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Bromodomain inhibitor JQ1
reversibly blocks IFN-~ production
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Accepted: 29 June 2019 © BRD2, BRD3, BRD4 and BRDT, to acetylated histones preventing recruitment of RNA polymerase 2
Published online: 16 July 2019 . to enhancers and promoters, especially super-enhancers, to inhibit gene transcription. As such, BET
* inhibitors may be useful therapeutics for treatment of cancer and inflammatory disease. For example,
. the small molecule BET inhibitor, JQ1, selectively represses MYC, an important oncogene regulated
by a super-enhancer. IFN-~, a critical cytokine for both innate and adaptive immune responses, is also
regulated by a super-enhancer. Here, we show that JQ1 represses IFN-~ expression in TH1 polarized
PBMC cultures, CD4+ memory T cells, and NK cells. JQ1 treatment does not reduce activating
chromatin marks at the IFNG locus, but displaces RNA polymerase Il from the locus. Further, IFN-~
expression recovers in polarized TH1 cultures following removal of JQ1. Our results show that JQ1
. abrogates IFN-~ expression, but repression is reversible. Thus, BET inhibitors may disrupt the normal
. functions of the innate and adaptive immune response.

Bromodomain and extraterminal domain (BET) proteins are a family of transcriptional mediators, which assist
in the recruitment of RNA Polymerase II (RNA pol II) to enhancers and promoters'?. This family of proteins
consists of BRD2, BRD3, BRD4, and BRDT. These proteins bind histone acetylated lysine residues via two highly

: conserved amino-terminal bromodomains®. BRD4 has been extensively studied for its role in transcriptional ini-

© tiation and elongation">*°. BRD4 interacts with both the mediator complex, and the positive elongation factor B

. (P-TEFD) at enhancers and promoter regions, respectively"”. BRD4 is expressed in almost all human tissues, and
its role in transcription has made it a primary target for possible cancer therapies®’.

: JQ1 is a bromodomain inhibitor, which selectively binds to the amino-terminal twin bromodomains of BET

. proteins!'?. JQ1 treatment displaces BRD4, inhibiting its ability to read acetylated lysine residues'!. As a result, JQ1

. selectively represses the MYC oncogene'? in a variety of cancer cell lines and animal models of cancer, including
acute myeloid leukemia’®, Burkitt’s lymphoma'?, and multiple myeloma'?. JQ1 represses MYC expression by inter-
rupting the Mediator-BRD4 complexes located in its super-enhancer region'"'*. A super-enhancer is a cluster of
enhancers within close proximity that are densely populated by transcription factors, active histone marks, and

. co-activators'>'S. Super-enhancers are thought to regulate genes that encode proteins that define cell identity as

: well as proteins that contribute to human disease, including cancers and inflammatory disease'”'®. In fact, BET

* inhibitors, such as JQ1 show efficacy in pre-clinical models of cancer as well as autoimmune disease”!>1>19-22,

: Despite its potential as a cancer treatment, JQ1 inhibitors repress the expression of multiple genes, not only
oncogenes®. For example, JQ1 treatment abrogates expression of IFNG by memory T-cells*. Interferon gamma
(IFN-~) is a cytokine that plays a critical role in both innate and adaptive immunity against viral and bacterial
infections. IFN-~ is expressed by effector CD4+ (TH1) and CD8+ (TC1) T cells, memory CD4+ and CD8+ T
cells, as well as natural killer (NK) cells and natural killer T (NKT) cells?>~?’. Another BET inhibitor, I-BET 762,

© was found to repress IFN- expression by THI cells during development®.

Although BET inhibitors have shown efficacy in a variety of pre-clinical models of malignancy, we do not have
a complete understanding of its impact on immune cells, nor how long any immunosuppressive effects that exist
may last. Here, we sought to evaluate the ability of JQ1 to inhibit production of IFN-~ by TH1 polarized PBMC
cultures, CD4+ memory T cells, and NK cells. Our results demonstrate that JQI significantly reduces IFN-~
expression in all 3 cells types up to 5 days following treatment. JQ1 does not alter levels of activating H3K27
acetylation (H3K27ac) chromatin marks at the IFNG gene locus but displaces RNA pol II from the IFNG locus.
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Finally, inhibition of IFN-~ expression by JQ1 is not irreversible as ability of TH1 polarized PBMC cultures to
produce IFN-~ is recovered after removal of JQ1.

