRF9) into the
trimeric transcription factor complex ISGF3, followed by nu-
clear translocation, assembly on chromatin, and recruitment
of the transcriptional apparatus (Au-Yeung et al., 2013). Induc-
tion of IFN-stimulated gene (ISG) expression by activated STAT
factors is rapid and transient, correlating closely with complex
assembly on chromatin (Lerner et al., 2003). The majority of
the direct transcriptional capability of ISGF3 is dependent on a
carboxyl-terminal transactivation domain of the STAT2 protein
(Qureshi et al., 1996) that facilitates the assembly of the tran-
scriptional apparatus (Bhattacharya et al., 1996; Park et al., 1999;

Paulson et al., 1999, 2002; Lau et al., 2003). Transcriptional in-
duction by STAT2 depends on its interaction with coactivators,
modification of chromatin, and recruitment of components of
the basal transcription machinery, but its detailed mechanism of
action remains ill defined (Au-Yeung et al., 2013).

Several unusual characteristics of ISG transcription have
been described, possibly related to the involvement of this path-
way in antiviral immunity, causing it to evolve under the selec-
tive pressure of virus-encoded inhibitory proteins (Levy and
Garcia-Sastre, 2001). For instance, STAT?2 recruits a distinct ini-
tiation complex that is resistant to virus-dependent proteolysis
(Paulson et al., 2002), and multiple steps in ISG transcription
are targeted by viral virulence factors (Fleming, 2016). ISGF3
recruits lysine acetyltransferase coactivators through interac-
tions with the transactivation domains of both STAT1 and STAT2
(Wojciak et al., 2009), and acetyltransferase activity is required
for induction of gene expression (Gnatovskiy et al., 2013). STAT2
also recruits a required chromatin remodeling complex contain-
ing the DNA helicases Rvbl and Rvb2, which facilitate RNA poly-
merase recruitment to target promoters (Gnatovskiy et al., 2013),
as well as components of the Mediator complex, which provides
communication between chromatin-bound ISGF3 and RNA poly-
merase IT (RNAPIL; Lau et al., 2003). Interestingly, STAT2-depen-
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dent transcription also requires the lysine deacetylase activity
of histone deacetylase (HDAC) enzymes as a positive regulator
of transcription (Yu et al., 2002; Nusinzon and Horvath, 2003;
Chang et al., 2004; Sakamoto et al., 2004), unlike the more com-
mon role of HDACs as inhibitors and silencers of gene expres-
sion (Kouzarides, 2007). Pharmacologic or genetic impairment
of HDAC activity prevents ISG induction, but the mechanism
underlying this HDAC requirement remains unknown.

Lysine deacetylases have been widely studied in the context
of histone deacetylation, where they are commonly recruited by
corepressor complexes to silenced genes (Kouzarides, 2007). It
has been hypothesized that histone acetylation activates chro-
matin by modulating the association of nucleosomes with DNA
through partial neutralization of histone-positive electrostatic
charge, a process that is opposed by HDACs through reversal of
histone acetylation (Cosgrove et al., 2004). More recently, how-
ever, it has become clear that HDACs play a much broader role,
including the identification of nonhistone protein substrates
(Glozak et al., 2005; Spange et al., 2009) and the documentation
of HDACs associated with transcriptionally active as well as tran-
scriptionally repressed chromatin (Wang et al., 2009).

The hallmark of eukaryotic transcriptional initiation of pro-
tein coding genes is the recruitment and activation of RNAPII, a
process requiring DNA-bound activators, the general transcrip-
tion machinery, and chromatin-modifying enzymes, leading
to formation of a preinitiation complex. Preinitiation complex
formation has long been recognized as an important regulatory
event and possibly the rate-limiting step for transcriptional con-
trol of gene expression (Darnell, 1982). However, gene expres-
sion requires additional transcriptional, cotranscriptional, and
posttranscriptional events including efficient transcriptional
elongation, cotranscriptional processing, 3" end formation, and
nuclear-cytoplasmic transport, all of which contribute to the ef-
ficiency of gene expression. In fact, it has been long appreciated
that the transition from transcriptional initiation to processive
elongation is a discrete mechanistic step, characterized by natu-
ral pause sites, abortive transcriptional events, and polymerase
backtracking (Boeger et al., 2005; Lis, 2007).

Evidence that post-initiation events can be subject to regula-
tion has come from a variety of studies. Efficient transcriptional
elongation is dependent on the cyclin-dependent kinase P-TEFb,
which phosphorylates the carboxyl-terminal domain (CTD) hep-
tad repeat of RNAPII at serine 2 and overcomes the inhibitory
activity of two negative regulators, NELF and DSIF (Peterlin and
Price, 2006; Kwak and Lis, 2013). The P-TEFb complex is recruited
to promoters of many genes by the acetylated lysine-binding
protein Brd4 (Brés et al., 2008), following the release of P-TEFb
from inhibitory complexes through posttranslational modifica-
tion (Cho et al., 2010). Brd4 is a large BET protein composed of a
double amino-terminal bromodomain mediating recruitment to
acetylated chromatin and an extra terminal domain that binds to
the core complex of P-TEFb. Although there is evidence that tran-
scription of some genes may be independent of P-TEFb (Gomes et
al., 2006; Oven et al., 2007), this factor is recruited to many pro-
moters during transcriptional induction, including ISGs (Patel et
al., 2013), and it facilitates the movement of RNAPII past pause
sites, activates 5'-end capping, associates with and continues
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to phosphorylate elongating RNAPII, and is essential to control
expression from numerous promoters, such as HSP70, c-MYC,
and the HIV LTR (Peterlin and Price, 2006). Additional evidence
for regulation of gene expression after transcriptional initiation
comes from the characterization of poised genes. Many genes,
such as HSP70 and c-MYC, display constitutively recruited RNA
PII even before induction and in the absence of gene expression,
and transcriptional induction is accomplished by converting
poised, paused polymerases into efficiently elongating enzymes
(Lis, 2007). Recent genome-wide analyses of chromatin modi-
fications have demonstrated that many inactive yet permissive
genes display hallmarks for active genes, such as trimethylation
of histone H3 on lysine 4 and constitutively associated RNAPII
(Lee et al., 2006; Rasmussen, 2008), suggesting that post-initia-
tion regulation may be a common regulatory strategy.

The need for stringent regulation of ISG expression is exem-
plified by a set of autoimmune inflammatory diseases collec-
tively known as interferonopathies, including Aicardi-Goutiéres
syndrome (Crow and Manel, 2015). These Mendelian disorders
are associated with constitutive up-regulation of IFN or ISG ex-
pression, caused by gain or loss of function of individual positive
or negative regulators of the IFN pathway. Due to the key involve-
ment of IFN in these syndromes, modulating the abnormal ISG
expression has become an attractive therapeutic target (Rodero
and Crow, 2016).

We have explored the biochemical basis for the activating role
of HDACs during ISG expression. Our results pinpointed HDAC
action at the transition between committed transcriptional initi-
ation and processive transcriptional elongation, mediated by the
recruitment of P-TEFb by Brd4 to ISG promoters. In particular,
HDAC activity was critical for the availability of Brd4 to be mobi-
lized to newly activated promoters. Inhibition of HDAC activity
or Brd4 recruitment abrogated ISG transcription and coopera-
tively reduced pathogenic ISG expression associated with auto-
immune syndromes. These results delineate a Brd4-dependent
epigenetic control point that couples transition from initiation
to concerted elongation to provide precise regulation of acutely
inducible gene expression, which can be targeted to modulate
inflammatory syndromes.

Results

ISG transcription requires class | HDAC activity

Trichostatin A (TSA) is a potent general inhibitor of class I and II
HDAC enzymes, whereas valproate, which also inhibits ISG ex-
pression (Chang et al., 2004), preferentially inhibits class I en-
zymes (Géttlicher et al., 2001). To gain more insight into which
enzymes is required for ISG transcription, we tested the efficacy
of romidepsin, an inhibitor with high specificity for class I HDAC
(Furumai et al., 2002; Narita et al., 2009). Cells were stimulated
with IFN in the presence of increasing concentrations of romidep-
sin ranging from 5 to 250 nM, since its ICs, for class THDAC is ~40
nM and for class ITis >500 nM (Furumai et al., 2002). Romidepsin
inhibited ISG54 expression partially at 5 nM and completely at 50
and 250 nM, equivalent to the effect of inhibitory concentrations
of TSA (Fig. 1A). As control, both romidepsin and TSA treatments
led to p21¢iPY/WAF! expression (Fig. 1 B), indicative of HDAC inhibi-
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tion (Archeretal., 1998). We extended this observation to another
ISG, IRF9, showing that romidepsin inhibits IRF9 expression in a
dose-dependent manner with complete inhibition at ~50 nM. To
further identify what HDAC enzyme is involved in ISG transcrip-
tion, we tested the effect of RGFP966, an inhibitor with selective
specificity for HDAC3, and RGPF233, which preferentially inhibits
HDAC1 and 2 (Park et al., 2004). Interestingly, RGFP966 had very
little effect on ISG transcription, whereas RGFP233 almost com-
pletely abrogated IRF9 expression (Fig. 1 C).

