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JQ1, a bromodomain inhibitor, suppressesTh17 effectors by
blocking p300-mediated acetylation of RORγt
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Background and Purpose: Th17 cells play critical roles in chronic inflammation,

including fibrosis. Histone acetyltransferase p300, a bromodomain-containing pro-

tein, acetylates RORγt and promotes Th17 cell development. The bromodomain

inhibitor JQ1 was shown to alleviate Th17-mediated pathologies, but the underlying

mechanism remains unclear. We hypothesized that JQ1 suppresses the response of

Th17 cells by impairing p300-mediated acetylation of RORγt.

Experimental Approach: The effect of JQ1 on p300-mediated acetylation of RORγt

was investigated in HEK293T (overexpressing Flag-p300 and Myc-RORγt) and

human Th17 cells through immunoprecipitation and western blotting. To determine

the regions of p300 responsible for JQ1-mediated suppression of HAT activity, we

performed HAT assays on recombinant p300 fragments with/without the

bromodomain, after exposure to JQ1. Additionally, the effect of JQ1 on

p300-mediated acetylation of RORγt and Th17 cell function was verified in vivo, using

murine Schistosoma-induced fibrosis models. Liver injury was assessed by histopatho-

logical examination and measurement of serum enzyme levels. Expression of Th17

effectors was detected by qRT-PCR, whereas IL-17- and RORγt-positive granuloma

cells were detected by FACS.

Key Results: JQ1 impaired p300-mediated RORγt acetylation in human Th17 and

HEK293T cells. JQ1 failed to suppress the acetyltransferase activity of p300 frag-

ments lacking the bromodomain. JQ1 treatment attenuated Schistosoma-induced

fibrosis in mice, by inhibiting RORγt acetylation and IL-17 expression.

Conclusions and Implications: JQ1 impairs p300-mediated RORγt acetylation, thus

reducing the expression of RORγt target genes, including Th17-specific cytokines.

JQ1-mediated inhibition of p300 acetylase activity requires the p300 bromodomain.

Strategies targeting p300 may provide new therapeutic approaches for controlling

Th17-related diseases.

Abbreviations: BRD, bromodomain; BET, bromodomain and extra-terminal; CBP, CREB binding protein; HATs, histone acetyltransferases; KAT, lysine (K) acetyl transferases.
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1 | INTRODUCTION

Activation of naive CD4+ T cells, mediated by specific cytokines,

develops into distinct effector TH subsets. Cells belonging to IL-

17-producing CD4+ T subset are referred to as “Th17” (T-help 17)

cells. Development of naive T cells into Th17 cells is different in mice

and humans. In mice, Th17 cell differentiation requires combined

exposure toTGF-β and IL-6 or TGF-β and IL-21. In humans, Th17 cells

differentiation requires combinations of TGF-β and IL-1β or TGF-β

and IL-6 (Korn, Bettelli, Oukka, & Kuchroo, 2009). During Th17 devel-

opment, IL-21 functions in an autocrine loop and mediates its own

amplification (Yang et al., 2008), whereas IL-23 is required to expand

and stabilize the differentiated effector phenotype both in mice and

humans (Volpe et al., 2008).

Aberrant generation and activation of Th17 cells are involved in

multiple chronic inflammatory pathologies, including autoimmune dis-

eases (Korn et al., 2009; Patel & Kuchroo, 2015) and liver fibrosis, as

well as the murine models of these diseases (Park et al., 2018; Zhang

et al., 2012; Zhang et al., 2015). Retinoic acid receptor-related orphan

receptor gamma t (RORγt) is signature transcription factor that

directly activates the transcription of Th17-specific genes, including

IL-17A (commonly referred to as IL-17), IL-17F, IL-21, IL-22,and GM-

CSF (Ciofani et al., 2012; Ivanov et al., 2006; Yang et al., 2008) in both

mouse and human Th17 cells. These cytokines are critical for the

pro-inflammatory function of Th17 cells (Yasuda, Takeuchi, &

Hirota, 2019). Since Th17 cells are strongly associated with various

pro-inflammatory responses, the expression and activity of RORγt are

tightly regulated in vivo. Multiple post-translational modifications,

such as acetylation, phosphorylation, methylation, and ubiquitination,

modulate the functions of RORγt and interaction with various pro-

teins (Huh & Littman, 2012). Recently, as a nuclear receptor, RORγt

has become a prime target for repressing the function of Th17 cells

and their downstream cytokines. Until now, several potent RORγt

inverse agonists have been developed (Fauber & Magnuson, 2014;

Isono, Fujita-Sato, & Ito, 2014; Rutz, Eidenschenk, Kiefer, &

Ouyang, 2016).