Results

JQ1 represses IFNG expression by TH1 cells, memory T cells and NK cells. To determine the
impact of JQ1 on IFNG expression by TH1 polarized PBMC cultures, we treated cells at multiple time points
of cell culture. PBMCs were stimulated under TH1 polarizing conditions and treated with 50, 150, and 500 nM
final concentrations of JQ1 at different times during the polarization process, harvested and restimulated with
anti-CD3 (Fig. 1A). IFNG transcripts were significantly reduced in cells treated for 24 or 48 hours with either
150 or 500 nM final concentrations of JQ1 (Fig. 1B). IFNG mRNA was also reduced in PBMC treated under TH1
polarizing conditions for 4 or 5 days prior to JQI treatment (Fig. 1C). Further, we increased the duration of JQ1
treatment to 3, 4, and 5 days to see if cells would recover IFNG expression (Fig. 1D). In each of these treatments,
IFNG was significantly decreased at all concentrations of JQ1 treatment. Total RNA isolated from cells in culture
did not change according to the JQ1 concentration indicating that JQ1 treatment did not have a significant impact
on total levels of cellular RNA in the different cultures (Fig. 1E). These results indicate that JQ1 treatment signifi-
cantly inhibited IFNG mRNA expression by TH1 polarized PBMC cultures.

We previously demonstrated that acute exposure of CD4+ memory T cells to JQ1 prevented induction of
IFNG in response to anti-CD3 stimulation®*. To expand upon these studies, we stimulated CD4+ T memory cells
for 24 hours with anti-CD3 to induce IFNG expression, treated cells with varying amounts of JQ1 for varying
periods of time, and then re-stimulated cultures with anti-CD3 (Fig. 2A). IFNG mRNA expression in memory
cells treated with JQ1 for 24 and 48 hours was significantly reduced at 150 and 500 nM concentrations of JQ1
(Fig. 2B). Similarly, when treated for 3, 4, or 5 days, IFNG mRNA expression was significantly reduced in CD4+
memory T cells (Fig. 2C). Total RNA isolated from memory cell cultures was significantly reduced in longer term
cultures at 500 nM concentrations, which could indicate an impact on cell viability or total RNA expression or
both (Fig. 2D). Despite this, IFNG mRNA expression was significantly reduced at 150 nM concentrations of JQ1
in CD4+ memory T cells and we found no significant loss of total RNA yield in these cultures. These data indicate
that JQ1 treatment reduces IFNG mRNA in CD4+ memory T cells, similar to TH1 polarized PBMC cultures.

We next evaluated effects of JQ1 treatment on NK cells. NK cells were treated with JQ1 for varying periods of
time at 50, 150, and 500 nM final concentration and stimulated with IL-12 and IL-18 (Fig. 3A). Similar to TH1
cells, IFNG expression was significantly reduced in NK cells treated with JQ1 (Fig. 3B). IFNG mRNA was simi-
larly reduced when treated for 3-5 days at 150 and 500 nM concentrations of JQ1 (Fig. 3C). Total RNA isolated
from NK cells did not significantly change according to JQ1 treatment, indicating cell viability and total cellular
RNA yield were not affected by the JQ1 treatments (Fig. 3D). These results indicate that IFNG expression was
significantly reduced in NK cells following JQ1 treatment, similar to TH1 polarized PBMC cultures and memory
CD4+ T cells.

JQ1 effects on cell viability. We used the ‘MTT assay’ to determine if culture with JQ1 affected viability
of the different cell types. We found no loss of viability in TH1 polarized PBMC, NK, or CD4+ memory T cell
cultures after treatment with concentrations of JQ1 that significantly diminished IFNG expression (Fig. 4A). As a
second control experiment, we determined if culture with JQ1 affected expression levels of standard ‘housekeep-
ing’ genes, GAPDH, HPRT, and ACTB. We found that culture with JQ1 did not affect expression levels of GAPDH
and HPRT but reduced levels of ACTB by ~25% in TH1 polarized PBMC cultures (Fig. 4B). We also evaluated
effects of culture with JQ1 on other genes that encode proteins critical for differentiation and function of TH1,
NK, and CD4+ memory T cells, STAT4, TBX21 (T-bet), ILI2RBI and IL12RB2%. We found that culture with JQ1
did not affect expression of STAT4 and TBX21 but did cause a reduction of ILI2RB1 and IL12RB2 expression lev-
els (Fig. 4C). Inhibition of expression of ILI2ZRBI and IL12RB2 by JQ1 was similar in magnitude to inhibition of
expression of IFNG, but these genes are similarly regulated by a super-enhancer®’. We also examined expression
of genes that encode proteins participating in the biologic activity of bromodomain-containing proteins, includ-
ing MEDI, part of the mediator complex, HEXIMI, part of the P-TEFb complex, and POLR2A, part of the RNA
polymerase 2 complex®. We found that culture with JQ1 did not alter expression levels of these genes (Fig. 4D).
Thus, under conditions where culture with JQI resulted in a marked reduction in IFNG expression levels, changes
in viability, expression of ‘housekeeping’ genes, of STAT4 and TBX21, and of MED1, HEXIMI and POLR2A were
not observed. However, genes that encode the IL-12 receptor beta subunits were equally sensitive to culture with
JQ1 as was IFNG.