Pharmacologic inhibition by romidepsin and RGFP233
strongly suggested that HDAC1 and 2 are required for ISG tran-
scription. We therefore depleted HDAC 1 and 2 by RNA inter-
ference. Knockdown of HDACI or HDAC2 individually did not
affect ISG induction (Fig. 1 D, right), in spite of major reductions
of the respective HDAC proteins (Fig. 1 D, left). Interestingly,
knockdown of HDAC2 led to a commensurate increase in HDAC1
levels (Fig. 1 D, lanes 7-9). These two proteins exist together in
several multiprotein deacetylase complexes, suggesting likely
functional redundancy between them. Therefore, we simulta-
neously depleted HDACI and HDAC2. Reduction of HDACI and
HDAC?2 together led to a significant (P < 0.002) impairment in
1SG54 induction in response to IFN (Fig. 1 E, right), in spite of
only partial knockdown of the HDAC2 protein (Fig. 1 E, left), sug-
gesting that these two enzymes together are critical for IFN re-
sponsiveness. As expected, depletion of the control protein E2F4
had no effect on ISG54 induction (Fig. 1 D). We also examined
expression of the IFN-inducible protein IRF9, as another mea-
sure of IFN responsiveness (Levy et al., 1990). IRF9 was highly
induced in IFN-stimulated cells. However, knockdown of HDAC1
and 2 impaired induction of IRF9 induction (Fig. 1 E). STAT1 and
to a lesser extent STAT2 are also IFN-inducible proteins. Their
induction was also impaired by HDAC knockdown (Fig. 1 E), al-
though the ability of residual protein to be phosphorylated was
largely unimpaired, as previously shown (Chang et al., 2004).

We ectopically expressed HDACI and HDAC2 by transfection
in 293T cells, which led to a sensitized response to IFN (Fig. 1 F).
Heightened expression of HDAC2 caused a 50% increase in
IFN-stimulated I1SG54 expression (P < 0.1), whereas HDACI1
caused a >100% increase (P < 0.02; Fig. 1F), an effect that was not
observed following expression of a catalytically impaired HDAC1
mutant or of other deacetylases (data not shown). Expression of
neither enzyme affected basal expression of ISG54.

HDAC1 and 2 are members of Sin3 complexes, which in mam-
malian cells contain either Sin3A or Sin3B and are commonly as-
sociated with gene repression (Hayakawa and Nakayama, 2011).
However, the results described thus far indicating a potentiat-
ing role for HDACI and 2 in ISG expression and a recent report
of a positive role for Sin3A during IFN responses (Icardi et al.,
2012) prompted us to investigate the requirement for Sin3A and
B proteins. Deletion of Sin3A is incompatible with cell growth
(Dannenberg etal., 2005). Therefore, we examined IFN responses
in cells containing a conditional allele of Sin3A following acute
deletion, in the presence or absence of the related Sin3B gene
(David et al., 2008). Immortalized mouse fibroblasts containing
a single conditional allele of Sin3A (Sin3A-F/-) and expressing
a tamoxifen-regulated Cre recombinase protein, with or with-
out deletion of Sin3B (Sin3B+/+ or F/-), were examined for ISG
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expression before and after treatment with 4-hydroxy-tamoxi-
fen and/or IFN (Fig. 1 G). Tamoxifen treatment significantly (P
< 0.001) reduced the expression of Sin3A mRNA (Fig. 1 G, left),
whether or not Sin3B was expressed (Fig. 1 G, middle). Loss of
Sin3A significantly impaired induction of mouse IRF9 in re-
sponse to IFN treatment (P < 0.007; Fig. 1 G, right), whereas loss
of Sin3B had no significant effect on gene induction. Interest-
ingly, loss of either Sin3A or Sin3B lowered basal expression of
IRF9, indicating a possible role for IFN priming in maintaining
basal expression levels (Gough et al., 2012). Residual IFN respon-
siveness was detected in Sin3 mutant cells, possibly due to in-
complete loss of Sin3 complexes or to redundant activity from
non-Sin3-containing HDAC complexes.

HDAC inhibition does not prevent transcription in vitro
Previous results showed that treatment of cells with HDAC in-
hibitors blocked ISG transcription as measured by endogenous
gene expression, transcriptional run-on assays, and promot-
er-reporter assays (Génin et al., 2003; Nusinzon and Horvath,
2003; Chang et al., 2004). To determine whether HDAC activity
was required for transcriptional initiation, we adopted an in
vitro transcription system using a genomic segment containing
the promoter of the ISG54 gene as template (Levy et al., 1986).
In vitro transcription reactions were programmed with nuclear
extracts from 293T cells with or without active ISGF3.

293T cell extracts supported basal transcription from a con-
trol template (G6TI) driven by Spl (Gill et al., 1994), as indicated
by a correctly initiated runoff product (Fig. 2 A, lanes 1-3, arrow).
However, transcription from the ISG54 promoter was only sup-
ported by nuclear extracts containing ISGF3 (Fig. 2 A, lanes 5 and
6, arrowhead), which resulted in a correctly initiated transcript
from the ISG54 template without affecting transcription from
the control. Significantly, neither basal nor ISGF3-dependent
transcription was inhibited by inclusion of TSA in the reaction,
indicating that HDAC activity was not required for transcription
in vitro on naked DNA templates (Fig. 2 A, lanes 3 and 6).

Runoff transcription is largely a measure of transcriptional
initiation. We asked whether HDAC activity was required for
transcription in isolated nuclei, a measure of in vitro elonga-
tion of polymerase molecules previously initiated in vivo. Nu-
clei were isolated from cells untreated or treated with IFN-a and
pulse labeled in vitro with radioactive nucleotides, and specific
transcriptional elongation was quantified by filter hybridization
(Fig. 2 B). Transcription of several example ISGs was stimulated
in nuclei isolated from IFN-treated cells, whereas housekeeping
gene transcription was equivalent regardless of how the cells
were treated before nuclei isolation. Nuclei from cells stimulated
with IFN in the presence of TSA displayed impaired ISG tran-
scription, consistent with a requirement for HDAC activity for
ISG expression in vivo. However, similar to the in vitro runoff re-
sult, addition of TSA in vitro failed to affect either housekeeping
or ISG transcription. Therefore, HDAC activity does not appear
to be required for polymerase initiation in vitro or for poly-
merase elongation in vitro, at least for previously initiated and
committed polymerases. We note that this assay, which produces
relatively short bursts of transcriptional elongation, may not be
sensitive to regulators of transcriptional processivity.
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Figurel. Class|HDAC mediates ISG expression. (Aand B) Hela cells were treated with IFN-a for 6 h in the absence or presence of increasing concentrations
of Romidepsin or TSA, as indicated. RNA was quantified by real-time RT-PCR for ISG54 and p21WAFY/Cipl expression, normalized to GAPDH, and represented
as fold induction over untreated cells. (C) HeLa cells were treated with IFN-a for 6 h in the absence or presence of increasing concentrations of romidepsin,
RGFP966, or RGFP233, as indicated. RNA was quantified by real-time RT-PCR for IRF9 expression, normalized to GAPDH, and represented as fold induction
over untreated cells. (D and E) HEK293 cells were transfected with siRNA against HDACL, HDAC2, or E2F4 separately (D) or with a combination of HDAC1 and
HDAC?2 targeting oligonucleotides (E), and cells were stimulated with IFN-a for 6 h (a) in the presence (aT) or absence of TSA, as indicated. Whole-cell extracts
were analyzed for expression of the indicated proteins by Western blotting (left). ISG54 expression was quantified by real-time RT-PCR and represented in
arbitrary units (right). MW, molecular weight. A.U., arbitrary units. (F) HEK293T cells were transfected with pcDNA3 (Ctl), HDACL, or HDAC2 expression con-
structs, and ISG54 expression was quantified after stimulation with IFN-a for 10 h. Representative data from two experiments are shown. (G) Sin3A F/- and
Sin3A F/- Sin3B F/- immortalized mouse embryonic fibroblasts expressing Cre-ERT2 were treated for 3 d with 40H-tamoxifen (4OH-T) or left untreated.
Nuclear extracts were analyzed for expression of Sin3B by Western blotting (middle). Expression of Sin3A, represented as percent expression relative to levels
before tamoxifen treatment (left) and expression of IRF9 mRNA before and after tamoxifen (right), were quantified by real-time RT-PCR and normalized to
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IFN-stimulated chromatin remodeling

The involvement of HDAC and Sin3-containing complexes in ISG
expression prompted us to examine IFN-dependent changes in
chromatin architecture. To this end, we explored the nucleosome
environment of the ISG54 gene by micrococcal nuclease (MNase)
protection. The mononucleosomal genomic DNA fraction was
recovered from untreated or IFN-stimulated human diploid fi-
broblasts following MNase digestion of nuclei, and segments of
the ISG54 promoter were quantified by using PCR primers tiled
across the promoter-proximal region. Efficient recovery of a
specific DNA segment is indicative of protection from enzyme
digestion by a placed nucleosome, whereas relative sensitivity
to digestion is indicative of nucleosome-free or randomly placed
nucleosome regions (Keene and Elgin, 1981; Levy and Noll, 1981).
As control, we examined the MNase sensitivity of the IFN-f3 pro-
moter proximal region, documenting the previously described
nucleosome-free and fixed nucleosome elements (Agalioti et al.,
2000) that were unaffected by IFN treatment.