JQ1 abrogates RNA Pol Il binding to the IFNG locus.  We next sought to investigate epigenetic changes
throughout the IFNG locus and how chromatin marks may be modified by JQ1 treatment. The IFNG gene locus has
a large network of enhancers similar to a super-enhancer (Fig. 5A)!324231, These regions are marked by H3K27ac,
which make the region more accessible to binding transcription factors and Pol IT'>%2. We cultivated TH1 polarizing
PBMC cultures for 5 days, treated with 150 and 300 nM final concentrations JQ1 for 24 hours and isolated chroma-
tin for ChIP assays. We evaluated regions of the IFNG locus previously shown to be highly enriched for H3K27ac
marks and recruitment of RNA Pol I1?*. We found that JQ1 treatment did not significantly change the levels of
H3K27ac marks throughout the IFNG locus (Fig. 5B). We also analyzed H3K27me3 marks, indicators of an inactive
enhancer®, and found that chromatin within the IFNG locus showed no increase in repressive H3K27me3 marks
following JQ1 treatment (Fig. 5C). We similarly performed ChIP assays for RNA Pol II throughout the IFNG locus.
JQ1 treatment caused a significant decrease in the binding of RNA Pol II both upstream and downstream of the
IFNG gene (Fig. 5D). Therefore, JQ1 effectively displaced bound RNA Pol II from the IFNG locus, but did not change
levels of either H3K27ac or H3K27me epigenetic marks at the IFNG locus.
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Figure 1. IFNG RNA transcripts are significantly reduced in TH1 polarized cultures by the BET inhibitor JQI.
(A) Experimental design; black line: period of stimulation with anti-CD3, anti-CD28, IL-12, red line: period
of JQI treatment, green line: period of restimulation with anti-CD3. (B-D) Y-axes are levels of [FNG mRNA
relative to GAPDH mRNA, X-axes are treatment times with JQ1, N =4 each. (E) Average total RNA isolated
from (B,C and D) cultures at each concentration of JQ1, N=12. *P < 0.05.

TH1 polarized cultures recover their ability to produce IFN-g after removing JQ1. JQU’s half-life
is only 0.9 hours after intravenous injection, or 1.4hours when administered orally??. However, the half-life in
tissue culture is not well understood, and we wanted to determine if cells could recover their functions when
JQ1 was removed from culture. We treated TH1 polarized PBMC cultures for 24 or 48 hours with JQ1 on day 5
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Figure 2. IFNG mRNA expression is significantly reduced in CD4+ T memory cells following JQ1 treatment.
(A) Experiment design; black line: period of stimulation with anti-CD3, red line: period of JQ1 treatment,
green line: period of restimulation with anti-CD3. (B,C) Y-axes are levels of IFNG mRNA relative to GAPDH
mRNA, X-axes are treatment times with JQ1, N=4. (D) Average total RNA isolated from (B,C) samples at each
concentration of JQ1 treatment N = 6. *P < 0.05.

of development, similar to Fig. 1C. Following treatment, cells were either washed and plated with fresh media
lacking JQ1 or cultures were continued in the presence of JQ1. We found that IFNG mRNA transcripts recovered
to pre-treatment levels in TH1 polarized cultures after being washed and re-plated in fresh media (Fig. 6A). We
completed a similar experiment but analyzed IFN-~ protein by ELISA. Similarly, IFN-~ was reduced in cultures
treated with JQ1 (Fig. 6B), but IFN-~ production also recovered following a wash and re-plating with fresh media,
similar to the mRNA results. These results indicate that [FNG mRNA and protein levels are reduced following JQ1
treatment but recover to pre-treatment levels following removal of JQ1.