The ISG54 promoter distal region upstream of the IFN-stimu-
lated response element (ISRE) was relatively nucleosome free and
was not affected by IFN or TSA treatments (Fig. 2 C). In contrast,
genomic segments surrounding the TATA box and the transcrip-
tional initiation site were relatively MNase resistant (Fig. 2 C),
equivalent to the nuclease resistance of control loci, such as the
IFN-B promoter proximal region (Fig. 2 D). Again, nuclease sensi-
tivity was minimally affected by IFN or TSA treatments. The only
ISG54 promoter region affected by IFN treatment was the -92 to
-33 segment containing the ISRE. This region was resistant to
digestion in unstimulated cells but became substantially more
sensitive following IFN treatment (P < 0.002; Fig. 2 C), indicative
of an alteration of nucleosome positioning. However, increased
nuclease sensitivity following IFN treatment was not prevented
by cotreatment with TSA.

These results suggest that the ISG54 ISRE and promoter-prox-
imal region are packaged in a nucleosome, bounded by a rela-
tively nucleosome-free region flanking the ISRE, which is altered
inresponse to IFN. STAT2 recruits the DNA helicase proteins Rvbl
and 2, which are required for ISG expression (Gnatovskiy et al.,
2013). However, STAT2 and Rvb recruitment to chromatin are
not dependent on HDAC activity (Chang et al., 2004; Gnatovskiy
et al., 2013), consistent with the lack of involvement of HDAC
activity in nucleosome repositioning, as monitored by nucle-
ase sensitivity.

RNAPII recruitment and activation do not

require HDAC activity

The carboxyl-terminal transactivation domain of STAT2 func-
tions to recruit coactivator components, the Mediator complex,
and presumably RNAPII (Bhattacharya et al., 1996; Qureshi et al.,
1996; Paulson et al., 1999, 2002; Lau et al., 2003). Since RNAPII
recruitment to chromatin is a prerequisite for transcription, we
asked whether this step required HDAC activity. Chromatin im-

munoprecipitation (ChIP) analysis of RNAPII on the ISG56 pro-
moter revealed recruitment in response to IFN stimulation that
was rapid and robust (P < 0.001; Fig. 3 A). RNAPII was readily
detectable on the promoter after 30 min of IFN treatment and
was retained at 45 and 60 min after treatment. Strikingly, pro-
moter recruitment of RNAPII was not blocked by cotreatment
with TSA (Fig. 3 A). The presence of RNAPII at ISG promoters
in the absence of transcription suggests that HDAC inhibits a
post-initiation step. A hallmark of transcriptional initiation is
carboxyl-terminal phosphorylation of RNAPII (Meinhart et al.,
2005), with Ser 5 phosphorylation by transcription factor ITH
(TFIIH) considered indicative of promoter clearance following
preinitiation complex formation (Thomas and Chiang, 2006).
RNAPII recruited to ISG promoters in response to IFN treatment
was phosphorylated on Ser 5 regardless of HDAC inhibition
(Fig. 3 B). RNAPII was also recruited to the body of transcription
units in response to IFN (Fig. 3 C), although the density of RNA
PII within the gene body was lower than that at the promoter.
Significantly, RNAPII recruitment within the ISG56 and ISG54
transcription units was largely abrogated in the absence of HDAC
activity (P < 0.05; Fig. 3 C), consistent with the observed inhibi-
tion of gene expression.

A common hallmark of active or potentially active genes is the
presence of trimethylation on lysine 4 of histone H3 (H3K4me3)
at promoter or transcriptional start regions (Vermeulen and
Timmers, 2010). This modification usually occurs subsequent
to the assembly of the general transcription machinery on the
promoter. Unexpectedly, we detected high levels of H3K4me3
on ISG promoters (Fig. 3 D), even before IFN stimulation. How-
ever, neither IFN stimulation nor TSA cotreatment significantly
affected the level of this histone mark. Taken together, these re-
sults demonstrate that while RNAPII can be efficiently recruited
by STAT?2, incorporated into a preinitiation complex at ISG pro-
moters, and serve as a substrate for modification by TFIIH, it fails
to successfully transit the transcription unit in the absence of
HDAC activity, resulting in impaired transcription.

HDAC activity is required for P-TEFb recruitment

A crucial step driving the transition from promoter clearance
to productive elongation is the recruitment of the CDK9/cy-
clin T1-containing P-TEFb complex. To test the importance of
P-TEFD for ISG transcription, we used flavopiridol, a CDK9-se-
lective inhibitor (Chao and Price, 2001). To examine effects on
transcription, we scored the abundance of unspliced pre-mRNA
transcripts in nuclei. Flavopiridol inhibited ISG54 induction (P
< 0.03) at concentrations that did not prevent transcription of
constitutively expressed RPS11 (Fig. 4 A, right). Higher concen-
trations of flavopiridol inhibited expression of all genes tested
(data not shown), consistent with previous reports (Chao and
Price, 2001). These results suggest that 1ISG54 transcription is
acutely sensitive to the action of P-TEFb relative to constitutively
expressed genes.

GAPDH mRNA expression. Weak expression of Sin3B protein in Sin3A F/- Sin3B F/- fibroblasts before 40H-T treatment is likely due to some leakiness of Cre
recombinase expression. Quantitative data are representative examples of three (A and F) or two (B, C, E, and G) independent experiments, each performed in
duplicate, and error bars represent +SD. ¥, P < 0.05; **, P < 0.005; ***, P < 0.001.
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To directly probe the involvement of P-TEFb in ISG expres-
sion, we assessed its recruitment to chromatin in response to IFN
treatment. P-TEFb was absent from ISG promoters before IFN
treatment (Fig. 4 B) but was rapidly recruited to the promoters
of both ISG56 and ISG15, as measured by ChIP for CDK9. Notably,
chromatin-bound CDK9 was not observed in cells treated with
IFN in the presence of TSA (P < 0.005), suggesting that P-TEFb
recruitment required HDAC activity.

In addition to the RNAPII carboxyl-terminal tail, another
CDK9 substrate is the negative elongation factor (NELF; Kwak
and Lis, 2013). It has been recently reported that transcriptional
inhibition by HDAC inhibitors in a different biological context
was dependent on HSP90 function, whose ability to stabilize the
NELF complex and therefore block elongation was dependent
on HDAC activity (Greer et al., 2015). Greer et al. (2015) showed
that repression of ERBB2 and MYC expression by HDAC inhibi-
tors is antagonized by geldanamycin treatment, a potent HSP90
inhibitor that led to loss of NELF and rescue of elongation. How-
ever, geldanamycin destabilization of NELF failed to rescue ISG
transcription from HDAC inhibition; instead, ISG expression was
partially inhibited by geldanamycin alone. However, repressed
c-Myc expression was normalized by concomitant TSA and
geldanamycin treatment (Fig. 4 C), consistent with previous ob-
servations (Greer et al., 2015).

We also tested more directly whether NELF dismissal could
circumvent the HDAC requirement for ISG transcription. The
NELF complex was depleted by RNA interference targeting
NELF-E, since depletion of any of the four NELF subunits leads to
functional loss of the entire complex (Narita et al., 2007). Again,
destabilization of the NELF complex through reduced NELF-E did
not significantly alter ISG induction in response to IFN and failed
to rescue gene expression in absence of HDAC activity (Fig. 4 D).

The transcription elongation factor DRB sensitivity-inducing
factor (DSIF) is another target of CDK9 that has been implicated
in promoter proximal pausing of Pol II (Yamaguchi et al., 2013).
To test its role, we targeted Spt5, the major subunit of DSIF, by
RNA interference. Interestingly, down-regulation of Spt5 sub-
stantially increased ISG induction in response to IFN, but, similar
to NELF depletion, failed to rescue gene expression when HDAC
activity was inhibited (Fig. 4 E, left). DSIF also plays a role in co-
ordinating elongation with mRNA splicing and nuclear export
(Diamant et al., 2012), which could complicate interpretation of
changes in mRNA abundance in its absence. To ascertain whether
the role of DSIF in ISG regulation was transcriptional, we scored
the abundance of ISG54 pre-mRNA transcripts as a measure of
ongoing transcription after IFN stimulation. The effect of DSIF

depletion was even greater on primary transcripts, suggesting
that DSIF plays a major role as a negative regulator of ISG tran-
scription (Fig. 4 E, right). However, ISG transcription remained
sensitive to HDAC inhibition even in absence of the negative
regulation imposed by DSIF. These results demonstrate that
displacement of NELF or inactivation of DSIF are insufficient,
at least individually, to allow transition from transcription initi-
ation to transcriptional elongation in absence of HDAC activity,
suggesting that P-TEFb likely targets additional substrates to en-
hance elongation (Ramanathan et al., 2001; Glover-Cutter et al.,
2009; Hsin et al., 2011).

Brd4 is required for ISG transcription

Ithasbeen shown that Brd4, an acetylated lysine binding protein,
coordinates the recruitment of P-TEFb to regulate transcription
of target genes, including ISGs (Jang et al., 2005; Yang et al.,
2005; Hargreaves et al., 2009; Patel et al., 2013). We hypothe-
sized that perturbing the nuclear acetylation state with a po-
tent HDAC inhibitor could impair proper recruitment of Brd4.
To examine this possibility, we tested the effect of Brd4 inhibi-
tion on ISG expression. To focus on transcriptional events, we
again monitored induction of ISG unspliced pre-mRNA. ]JQ-1,
a BET protein domain selective inhibitor that impairs Brd4 re-
cruitment (Filippakopoulos et al., 2010), blocked induction of
ISG54 nascent transcripts in IFN-treated cells (Fig. 5 A, left),
without affecting the nuclear abundance of constitutively ex-
pressed y-actin nascent transcripts (Fig. 5 A, right). Similarly,
hexamethylene bisacetamide (HMBA), another inhibitor of BET
bromo-domain proteins (Nilsson et al., 2016), blocked ISG tran-
scription without affecting y-actin expression (Fig. 5 A). Because
these agents inhibit multiple BET proteins (Filippakopoulos et
al., 2010; Nilsson et al., 2016), we examined the specific role of
Brd4 by RNA interference. Brd4 was depleted by using a lentivi-
ral-transduced hairpin, reducing Brd4 mRNA levels by >80% (P
< 0.001; Fig. 5 B). Depletion of Brd4 significantly impaired ISG
induction in response to IFN (P < 0.001; Fig. 5 B). Conversely, we
tested the effect of Brd4 overexpression on ISG transcription by
monitoring the activity of ISG54-luciferase. Overexpression of
Brd4 significantly increased ISG54 promoter activity in the ab-
sence of IFN treatment (P < 0.001; Fig. 5 C, left), but showed only
a modest stimulatory effect on the constitutive promoter from
Rous sarcoma virus (Fig. 5 C, right). Surprisingly, Brd4-driven
ISG54 promoter activity was largely resistant to HDAC inhibition,
with no significant differences in Brd4-driven expression with or
without TSA and IFN. In contrast, in the absence of ectopic Brd4
expression, IFN-driven ISG54 promoter activity was completely

transcripts from G6TI-CAT and p107, respectively. Molecular sizes indicated in nucleotides. (B) HeLa cells were either left untreated or treated with IFN-a in
the absence or presence of TSA (TSA in vivo) before nuclei were isolated for run-on transcription. Where indicated, TSA was added to the elongation reaction
in vitro (TSA in vitro). Specific signals from y-actin, 1SG15, 1SG56, 6-16, 9-27, IRF9, and GBP transcription were quantified following filter hybridization and nor-
malized to the signal for GAPDH, arbitrarily set to 100. Representative data from three independent experiments are shown. A.U., arbitrary units. (Cand D) FS2
human diploid fibroblasts were starved for 72 h before being treated with IFN-a for 7.5 h in the absence or presence of TSA. Mononucleosomal DNA fraction
was purified from MNase-digested nuclei and analyzed for nucleosome positions by PCR quantitation of protected fragments. All samples were quantified
by real-time PCR, except the -53 to +1 ISG54 fragment, which was quantified by gel electrophoresis (C). The same mononucleosomal fractions were assayed
for two fragments of the IFN-B promoter as control (D). Normalized protection factor for each sample was expressed proportionally to the signal obtained for
fragment +40/+116 protected by the fixed nucleosome N2 at IFN-f promoter-proximal region, which was arbitrarily set at 100. Putative nucleosome positions
are diagramed. **, P < 0.002 from representative experiment (of two) performed in duplicate, and error bars represent +SD.

Marié et al. Journal of Experimental Medicine

HDAC governs BRD4 availability for ISG expression https://doi.org/10.1084/jem.20180520

920z Arenigad 60 uo 1senb Aq 4pd 02508102 Wel/e6185.L/v6LE/Z LIS LZ/APd-ajone/wal/Bio sseidny//:dpy woly papeojumoq

3200



>
w

Pol II ChIP (ISG56 pro) Pol Il Ser5-P ChIP

) 6 - BIFN
c c 5 BIFN + TSA
O 30 A (]
K= ‘B 4 4
(8] o
> =]
T 20 A1 T 3 1
£ =
) T 2
S 10 1 °
e Lo

0 - 0 A

1SG54 Pro ISG56 Pro 1SG15 Pro

«“ & &

Pol Il ChIP (ISG54 Gene Body) g - Pol Il ChIP (ISG56 Gene Body)

@)

* % xx * %k
.g 3 4 Kol o *% g 6 4 —
§ — B ONone
S 2 34 = BEIFN
£ c BIFN+TSA
> £
° 14 32
= H H |—| £
. o L1

Proximal Middle Distal Proximal Middle Distal

H3K4-Me3 ChIP H3K4-Me3 ChIP H3K4-Me3 ChIP

O

800 1 (ISG54 pro) 250 1 (ISG56 pro) 2509 (6-16 pro)
° © 200 - © 200
E 600 A -E -E
S 8 150 - 8 150 -
5 400 o o =
[
> 4 > 4

3 3 100 3 100
S 200 = o
© 50 - _
e 2 S 50

0 0 - 0 -

None IFN IFN +TSA None IFN IFN +TSA None IFN IFN +TSA

Figure3. RNAPII recruitment and activation do not require HDAC activity. (A) 2fTGH cells were either left untreated or treated with IFN-a in the absence
or presence of TSA for the indicated time (minutes). ChIP assays were performed with antibodies against Pol Il, and recovered ISG56 promoter sequences were
quantified by real-time PCR relative to input and represented as fold induction relative to untreated cells. (B) As in A, except that antibodies against phos-
phorylated Pol Il at serine-5 in the CTD were used for immunoprecipitation, following 60-min IFN-a treatments. Recovered 1SG54, 1ISG56, and ISG15 promoter
sequences were quantified by real-time PCR relative to input and represented as fold induction relative to untreated cells, which were arbitrarily set to 1. (C)
Asin A, except that cells were treated with IFN-a for 60 min and proximal, middle, and distal fragments along the ISG54 gene (left) and ISG56 gene (right) were
assayed. Regions of ISG54 analyzed were centered around +2380 (proximal), +4540 (middle), and +7590 (distal); regions of ISG56 were +2940 (proximal), 7120
(middle), and +11040 (distal), relative to the TSS. (D) As in A, except that antibodies against trimethylated lysine-4 on histone H3 were used. Promoter regions
of ISG54, 1SG56, and 6-16 genes were quantified by real-time PCR and reported as fold over the signal detected with a nonspecific antibody. **, P < 0.05; ***,

P < 0.001 from representative experiment (of two) performed in duplicate, and error bars represent +SD.

suppressed by TSA. To examine the role of acetylated lysine bind-
ingin the observed action of Brd4, we expressed mutant versions
of Brd4 lacking bromodomain 1 (ABD1) or bromodomain 2 (ABD2)
or containing point mutations in both bromodomains (Brd4 YY)
that abrogate acetylated lysine binding (Patel et al., 2013). None
of these constructs rescued ISG expression (Fig. S1). Interest-
ingly, expression of either ABD2 or Brd4 YY construct impaired
IFN-stimulated promoter activity, suggesting a dominant-nega-
tive action. This result suggests that high amounts of available
Brd4 protein led to its facilitated recruitment to ISG promoters
in an acetylated lysine binding-dependent manner, allowing
unregulated transcription at least from transiently transfected
DNA templates.