Discussion
At nanomolar concentrations, the BET inhibitor, JQI, inhibits expression of IFNG mRNA and IFN-~ protein
by TH1 polarized PBMC cultures, memory CD4+ T cells, and NK cells. Under these conditions, JQ1 does not
interfere with presence of extensive activating H3K27ac marks across the IFNG locus nor does JQ1 induce for-
mation of repressive H3K27me marks across the locus. Rather, JQ1 treatment results in almost complete loss of
RNA Pol IT recruitment across the IFNG locus. Further, effects of JQ1 are reversible and removal of JQ1 by media
replacement results in complete recovery of IFNG mRNA and IFN-~ protein expression by effector TH1 cells.
Our results are consistent with a model whereby JQ1 inhibition of IFNG expression by TH1 polarized PBMC
cultures, memory CD4+ T cells and NK cells results from almost complete loss of RNA Pol II recruitment across
the IFNG locus. Further, removal of JQ1 allows BET proteins to rebind to the locus and re-establish RNA Pol IT
recruitment across the IFNG locus resulting in efficient IFNG expression.

BET inhibitors disrupt function of both typical-enhancers and super-enhancers'#*#-3. The general view is that
functions of super-enhancers and genes driven by super-enhancers are more sensitive to effects of BET inhibitors
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Figure 3. Induction of NK cell IFNG mRNA expression is reduced after JQ1 treatment. (A) Experimental
design; red line: period of JQ1 treatment, green line: period of stimulation with IL-12 and IL-18. (B,C) Y-axes
are levels of IFNG mRNA relative to GAPDH mRNA, X-axes are treatment times with JQ1, N=4. (D) Average
total RNA isolated from samples from (B and C) at each concentration of JQ1, N =8. *P < 0.05

than typical enhancers'%. The IFNG locus is composed of two large enhancers, each spanning >30Kkb, and these
have been designated super-enhancers in different studies'®?. Almost complete inhibition of IFNG expression
is achieved at nanomolar concentrations of JQ1. MYC and downstream c-MYC functions and expression, which
require function of a nearby super-enhancer, are also inhibited at similar nanomolar concentrations of JQ11%1422,
Thus, IFNG most likely also falls into the class of genes requiring super-enhancers for their expression that also
exhibit high sensitivity to BET inhibitors, such as JQI.
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Figure 4. JQ1 treatment is not cytotoxic to TH1 polarized PBMC cultures, but does repress other genes besides
IENG. (A). Cell cultures were treated with the indicated concentrations of JQ1. Viability was determined after
48hours using the MTT assay. Results are expressed as percent of the no treatment control, N=4 (B) TH1
polarized PBMC cultures were treated with JQ1 for 48 hour JQ1. RNA was isolated, and analyzed by qPCR.
Reactions were standardized to 2 ng/pL of cDNA and calculated relative to 0nM control. N=3 (C,D) As in (B),
but qPCR results were calculated relative to GAPDH.

IFN-~ plays a critical role in the adaptive immune response to control infection by intracellular pathogens,
including bacteria and viruses, during both initial effector responses and memory responses to infection, as well
as malignant transformation and growth*>7-. Major sources of IFN-~ include NK/NKT cells and T cells. When
NK/NKT cells immigrate to the periphery, activating epigenetic markings at the IFNG locus already exist and
these cells are fully capable of producing IFN-~ in response a variety of extracellular stimuli*’#"#2, In contrast,
once in the periphery, naive T cells have to endure additional developmental programs to produce the required
activating epigenetic markings at the IFNG locus to allow efficient IFN-~ production in response to stimula-
tion by antigen®*>44, Thus, it might be expected that treatment with BET inhibitors, such as JQ1, in vivo, may
significantly impair both innate and adaptive arms of immunity that play critical roles controlling infection by
intracellular pathogens.

BET inhibitors function by displacing BET proteins from acetylated lysine motifs, but do not directly reverse
the chromatin marks'?#>#. The repression of IFNG in TH1 polarizing PBMC cultures match this model of regu-
lation, as indicated by a continued presence of H3K27ac marks, lack of formation of repressive H3K27me3 marks
and displacement of RNAPol II from the IFNG locus following JQ1 treatment. However, IFNG expression recov-
ered after removing JQ1 from the cultures at both concentrations. These results indicate that immunosuppressive
effects of BET inhibitors, like JQ1, may be reversible.

Certain BET inhibitors have shown very good efficacy in various pre-clinical models of cancer and inflam-
matory disease”!>1>19-22 Tt seems likely that BET inhibitors will therefore move forward to actual human clinical
studies to treat various malignancies as well as inflammatory diseases. Our results suggest that BET inhibitors
may significantly impair both innate and adaptive arms of the immune response, but these effects are reversible.
The repression of IFNG by JQ1 treatment is observed in the major IFNG producing cell types. It remains to be
determined if inhibition of the immune response by BET inhibitors will limit their therapeutic usefulness.