Brd4 associates with elongating polymerase to affect tran-
scriptional elongation (Kanno et al., 2014). We reasoned that

Marié et al.
HDAC governs BRD4 availability for ISG expression

HDAC inhibition would lead to a global increase in acetyla-
tion-dependent bromodomain binding sites in chromatin which
could trap Brd4, thus limiting its accessibility to ISG promoters.
To test this notion, we examined global Brd4 distribution in cells
treated with IFN in the presence or absence of TSA, quantify-
ing nuclear Brd4 in soluble versus chromatin-bound fractions
(Fig. 5 D). Most Brd4 was detected in the soluble nucleoplasm
fraction in untreated or IFN-treated cells (Fig. 5 D, compare lanes
1 and 2 with 5 and 6). In contrast, soluble Brd4 was undetect-
able in nuclei of TSA-treated cells (Fig. 5 D, lane 3). Instead, Brd4
was exclusively chromatin-bound (Fig. 5 D, lane 6). As expected,
treatment with TSA led to a large increase in histone acetylation
(Fig. 5 D, middle), including increased acetylated H4K5, a selec-
tive binding site for Brd protein bromodomains (Marchand and
Caflisch, 2015).
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Figure 4. HDAC activity is required for P-TEFb recruitment. (A) HeLa cells were either left untreated or treated with IFN-a for L h in the presence or absence
0f 100 or 200 nM of the CDK?9 inhibitor flavopiridol (Flav). Using primers spanning intron-exon junctions, nuclear pre-mRNA abundance for ISG54 and RPS11
was quantified using real-time RT-PCR and normalized to GAPDH mRNA. (B) 2fTGH cells were either left untreated or treated with IFN-a in the absence or
presence of TSA for 60 min. ChIP assays were performed with antibodies against CDK9, and recovered ISG56 and ISG15 promoter sequences were quantified by
real-time PCR relative to input and represented as percentage of the input signal. (C) BT474 cells were either left untreated or treated with IFN-ain the absence
or presence of TSA after exposure to geldanamycin (Gelda) for 24 h, as indicated. mRNAs for ISG56, 0AS2, and c-Myc were quantified by real-time RT-PCR and
normalized to GAPDH. (D) Control and NELF-E KD cells were either left untreated or treated with IFN-a in the absence or presence of TSA. ISG56 mRNA was
quantified using real-time RT-PCR and normalized to GAPDH mRNA abundance (left). Knockdown was verified by Western blotting using anti-NELF-E anti-
bodies (right). (E) Control and Spt5 KD cells were either left untreated or treated with IFN-a in the absence or presence of TSA. ISG56, Spt5 mRNA, and ISG54
pre-mRNA were quantified using real-time RT-PCR and normalized to GAPDH mRNA abundance. **, P < 0.03; ***, P < 0.005 from representative experiment
(of two) performed in duplicate, and error bars represent +SD. A.U., arbitrary units.

A corollary to a requirement for continued HDAC activity to  notion, we analyzed Brd4 solubility in nuclei from cells treated
maintain soluble Brd4 would be that continued histone acetyl- ~ with the general HAT inhibitor, anacardicacid (Balasubramanyam
transferase (HAT) activity is needed to drive chromatin acetyla-  etal.,2003). Soluble Brd4 was enriched by this treatment (Fig. 5E,
tion, which is opposed by constitutive HDAC activity. To test this  lane2), opposite toits depletion by TSA (Fig. 5E, lane 3). The abun-

Marié et al. Journal of Experimental Medicine
HDAC governs BRD4 availability for ISG expression https://doi.org/10.1084/jem.20180520

920z Arenigad 60 uo 1senb Aq 4pd 02508102 Wel/e6185.L/v6LE/Z LIS LZ/APd-ajone/wal/Bio sseidny//:dpy woly papeojumoq

3202



A 16

y-Actin pre-mRNA

1SG54 pre-mRNA 6
ok
5
] 12 .
D o8 D 3
< < 2
0.4 .
0 0
C e T &S CeF oS
3 & & D & &
& §
B
12 ISG56 4 Brgil.
1 [ None S
5084 MEIFN =3
< 06 < 2
0.4
m
0+ T T T 0
Sh Scr Sh Brd4 sh Scr sh Brd4
c 500000 1SG54 promoter-luc 2500 RSV-luc
OVector
400000 { ***
A R Bida 2000
. 300000 1500
= =
= 200000 —i 1000
e« o
100000 500
0 0
C TSA IFN  IFN+TSA
D Soluble fraction ~ Chromatin bound Chromatin bound E soluble fraction

MW= ¢ IfN IFNSTSA  C IFN  IFN#TSA IFN  IFN+TSA (kD) c AA - Tsa MW
(kD) 115 (kD)
250 250
- +| BRD4 ‘
W — - ksac |*" === |BRDa
150- 150
50- 20 50
Actin -15 Actin
37+ 37
F G _ Control IFN IFN+TSA
ChIP BRD4 on ISG56 TSS . —gened [
e 25 1 2 —
S >
g 21 2
'§ 15 A — L 1 frmm M S s rm A
S 14 25 TS5 25Kb-2.5 TSS 2.5Kb-25 TSS 2.5Kb
2 os - & Ty
0 4
TSA  IFN  IFN+TSAIFN+QL
i ChIP BRD4 on Mx1 TSS
. * *
c
8 3
k<]
3 2
2 — 1
z 1
S
s
o 4
TSA  IFN  IFN+TSA IFN+IQ1
ChIP BRD4 on IRF9 TSS 8
15 - * * g’n
c
L
=]
S 11
©
2 JR
=05 4
°
e
0 4
TSA  IFN  IFN+TSA IFN+JQL
25 1SS 25Kkb-2.5 TSS 25Kb-25  TSS
peak range (kb)  peak range (kb peak range(kb)
I
Enrichment
Marié et al.

HDAC governs BRD4 availability for ISG expression

Figure5. Brd4isrequired forISG transcription. (A) Hela cells
were either left untreated or treated with IFN-a for 1 h in the
presence or absence of JQ-1 or HMBA. Using primers spanning
intron-exon junctions, nuclear pre-mRNA for ISG54 and y-actin
was quantified by real-time RT-PCR and normalized to GAPDH
mRNA. (B) Control and Brd4 KD cells were either left untreated or
treated with IFN-a. ISG56 and Brd4 mRNA were quantified using
real-time RT-PCR and normalized to GAPDH mRNA abundance.
A.U., arbitrary units. (C) HEK293T cells were transfected with
pcDNA3 (Ctl) or Brd4 expression constructs along with a lucifer-
ase reporter driven by the 1ISG54 promoter. 24 h after transfec-
tion, cells were either left untreated or treated with IFN-a in the
absence or presence of TSA before being assayed for luciferase
activity (left). HEK293T cells were transfected with pcDNA3 (Ctl)
or Brd4 expression constructs along with a luciferase reporter
driven by the constitutive Rous sarcoma virus promoter and
assayed for luciferase activity after 36 h (right). R.L.U., relative
light units. (D) HeLa cells were either left untreated or treated
with IFN-a for 2 h in the presence or absence of TSA. Nuclear
proteins were extracted as a soluble fraction and a chroma-
tin-bound fraction and analyzed by Western blotting using anti-
Brd4, H4-AcK5, and actin antibodies, as indicated. (E) Soluble
nuclear proteins from Hela cells stimulated with IFN-a in the
absence or presence of TSA or anacardic acid (AA) for 60 min were
analyzed by Western blotting. (F) HeLa cells were treated for 60
min as shown, and ChIP assays were performed with antibodies
against Brd4 and analyzed for recovered 1SG56, Mx1, and IRF9
TSS spanning sequences by real-time PCR, normalized to input,
and represented as fold enrichment over an untreated sample.
(G) Profile and heat map of the enrichment of Brd4 peaks +2.5
kb relative to TSS for genes showing IFN-dependent enrichment
of Brd4. Each row represents a unique gene segment. *, P < 0.05;
*** P < 0.001 for representative experiment (of two) performed
in duplicate, and error bars represent +SD.
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dance of total nuclear BRD4 was unchanged by either treatment
(Fig. S1 D). These results indicate that blocking ongoing HDAC
activity allows Brd4 to accumulate on acetylated nucleosomes,
removing it from a more soluble available pool, whereas blocking
constitutive HAT activity does the opposite, consistent with the
notion that the steady-state levels of available Brd4 are maintained
by the balance between constitutive HAT and HDAC activities.

To directly assess the effect of IFN and HDAC inhibition on
Brd4 recruitment, we assayed the presence of Brd4 at ISG pro-
moters by ChIP. Brd4 was recruited to three typical ISG promot-
ers after 1 h of IFN stimulation, as previously described (Patel et
al., 2013). Importantly, this recruitment was abrogated by TSA,
and, as expected, by JQ-1 (Fig. 5 F). We also performed global
ChIP-seq for Brd4 recruitment. IFN-dependent Brd4 recruitment
was observed at 366 TSS-proximal regions, and this recruitment
was abrogated by TSA treatment (Fig. 5 G, Table S1). In contrast,
Brd4 recruitment at other genomic loci was not sensitive to TSA
(Fig. S2). Enrichr pathway analysis (Kuleshov et al., 2016) of
genes associated with IFN-dependent Brd4 recruitment (Tables
S2 and S3) showed significant enrichment of genes regulated
in virus-infected cells (P < 0.0015) and genes regulated by IFN
(Table S4; P < 0.00015; Rusinova et al., 2013).