Methods

Cell isolations and culture. THI Polarized PBMC Cultures. Total Human PBMCs were isolated from
healthy control subjects with no chronic or acute conditions using Ficoll-Hypaque centrifugation. All subjects
included in the study were of Caucasian descent between ages 25-32. PBMCs (10° cells/ml) were stimulated
with plate bound anti-CD3 (OKT3,CRL-8001, American Type Tissue Collection, ATCC), soluble mouse anti-hu-
man CD28 (1 pg/ml; 555725; BD Biosciences) and IL-12 (10 ng/ ml, BD Biosciences) without addition of IL-2
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Figure 5. JQI treatment does not alter H3K27ac or H3K27me marks but abrogates RNA pol2 binding at

the IFNG locus. (A) Schematic of predicted enhancer locations around IFNG locus. Numbers and arrows
represent points distance in Kb from transcription start site of IFNG gene. Predicted super-enhancers, red line,
and typical enhancers, grey line, according to'#2423!, (B) TH1 cells were cultured as in Fig. 1C. ChIP-qPCR
assays were performed to measure H3K27ac levels at the IFNG locus. Positions, X-axis, are relative to the IFNG
transcription start site (e.g., IINGR-160 = 160Kb downstream of T'SS), Y-axis is fraction of input DNA, N=3.
Each region evaluated for H3K27ac was significantly higher than IgG control, but did not vary according to
JQ1 concentration. (C) as in A, but ChIP-qPCR assays were performed to measure H3K27me levels, N =3.

No H3K9me3 ChIP result was significantly different from the IgG control. (D) as in A, but ChIP-qPCR assays
were performed to measure RNA pol I recruitment, N = 3. RNA pol II ChIP 0 nM controls were significantly
different from IgG controls at each location. Similarly, RNA pol IT ChIP 0 nM controls were significantly
different from JQ1 treatments at every location.
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Figure 6. IFNG expression recovers following JQ1 removal. (A). After 5 days. THI cultures were treated with
JQ1 at 150 and 300 nM final concentrations for 24 or 48 hours. Cells were either restimulated with anti-CD3
for 48 hours, or washed with new media lacking JQ1 and restimulated with anti-CD3 for 48 hours. RNA was
isolated and IFNG analyzed by qPCR and normalized to GAPDH, N = 3. (B) As in A except culture fluids were
harvested and IFN-~ levels determined by ELISA, N=3.

or anti-cytokine neutralizing antibodies essentially as previously described**8. PBMCs were cultured in RPMI
1640 media (11875093, ThermoFisher) supplemented with 10% fetal bovine serum, penicillin-streptomycin and
L-glutamine at 37°C in 5% CO, in air. As outlined in Fig. 1A, cells were treated with JQ1 for varied periods of
time, followed by a re-stimulation with anti-CD3 for 48 hours.

CD4+ Memory T Cells. Single cell suspensions were prepared from human spleen. CD4+ memory T cells
were purified by negative selection (Stemcell, 19157). CD4+4 memory cells (10° cells/ml) were stimulated
with anti-CD3 for 24 hours as described in Fig. 2A. Cells were treated with JQ1 for varied periods of time, and
re-stimulated with fresh plate bound anti-CD3 for 48 hours.

Natural Killer cells.  NK cells were activated and expanded from human PBMCs using the NK cell activation and
expansion kit (Miltenyi Biotec, 130-094-483) for up to a period of 21 days. NK cells were plated in 3mL cultures
at 10° cells/ml, and treated with JQ1 as described in Fig. 3A. After treatment with JQ1, NK cells were stimulated
with IL-12 (10 ng/mL: 554613, BD Pharmingen) and IL-18 (10 ng/mL: 4179-25, Biovision) for 48 hours.

JQ1 (SML1524-5MG, Sigma Aldrich) was dissolved in DMSO at a final concentration of 10 mM and diluted
into complete medium for addition to cell cultures. The study was approved by the institutional review board
at Vanderbilt University Medical Center. Written informed consent was obtained at the time of blood sample
collection. Spleen cells were obtained from Tennessee Donor Services under approved protocols with informed
consent. All experimental procedures and methods were performed in accordance with relevant institutional
guidelines and regulations.