Combined HDAC and Brd4 inhibition as a potential therapy for
type l interferonopathies

Type I interferonopathy refers to a group of monogenic auto-
inflammatory diseases in which a constitutive up-regulation of
typeIIFN production or signaling is associated with pathogenesis
(Crow, 2011). Similarly, a common feature of most systemic lupus
erythematosus patients is elevated serum levels of type IIFN and
an ISG signature (Crow, 2014), and impeding this pathway can
be beneficial (Kirou and Gkrouzman, 2013). We reasoned that
combined HDAC and Brd4 inhibitor treatment should efficiently
thwart ISG expression and could be therapeutically beneficial. As
a proof of principle, we treated IFN-stimulated HEK 293T cells
with TSA, JQ-1, or a combination of both drugs. As predicted, a
combination of JQ-1and TSA even at low concentrations (as low
as 125 nM for JQ-1 and 50 nM for TSA) almost fully inhibited
expression of ISG (Fig. 6 A). We extended this study to hTERT
immortalized fibroblasts from patients harboring symptoms of
type I interferonopathy due to inborn mutations of the negative
regulators ISG15 or USP18 (Malakhova et al., 2006; Zhang and
Zhang, 2011; Zhang et al., 2015). Mutant fibroblasts failed to
properly down-regulate IFN signaling and therefore exhibited
heightened expression of a subset of ISGs, including Mx1 and
Viperin (Zhang et al., 2015). As shown in Fig. 6 B, high-level Mx
1 mRNA present in ISG15-deficient fibroblasts was significantly
inhibited (P < 0.009) after combined treatment with romidepsin
and JQ-1 and normalized to levels comparable to those observed
in control fibroblasts isolated from healthy individuals. Simi-
larly, increased levels of viperin in IFN-treated cells were signifi-
cantly reduced by the combined inhibitor regimen (P < 0.007).
Likewise, the high ISG expression in USP18-deficient fibroblasts
was significantly inhibited (P < 0.0002) by cotreatment with JQ-1
and romidepsin (Fig. 6 C), and inhibition by cotreatment was sig-
nificantly reduced compared with either agent alone (P < 0.005).
Inhibition of heightened ISG expression by combined inhibitor

Marié et al.
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treatment was also observed in cells from two additional ISG15
mutant patients (Fig. S3, A and D), while constitutive gene ex-
pression was unperturbed (Fig. S3, B, C, E, and F). ISG expression
in primary cells ex vivo was also impaired by HDAC and Brd4
inhibitors (Fig. S4), suggesting that this approach could be a suit-
able therapy for suppression of IFN responses. To ascertain that
the target of this drug combination was primary transcription,
we confirmed that the abundance of ISG54 primary transcripts
was effectively inhibited by combined JQ-1 and romidepsin in
both ISG15- and USP18-deficient fibroblasts (Fig. 6, D and E).

Discussion

The data described in this report are consistent with the model
that ISG transcription depends on HDAC activity to facilitate the
transition from committed initiation to processive elongation
through, at least in part, the targeted recruitment of P-TEFb to
ISG promoter-proximal regions mediated by the Brd4 protein,
and that sequestration of Brd4 by acetylated chromatin impairs
ISG expression (Fig. 6 F). Previous reports have substantiated a
requirement of HDAC activity for IFN-stimulated transcription
(Génin et al., 2003; Nusinzon and Horvath, 2003; Chang et al.,
2004; Sakamoto et al., 2004), and this observation has been
extended to additional inducible expression systems, such as
in response to IFN-y (Zupkovitz et al., 2006), glucocorticoids
(Tichonicky et al., 1981; Plesko et al., 1983; Bresnick et al., 1990;
Mulholland et al., 2003; Kadiyala et al., 2013) or in STAT5-de-
pendent transcription (Rascle et al., 2003; Xu et al., 2003). Broad
requirement for HDAC activity during acute induction of gene
expression from stimulus-dependent promoters suggests a com-
mon positive role for HDAC enzymes for this subset of genes, in
addition to its well-appreciated repressive role of maintaining
histone deacetylation on silent chromatin.

We found that HDAC activity was not required to reorganize
promoter chromatin in response to IFN, allow chromatin binding
of the activated ISGF3 transcription factor complex, recruit RNA
PII to ISG promoters and promoter-proximal regions, or allow
transcriptional initiation, as judged by Ser 5 phosphorylation of
RNAPIIL However, accumulation of RNAPII within gene bodies
was impaired in the absence of HDAC activity, indicative of failed
elongation. These findings suggest that HDAC activity is required
for the transition to processive elongation, possibly to overcome
promoter-proximal pausing. Indeed, we found evidence for sig-
nificant promoter-proximal pausing at ISG promoters by the
large accumulation of RNAPII at promoter-proximal sites rel-
ative to gene bodies (Fig. 3), a common observation for paused
genes (Mayer et al., 2017). However, unlike other instances of
promoter pausing, e.g., poised promoters regulated through a
pause-release mechanism (Young, 2011), ISG promoters only dis-
played signs of polymerase pausing following IFN stimulation.
Thus, these promoters appear to combine two distinct mecha-
nisms of transcriptional control, inducible recruitment of poly-
merase followed by an HDAC-dependent elongation barrier.

Promoter-proximal pausing is a well-documented barrier to
successful transcription, commonly associated with insufficient
inactivation of negative regulatory factors such as DSIF and NELF
and impaired activation of polymerase elongation by P-TEFb
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Figure 6. Combined HDAC and Brd4 inhibition is
a potential therapy for type | interferonopathies.
(A) HEK293T cells were either left untreated or
treated with IFN-a for 6 h in the presence or absence
of JQ-1, TSA, or a combination of the two inhibitors,
as indicated (nM). ISG56 and Viperin mRNA were
quantified using real-time RT-PCR and normalized
to GAPDH mRNA abundance. (B) hTert-immortalized
human fibroblasts from an 1SG15-deficient patient
and a healthy donor (C21) were treated with IFN-a for
8 h, washed with PBS, and incubated in the absence
of IFN for 3 d. Where indicated, cells were treated
with JQ-1, romidepsin, or a combination of the two
drugs (nM) for the final 24 h before RNA extraction.
Mx1 and Viperin mRNA were quantified using real-
time RT-PCR and normalized to GAPDH mRNA
abundance. (C) As in B, except that hTert-immortal-
ized fibroblasts from a USP18-deficient patient were
used. (D) As in B, except that nuclear pre-mRNA for
ISG54 from 1SG15-deficient cells was scored. (E) As
in D, except that pre-mRNA for ISG54 from hTert-im-
mortalized USP18-deficient fibroblasts was quanti-
fied. A.U., arbitrary units. (F) Proposed model of Brd4
sequestration in the absence of constitutive HDAC
function, as described in the text. *, P < 0.02; **, P <
0.01; ***, P < 0.005; ****, P < 0.002 for representa-
tive experiments (of three) performed in duplicate,
and error bars represent +SD.
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(Sehgal et al., 1979; Wada et al., 1998). Indeed, transcription from
ISG promoters was exquisitely sensitive to the P-TEFb inhibitor
flavopiridol (Fig. 4 A), and P-TEFb recruitment required HDAC
activity (Fig. 4 B). However, the action of neither DSIF nor NELF
could individually account for the requirement of HDAC activity
(Fig. 4). Therefore, the recruitment and activity of P-TEFb likely
provides essential functions in addition to dismissal of NELF and
modulation of DSIF.

A parsimonious interpretation of our data would posit a
continuous cycle of histone acetylation and deacetylation that
regulates the pool of Brd4 protein available for recruitment to
ISGF3-bound mediator at IFN inducible promoters (Fig. 6 F).
Under steady-state conditions, Brd4 binds chromatin as a con-
sequence of interactions between its paired bromodomains and
acetylated histones and exists in an equilibrium between bound
and transiently free due to deacetylation of histones that releases
a portion of bound Brd4. Deacetylation, mediated by HDAC1/2/
Sin3A, is countered by continued reacetylation by HAT com-
plexes, resulting in rebinding of Brd4 to chromatin. This con-
stant release-and-rebind scenario maintains a small pool of Brd4
that can be mobilized for binding to newly available recruitment
sites, for instance, at activated inducible promoters, where it re-
cruits P-TEFb. In the absence of constitutive HDAC activity, Brd4
is trapped on chromatin, due to the absence of the transient re-
moval of the sequestering acetylation marks throughout the ge-
nome that greatly outnumber the abundance of Brd4. In contrast,
the absence of continuous HAT activity causes Brd4 release due
to unopposed HDAC-mediated histone deacetylation. However,
while this free Brd4 would be available for remobilization to
newly inducible promoters, transcription is not supported in the
absence of active acetyltransferases, due to their essential role
in other aspects of transcriptional activation (Utley et al., 1998).
Dependence on the availability of mobile Brd4 would only apply
to stimulus-dependent promoters, since constitutively tran-
scribed genes would have preassociated Brd4 regardless of the
pool of free protein (Zhao et al., 2011). We note, however, that we
cannot rule out the possibility that there are additional require-
ments for HDAC activity for ISG induction beyond regulation of
BRD4 availability.

There is precedent for this notion from other gene induction
mechanisms. Greer et al. (2015) also noted that HDAC activity en-
hanced transcriptional elongation and that HDACi led to a global
redistribution of Brd4. Similarly, Wang et al. (2009) described
an HAT/HDAC cycle at active genes in T lymphocytes, but they
concluded that HDAC activity was more involved in resetting
chromatin following gene induction and in maintaining poised
promoters in an inactive state. Cellular stress activates a gene
expression program that is dependent on HDAC activity and has
been shown to be dependent on transient release of Brd4 from
chromatin, following dephosphorylation of H3S10 (Ai et al.,
2011; Hu et al., 2014). Distinct from ISG induction, cellular stress
induces global changes in histone modifications and Brd4 avail-
ability, whereas IFN treatment appears to cause only gene-spe-
cific changes at inducible promoters. Moreover, ISG induction
appears to depend on a constitutive cycle of global acetylation
and deacetylation to modulate Brd4 availability, a cycle that is
not itself stimulus dependent. Why cellular stress requires global
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changes in histone acetylation to mobilize Brd4 while the consti-
tutive cycle is sufficient to allow expression of ISGs may relate
to the magnitude of the respective responses or the number of
activated genes.

Aberrant ISG regulation results in interferonopathies and
other autoimmune diseases (Crow and Manel, 2015; Rodero and
Crow, 2016). There is strong evidence that an ISG expression sig-
nature is at least in part causative in such diseases, rather than
being simply correlative. Therefore, inhibition of enhanced ISG
expression has become an attractive anti-inflammatory thera-
peutic target, with the caveat that ISG inhibition could increase
the risk for viral infection (Kalunian, 2016). An attractive alter-
native to abrogating IFN receptor signaling in autoimmunity
would be to modulate aberrant constitutive signaling back to-
ward physiological levels. Treatment of patient cell lines from
two distinct interferonopathies with HDAC and Brd4 inhibitors
reduced aberrant ISG expression comparable to the JAK inhibi-
tors ruxolitinib and tofacitinib (Fig. S3) with little apparent tox-
icity (Fig. S5). Our results from combined low-dose HDAC and
Brd inhibitors, drugs available for clinical use in humans and well
tolerated by patients, may provide a viable approach to reducing
inflammation without abrogating beneficial IFN signaling.

Materials and methods

Cell culture

HeLa S3, HEK293, HEK293T, 2fTGH, FS2 human diploid fibro-
blasts, BT474 (a gift from B. Neel, New York University [NYU]
School of Medicine, New York, NY), Sin3A and Sin3B conditional-
ly-deficient immortalized mouse fibroblasts (a gift from G. David,
NYU School of Medicine), and patient-derived hTERT immortal-
ized human fibroblast cells (provided by D. Bogunovic, Mount
Sinai Icahn School of Medicine, New York, NY) were maintained
in DMEM supplemented with 10% calf serum and antibiotics.
Sin3A and Sin3B conditional cells (Dannenberg et al., 2005) ex-
pressed tamoxifen-inducible Cre recombinase (McDonel et al.,
2012), which was activated by incubation of cells for 3 d with
100 nM 4-hydroxytamoxifen (Sigma-Aldrich). Transfections of
cells were performed by using the calcium phosphate method,
and cellular extracts were collected for protein and RNA analysis,
as previously described (Chang et al., 2004). Where indicated,
cells were also treated with IFN-a2a (Hoffman-La Roche) at 1,000
U/ml, TSA (Reagents Direct) at 500 ng/ml unless indicated oth-
erwise, romidepsin (depsipeptide; a gift from Fujisawa Phar-
maceuticals) as indicated, flavopiridol (Selleckchem) at 100 or
200 nM, JQ-1(+; a gift from J. Bradner, Harvard University, Cam-
bridge, MA) as indicated, RGFP233 (a gift from J. Buxbaum, The
Scripps Research Institute, La Jolla, CA), RGFP966 (Selleckchem)
at 5 or 10 pM, geldanamycin (Sigma-Aldrich) at 20 uM, HMBA
(Sigma-Aldrich) at 10 mM, or anacardic acid (EMD Millipore) at
200 pM. Unless otherwise indicated, IFN-a treatments were for
6 h, and inhibitors were added 15 min before IFN stimulation.
Expression constructs for Brd4 and HDACI and 2 were gifts of E.
Hernando (NYU School of Medicine) and C. Callebaut and E. Ver-
din (University of California, San Francisco, San Francisco CA),
respectively. Cell viability was determined for triplicate samples
by using the tetrazolium salt WST-8 method (Bimake).

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180520

920z Arenigad 60 uo 1senb Aq 4pd 02508102 Wel/e6185.L/v6LE/Z LIS LZ/APd-ajone/wal/Bio sseidny//:dpy woly papeojumoq

3206



Primary cells analyzed ex vivo

Human peripheral blood mononuclear cells (PBMCs), provided
by D. Bogunovic, were incubated in RPMI 1640 medium supple-
mented with 10% heat-inactivated FBS for 5 h in the absence or
presence of IFN and inhibitors before isolation of RNA by the
Trizol method. Primary murine embryo fibroblasts (EMD Mil-
lipore) were incubated for 6 h in DMEM supplemented with
10% FBS in the presence or absence of IFN and inhibitors be-
fore RNA isolation.

In vitro transcription measurements

In vitro transcription runoff assays were performed essentially
as described (Dignam et al., 1983). HEK293 cells were used as a
source of nuclear extract, supplemented with recombinant ISGF3
produced by transfection. Recombinant ISGF3 was produced by
transfecting HEK293 cells with expression plasmids for STAT],
STAT2, IRF9, and JAK1 (Bluyssen and Levy, 1997). Transcription
extracts were programmed with HindIII-digested ISG54 p107,
containing promoter sequences from -547 to +283 of the human
1SG54 gene (Levy et al., 1986), or Pvull-digested G6TI-CAT con-
trol DNA template containing six SP1sites derived from the SV40
early promoter (Gill et al., 1994; Carey et al., 2010).

Run-on nuclear transcription experiments were conducted
essentially as described (Decker et al., 1989; Chang et al., 2004).
In brief, 10 million HeLa S3 cells were used per point. Nuclei were
isolated from cells in RSBG40 lysis buffer (10 mM Tris, pH 7.4,
10 mM Nacl, 3 mM MgCl,, 10% glycerol, 0.25% NP-40, 0.5 mM
DTT, 0.5 mM PMSEF, and 1x protease inhibitor cocktail). Poly-
merase elongation was released in the presence of radiolabeled
UTP, with or without addition of 150 ng/ml TSA. Radiolabeled
nuclear RNA was isolated by TRIzol reagent (Invitrogen). 6 pg
plasmid DNA was spotted onto nitrocellulose for slotblot hybrid-
ization, and radioactive signals were quantified by phosphorim-
aging (Bio-Rad). DNA probes used were the following: Vector
(pGEMLJ; Promega), y-actin cDNA (Cleveland et al., 1980), GAPDH
(Dani et al., 1984), ISG15 Taql fragment from exon 2 (Reich et al.,
1987), 1SG56 (Larner et al., 1984), IRF9 (Veals et al., 1992), GBP
(Decker et al., 1989), 6-16, and 9-27 (Friedman et al., 1984).

Protein assays

Nuclear extracts were prepared and analyzed by immunoblot-
ting, as described (Paulson et al., 1999). In brief, cells were lysed
in RSBG40, soluble nuclear proteins were extracted from pel-
leted nuclei in RSB supplemented with 150 mM NacCl, and chro-
matin-bound proteins were subsequently extracted in 400 mM
NaCl buffer. Alternatively, whole-cell lysates were prepared as
described (Paulson et al., 1999). Antibodies used were anti-IRF9
(Veals et al., 1993), anti-STAT1, anti-STAT2, anti-phospho-STATI
and anti-phospho-STAT2 (Invitrogen), anti-a-tubulin (T9026;
Sigma), anti-HDACI (clone 2E10, 05-614; Millipore Sigma), an-
ti-HDAC2 (clone 3F3, 05-814; Millipore Sigma), anti-E2F4 (A-20,
sc-1082; Santa Cruz Biotechnology), anti-Sin3B (AK-12; Santa
Cruz Biotechnology), anti-NELF-E (H140; Santa Cruz Biotech-
nology), anti-Brd4 (A-301-985A100; Bethyl Laboratories), an-
ti-actin (Clone C4, MAB1501; Millipore Sigma). Luciferase assays
were performed using standard methods as previously described
(Marié et al., 2000).
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Real-time RT-PCR

Cytoplasmicand nuclear RNA wasisolated and converted to cDNA
as described (Marié et al., 1998). Relative abundance of specific
mRNA sequences was determined by real-time fluorescent PCR,
as described (Wang etal., 2006), by using SYBR Green (Molecular
Probes), with comparison to a standard curve generated by serial
dilution of a cDNA sample containing abundant target sequences
and normalization to the expression of GAPDH. All PCR reactions
were performed in triplicate, PCR efficiencies were >85%, linear-
ity of standard curves was determined by least-squares linear
regression, and standard errors were typically <10% of mean val-
ues. Sequences of primers used are available on request.