Quantitative Real-Time PCR.  Total RNA isolation, cDNA synthesis using poly-A selection and analysis
by qPCR were performed essentially as previously described??. All expression levels were normalized to GAPDH
using the formula 2(GAPPH Ct-target gene C)_Primer pairs used in analysis are provided in supplemental Table 1.
Housekeeping genes were evaluated by a different calculation in Fig. 4B, to evaluate reference gene quality, using
the formula (1/target gene Ct)/(1/target gene Ct at 0 nM treatment). These assays specifically were normalized to
total cDNA concentration of 2 ng/pL.
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MTT Cell Proliferation Assay. MTT assays were performed using the CellTiter 96 Non-Radioactive Cell
Proliferation Assay (G4001, Promega). Absorbances were determined using an EMax plus Microplate Reader at
570 nm. Cell survival was calculated by (absorbance of treatment/absorbance at 0 nM).

Chromatin Immunoprecipitation (ChIP). ChIP procedures were as previously described using
anti-H3K27ac (ab4729, Abcam) anti-H3K27me (AB6002, Abcam), anti-RNA Polymerase IT (AB817, Abcam), or
anti-mouse IgG (SC2357, Santa Cruz) antibodies*. DNA was isolated using Pierce Protein A/G magnetic beads
(88802, ThermoFisher) via phenol chloroform extraction. Isolated chromatin was analyzed using SYBR-Green
qPCR (Applied Biosystems).

Enzyme Linked Immunosorbent Assay (ELISA). ELISA was performed according to instructions pro-
vided by the manufacturer to analyze IFN-~ protein (BD Bioscience, 555142).

Statistics. JQI treatments and the corresponding qPCR or ELISA analyses were evaluated using a 1 way
ANOVA test with Dunnett’s Multiple comparison test for each concentration comparison. ChIP analyses were
expressed as fraction of input, and evaluated using an unpaired t-test with Welch’s correction. Unless otherwise
stated, *P < 0.05 and data are represented as mean £ S.D.

Data Availability

No datasets were generated or analyzed during the current study.