ChIP-qPCR and ChIP-seq

ChIP was performed as described (Chang et al., 2004). In brief,
cells from two 15-cm plates (~40 million) were treated with 1%
formaldehyde for 30 min at 4°C, and fixation was quenched
by addition of 125 mM glycine. Fixed cells were lysed in 10 ml
cold buffer A (50 mM Hepes, pH 7.4, 1 mM EDTA, 0.5 mM EGTA,
140 mM Nac(l, 10% glycerol, 0.5% NP-40, and 0.25% Triton X-
100), and nuclei were collected by centrifugation and washed
with 10 ml cold buffer B (10 mM Tris-HCI, pH 8.0, 1 mM EDTA,
0.5 mM EGTA, and 200 mM NaCl). Nuclei were extracted in 2 ml
cold buffer C (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.5 mM
EGTA, 140 mM NaCl, 5% glycerol, 0.1% sodium deoxycholate,
0.1% SDS, and 1% Triton X-100). Genomic DNA was sheared
by sonication, either by using Sonic Dismembrator Model 500
(Fisher Scientific) in a dry ice ethanol bath, or by using Biorup-
terPlus (Diagenode) in a 4°C water bath, to achieve chromatin
fragments between 100 and 500 bp. Sheared chromatin from
4-10 million cells was used for each immunoprecipitation. Im-
munoprecipitates were collected on protein A Sepharose or pro-
tein A magnetic beads and digested with proteinase K in 100 pl
buffer D (10 mM Tris-HCI, pH 8.0, 100 mM NaCl, 0.5% SDS,
25 mM EDTA, 100 pg/ml proteinase K) at 55°C for 3 h. Cross-
links were reversed by incubating the digested chromatin at
65°C overnight. Immunoprecipitated DNA sequences were re-
covered by alcohol precipitation and quantified by real-time PCR
compared with input genomic DNA.

ChIP-Seq libraries were made using the KAPA Hyper Prep
kit (KK8504; Roche) using 25 ng DNA per sample, according to
the manufacturer’s protocol for end repair and A-tailing. For
adapter ligation, 8-nt multiplexing IDT (Integrated DNA Tech-
nologies) adapters (5 pM) were used. 0.8X post-ligation cleanup
was performed with AMPure XP beads (Beckman Coulter) on
adapter-ligated libraries. Libraries were size selected before PCR
amplification with a 0.6X right-side selection and 1.2X rebind
and cleanup. Six PCR cycles were used for library amplification.
Libraries were sequenced on an Illumina HiSeq 4000 instru-
ment, using a single read 50 protocol; eight samples were pooled
in one lane of a high-output single read flow cell. Sequencing re-
sults were demultiplexed and converted to FASTQ format using
Mlumina Bcl2Fastq software.

ChIP-Seq data analysis was performed using the HiC-Bench
pipeline (Lazaris et al., 2017). GenomicTools (Tsirigos et al.,
2012), SAMtools (Li et al., 2009), DeepTools (Ramirez et al.,
2016), BEDTools (Quinlan and Hall, 2010), BigBed Tools (Kent
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et al., 2010), Picard Tools (https://broadinstitute.github.io/
picard/), and R (https://www.R-project.org/) were used to an-
alyze the sequenced reads and check the quality of alignment.
Bowtie2 (Langmead, 2010) was used to align the raw reads to
the hgl9 reference genome. After alignment, MACS2 peak caller
(Feng et al., 2012) was used with parameters --nomodel (for by-
passing the shifting model), --extsize:200, and P value 0.01 to
identify enriched peaks, and these peaks were visualized in the
UCSC Genome Browser (Kent et al., 2002). DiffBind (Ross-Innes
et al., 2012) package was used to determine the differentially
bound peaks. Samples and their peaks were loaded using sam-
plesheet information with AnalysisMethod: DBA_DESEQ2 and
th:0.05. A matrix was computed based on the reads with score:
DBA_SCORE_RPKM, and a contrast was set up with category:
DBA_condition, minMembers = 2. Differential binding affin-
ity analysis was then performed by considering the full library
size and annotated using bioMart. The Intervene tool (Khan and
Mathelier, 2017) was used to compare peak overlaps between
treatment groups. Biological pathways enriched for genes as-
sociated with IFN-induced peaks were identified by using En-
richr (Kuleshov et al., 2016) Disease/drugs module with default
parameters. Genes associated with IFN-regulated peaks were
queried for regulation by IFN by comparison to Interferome v2
(Rusinova et al., 2013).

Antibodies that were used for ChIP included 2 pg anti-RNA
Pol-1I Ab (N-20, sc-899; Santa Cruz Biotechnology), 5 pl an-
ti-RNA Pol-II H14 (serine-5; MMS-134R; Covance), 2 pg anti
H3K4 (Me3; ab85580-25; Abcam), 2 pg anti-CDK9 (C20, sc-484;
Santa Cruz Biotechnology), and 5 pg anti-Brd4 (A-301-985A100;
Bethyl Laboratories).

MNase-PCR nucleosome mapping

FS2 cells were starved for 72 h in DMEM supplemented with
0.02% FBS before treatment with IFN-a2a (1,000 U/ml) with or
without TSA (1 pg/ml). Cells were fixed with 1% formaldehyde for
30 minat4°C,lysed in 10 mM Tris-HCl, pH 7.5,10 mM CaCl,, 3 mM
MgCl,, 0.4% NP-40, 10 mM sodium butyrate, 0.1 uM bezamidine,
0.5 mM PMSF, 1x protease inhibitor cocktail, and nuclei were
collected and resuspended in the same buffer at a final genomic
DNA concentration of 1.25 ug/ul. Nuclei were digested with 4 U/
ml micrococcal nuclease for 10-15 min at 37°C, and mononucle-
osomal DNA was purified by agarose electrophoresis. Nuclease
protection of specific DNA segments was determined by PCR and
normalized to a region from the e-globin promoter protected by
the N1 nucleosome (Gong et al., 1996; Gui and Dean, 2001).

RNA interference and shRNA knockdown

HEK293 cells were transfected twice sequentially with 20 nM
siRNA oligonucleotides using the calcium phosphate precipitation
method and treated with IFN-o and TSA for 6 h. The siRNA oligo-
nucleotides targeted HDACI and 2 (Dharmacon SMARTpool M-
003494, L-003495) or E2F4 (Balciunaite et al., 2005), a gift from
B. Dynlacht (NYU School of Medicine). shRNA against NELF-E
(clone NM_002904.4-1195s1cl) and Brd4 (clone NM_058243.1-
1707slcl) were Mission shRNA from Sigma-Aldrich, and shRNA
against Spt5 was a gift from R. Dikstein (Weizmann Institute of
Science, Rehovot, Israel).
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Statistical analysis

Quantitative gene expression and ChIP-PCR data reflect the anal-
ysis of a minimum of duplicate samples. Luciferase data are av-
erages of triplicate samples. Data are represented as means with
error bars reflecting SD. Statistical significance was assessed by
using Student’s ttest. Representative experiments of a minimum
of three replicates are shown, with the exception of the ChIP-Seq,
which was performed once on duplicate samples.

Human subjects
The experiments described in this report involving patient-de-
rived cells were determined to be exempt human research as de-
fined by DHHS regulations 45 CFR 46.101(b) (4) by the Program
for the Protection of Human Subjects of Icahn School of Medicine
(IRB-16-01589).

Online supplemental material

Fig. S1 presents characterization of the requirement for the ace-
tyl-lysine-binding bromodomains of BRD4 for its function in the
IFN pathway. Fig. S1 also demonstrates that total nuclear BRD4
abundance is unchanged following treatment of cells with anac-
ardic acid or TSA. Fig. S2 presents ChIP-seq analysis of control
genes not affected by IFN or IFN + TSA treatment. Fig. S3 pro-
vides characterization of IFN and inhibitor responses in fibro-
blast cells from independent interferonopathy patients P2 and
P3, along with additional control fibroblasts from healthy donors.
Fig. S4 presents data on the effectiveness of HDACi on primary
cells (human PBMCs from a healthy donor and mouse primary
fibroblasts) analyzed ex vivo. Fig. S5 presents data showing
that inhibitors used had minimal toxicity in vitro. Table S1 lists
genes associated with IFN-induced ChIP-seq peaks that were ab-
rogated by HDAC inhibition. Table S2 lists gene sets associated
with “Virus perturbations from GEO up” pathways enriched for
IFN-induced ChIP-Seq peaks from Enrichr analysis. Table S3 lists
gene sets associated with “Virus perturbations from GEO up”
pathways enriched for IFN-induced ChIP-Seq peaks from Enrichr
analysis. Table S4 lists genes whose expression is regulated by
IFN that were enriched for IFN-induced ChIP-Seq peaks.
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