References
1. Jang, M. et al. The Bromodomain Protein Brd4 Is a Positive Regulatory Component of P311 TEFb and Stimulates RNA Polymerase
II-Dependent Transcription. Molecular Cell 19, 523-534 (2005).
2. Yang, Z. et al. Recruitment of P-TEFb for Stimulation of Transcriptional Elongation by the Bromodomain Protein Brd4. Molecular
Cell 19, 535-545 (2005).
3. Shi, J. & Vakoc, C. R. The Mechanisms behind the Therapeutic Activity of BET Bromodomain Inhibition. Molecular Cell 54, 728-736
(2014).
4. Kanno, T. et al. BRD4 assists elongation of both coding and enhancer RNAs by interacting with acetylated histones. Nature Structural
& Molecular Biology 21, 1047-1057 (2014).
5. Liu, W. et al. Brd4 and JMJD6-Associated Anti-Pause Enhancers in Regulation of Transcriptional Pause Release. Cell 155, 1581-1595
(2013).
6. Huang, B., Yang, X.-D., Zhou, M.-M., Ozato, K. & Chen, L.-F. Brd4 Coactivates Transcriptional Activation of NF-xB via Specific
Binding to Acetylated RelA. Molecular and Cellular Biology 29, 1375-1387 (2009).
7. Jiang, Y. et al. Mammalian mediator of transcriptional regulation and its possible role as an end-point of signal transduction
pathways. Proceedings of the National Academy of Sciences 95, 8538-8543 (1998).
8. Uhlén, M. et al. Tissue-based map of the human proteome. Science 347, 1260419 (2015).
9. Zuber, J. et al. RNAi screen identifies Brd4 as a therapeutic target in acute myeloid leukaemia. Nature 478, 524 (2011).
10. Filippakopoulos, P. et al. Selective inhibition of BET bromodomains. Nature 468, 1067 (2010).
11. Baud, M. G. et al. A bump-and-hole approach to engineer controlled selectivity of BET bromodomain chemical probes. Science 346,
638-641 (2014).
12. Delmore, J. E. et al. BET Bromodomain Inhibition as a Therapeutic Strategy to Target c-Myc. Cell 146, 904-917 (2011).
13. Mertz, J. A. et al. Targeting MYC dependence in cancer by inhibiting BET bromodomains. Proceedings of the National Academy of
Sciences 108, 16669-16674 (2011).
14. Lovén, J. et al. Selective Inhibition of Tumor Oncogenes by Disruption of Super-Enhancers. Cell 153, 320-334 (2013).
15. Pott, S. & Lieb, J. D. What are super-enhancers? Nature Genetics 47, ng.3167 (2014).
16. Whyte, W. A. et al. Master Transcription Factors and Mediator Establish Super-Enhancers at Key Cell Identity Genes. Cell 153,
307-319 (2013).
17. Brown, J. D. et al. NF-xB Directs Dynamic Super Enhancer Formation in Inflammation and Atherogenesis. Molecular Cell 56,
219-231 (2014).
18. Vahedi, G. et al. Super-enhancers delineate disease-associated regulatory nodes in T cells. Nature 520, 558 (2015).
19. Jahagirdar, R. et al. RVX-297, a BET bromodomain inhibitor, has therapeutic effects in preclinical models of acute inflammation and
autoimmune disease. Molecular Pharmacology 92, mol.117.110379 (2017).
20. Bandukwala, H. S. et al. Selective inhibition of CD4+ T-cell cytokine production and autoimmunity by BET protein and c-Myc
inhibitors. Proceedings of the National Academy of Sciences 109, 14532-14537 (2012).
21. Peeters, J. et al. Autoimmune disease-associated gene expression is reduced by BET374 inhibition. Genomics Data 7, 14-17 (2016).
22. Trabucco, S. E. et al. Inhibition of Bromodomain Proteins for the Treatment of Human Diffuse Large B-cell Lymphoma. Clinical
Cancer Research 21, 113-122 (2015).
23. Jostes, S. et al. The bromodomain inhibitor JQ1 triggers growth arrest and apoptosis in testicular germ cell tumours in vitro and in
vivo. Journal of Cellular and Molecular Medicine 21, 1300-1314 (2017).
24. Spurlock, C. F. et al. Profiles of Long Noncoding RNAs in Human Naive and Memory T Cells. The Journal of Immunology 199,
547-558 (2017).
25. Schoenborn, J. R. & Wilson, C. B. Advances in Immunology. Advances in immunology 96, 41-101 (2007).
26. Tharton. Natural killer cells are a source of interferon gamma that drives differentiation of CD4+ T cell subsets and induces early
resistance to Leishmania major in mice. Journal of Experimental Medicine 178, 567-577 (1993).
27. Okamura, H., Kashiwamura, S., Tsutsui, H., Yoshimoto, T. & Nakanishi, K. Regulation of interferon-+ production by IL-12 and IL-
18. Current Opinion in Immunology 10, 259-264 (1998).
28. Balasubramani, A. et al. Regulation of the Ifng locus in the context of T_lineage specification and plasticity. Immunological reviews
238.1,216-232 (2010).
29. Hertweck, A. et al. T-bet Activates Th1 Genes through Mediator and the Super Elongation Complex. Cell Reports 15, 2756-2770
(2016).
30. dos Santos, P, Ferreira, N., Durvale, M. C. & Canduri, F. The emerging picture of CDK9/P TEFB: more than 20 years of advances
since PITALRE. Molecular Biosystems 13.2, 246-276 (2017).
31. Hnisz, D. et al. Super-enhancers in the control of cell identity and disease. Cell 155.4, 934-947 (2013).
32. Creyghton, M. P. et al. Histone H3K27ac separates active from poised enhancers and predicts developmental state. Proceedings of the
National Academy of Sciences 107, 21931-21936 (2010).
33. Tie, E et al. CBP-mediated acetylation of histone H3 lysine 27 antagonizes Drosophila Polycomb silencing. Development 136,
3131-3141 (2009).

SCIENTIFIC REPORTS |

(2019) 9:10280 | https://doi.org/10.1038/s41598-019-46516-x 9


https://doi.org/10.1038/s41598-019-46516-x

www.nature.com/scientificreports/

34. Di Micco, R. et al. Control of Embryonic Stem Cell Identity by BRD4-Dependent Transcriptional Elongation of Super-Enhancer-
Associated Pluripotency Genes. Cell Reports 9, 234-247 (2014).

35. Chapuy, B. et al. Discovery and Characterization of Super-Enhancer-Associated Dependencies in Diffuse Large B Cell Lymphoma.
Cancer Cell 24,777-790 (2013).

36. Brown, J. D. et al. BET bromodomain proteins regulate enhancer function during adipogenesis. Proceedings of the National Academy
of Sciences 115,201711155 (2018).

37. Tato, C. M. et al. Cutting Edge: Innate Production of IFN-~ by NK Cells Is Independent of Epigenetic Modification of the IFN-~
Promoter. The Journal of Immunology 173, 1514-1517 (2004).

38. Stetson, D. B. et al. Constitutive Cytokine mRNAs Mark Natural Killer (NK) and NK T Cells Poised for Rapid Effector Function. The
Journal of Experimental Medicine 198, 1069-1076 (2003 ).

39. Fields, P. E., Kim, S. T. & Flavell, R. A. Cutting Edge: Changes in Histone Acetylation at the IL-4 and IFN-~ Loci Accompany Th1/
'Th2 Differentiation. The Journal of Immunology 169, 647-650 (2002).

40. Cho, B.K., Wang, C., Sugawa, S., Eisen, H. N. & Chen, J. Functional differences between memory and naive CD8 T cells. Proceedings
of the National Academy of Sciences 96, 2976-2981 (1999).

41. Chang, S. & Aune, T. M. Histone hyperacetylated domains across the Ifng gene region in natural killer cells and T cells. Proceedings
of the National Academy of Sciences of the United States of America 102, 17095-17100 (2005).

42. Biron, C. A. et al. Natural killer cells in antiviral defense: function and regulation by innate cytokines. Annual review of immunology
17, 189-220 (1999).

43. Glimcher, L. H. & Murphy, K. M. Lineage commitment in the immune system: the T helper lymphocyte grows up. Genes &
development 14, 1693-1711 (2000).

44. Ansel, K. M., Lee, D. U. & Rao, A. An epigenetic view of helper T cell differentiation. Nature immunology 4, 616 (2003).

45. Nagarajan, S. et al. Bromodomain protein BRD4 is required for estrogen receptor dependent enhancer activation and gene
transcription. Cell reports 8.2, 460-469 (2014).

46. Nicodeme, E. et al. Suppression of inflammation by a synthetic histone mimic. Nature 468.7327, 1119 (2010).

47. Spurlock III, C. F. et al. Expression and functions of long noncoding RNAs during human T helper cell differentiation. Nature
Communications 6, (2015).

48. Gibbons, H. R. et al. Divergent IncRNA GATA3-AS]1 regulates GATA3 transcription in T Helper 2 cells. Frontiers in immunology 9,
2512 (2018).

Acknowledgements
We thank the subjects who provided blood samples to enable this study. This study was supported by grants from
the National institutes of Health, R01A1044942, R21A1128281, and 5P60DK020593.

Author Contributions
Conceptualization, TM.A., HR.G.; Methodology, TM.A., HR.G., D.J.M., VM.FE, T.E., M.B.K.; Formal Analysis,
T.M.A., HR.G.; Investigation, H.R.G., D.].M., V.M.E, T.E.; Writing-Original Draft, TM.A., H.R.G.; Writing-
Review and Editing, T.M.A., H.R.G.; Supervision, T.M.A., H.R.G,; Project Administration, TM.A., HR.G,;
Funding Acquisition, T.M.A.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-46516-x.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2019) 9:10280 | https://doi.org/10.1038/s41598-019-46516-x 10


https://doi.org/10.1038/s41598-019-46516-x
https://doi.org/10.1038/s41598-019-46516-x
http://creativecommons.org/licenses/by/4.0/

	Bromodomain inhibitor JQ1 reversibly blocks IFN-γ production

	Results

	JQ1 represses IFNG expression by TH1 cells, memory T cells and NK cells. 
	JQ1 effects on cell viability. 
	JQ1 abrogates RNA Pol II binding to the IFNG locus. 
	TH1 polarized cultures recover their ability to produce IFN-g after removing JQ1. 

	Discussion

	Methods

	Cell isolations and culture. 
	TH1 Polarized PBMC Cultures. 
	CD4+ Memory T Cells. 
	Natural Killer cells. 

	Quantitative Real-Time PCR. 
	MTT Cell Proliferation Assay. 
	Chromatin Immunoprecipitation (ChIP). 
	Enzyme Linked Immunosorbent Assay (ELISA). 
	Statistics. 

	Acknowledgements

	Figure 1 IFNG RNA transcripts are significantly reduced in TH1 polarized cultures by the BET inhibitor JQ1.
	Figure 2 IFNG mRNA expression is significantly reduced in CD4+ T memory cells following JQ1 treatment.
	Figure 3 Induction of NK cell IFNG mRNA expression is reduced after JQ1 treatment.
	Figure 4 JQ1 treatment is not cytotoxic to TH1 polarized PBMC cultures, but does repress other genes besides IFNG.
	Figure 5 JQ1 treatment does not alter H3K27ac or H3K27me marks but abrogates RNA pol2 binding at the IFNG locus.
	Figure 6 IFNG expression recovers following JQ1 removal.