Co-transcription factor p300, bromodomain (BRD)-containing

protein, belongs to the type 3 family of lysine (K) acetyl transferases

(KAT3, also known as KAT3B). This protein is known to regulate

chromatin accessibility by acetylating lysine residues from histones

(Delvecchio, Gaucher, Aguilar-Gurrieri, Ortega, & Panne, 2013;

Ebrahimi et al., 2019). In addition, p300 can also up-regulate transcrip-

tion by acetylating various transcription factors, such as p53, Foxp3

and RelA (Gu & Roeder, 1997; van Loosdregt et al., 2010; Mukherjee

et al., 2013). We previously showed that p300 acetylates K81 of

RORγt and up-regulates RORγt-mediated transcriptional activation of

IL-17, thereby promoting Th17 differentiation and development

(Wu et al., 2015).

JQ1, an inhibitor of bromodomain and extra-terminal (BET)

family proteins (including bromodomain2, bromodomain3,

bromodomain4 and bromodomain testis-specific protein), was pro-

duced by James Bradner (Bid & Kerk, 2016). Through competitive

binding to bromodomain, JQ1 prevents the interaction of

bromodomain4 and acetylated lysine residues, therefore altering

gene transcription. Previous reports have revealed a variety of

alterations in cytokine production in Th17 cell following JQ1 treat-

ment (Bandukwala et al., 2012; Mele et al., 2013). However, the

mechanism underlying these alterations remains unclear. In this

study, we demonstrated that JQ1 interacts with bromodomain to

inhibit p300-mediated acetylation of RORγt, thereby down-

regulating multiple Th17 specific genes, including IL17, IL21 and

GM-CSF, in vitro. The inhibitory effect of JQ1 on Th17 function

in vivo was further verified using the Schistosoma japonicum-infected

mouse model.

2 | METHODS

2.1 | HEK293T cell transfection and JQ1
treatment

The Human Embryonic Kidney 293 T (HEK293T, RRID: CVCL_0063)

cell line is immortalized with the Simian Virus 40 T-antigen and repre-

sents a highly transfectable cell system, which allows overexpression

of interest proteins for detailed biochemical analyses (Naz

et al., 2014). In our study, we co-transfected HEK293T cells with

p300 and RORγt expression plasmids to study the interaction

between p300 and RORγt and the effects of JQ1 treatment on

p300-mediated acetylation of RORγt. Briefly, HEK293T cells were co-

transfected with the p300-expression (pIPFlag2 vector) and RORγt-

expression plasmids (pIPMyc2 vector) using polyethylenimine

(#23966, Polysciences), according to the manufacturer's instructions.

Transfected cells were cultured at 37�C, in a humidified atmosphere

supplemented with 5% CO2, and were treated with DMSO or differ-

ent concentrations of JQ1 for 9 hr prior to cell harvesting, 48 hr post-

transfection.

What is already known

• JQ1 inhibits Th17-mediated pathology.

• p300 acetylates RORγt and promotes Th17 differentia-

tion and development.

What this study adds

• JQ1 inhibits p300-mediated RORγt acetylation via

bromodomain, reducing RORγt's ability to drive Th17

cytokines expression.

What is the clinical significance

• Strategies targeting p300 may provide a new therapeutic

approach for controlling Th17-related diseases.
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2.2 | Co-immunoprecipitation

HEK293T cells and liver tissues of S. japonicum-infected mice were

used for co-immunoprecipitation assays. HEK293T cells and liver frag-

ments were lysed in a buffer containing 50-mM Tris–HCl pH 7.5,

150-mM NaCl, 1-mM EDTA disodium salt (Na2-EDTA), 1% Nonidet P-

40 (NP40), 0.5% sodium deoxycholate (NaDOC), and 10% glycerol,

supplemented with 1% protease inhibitors cocktail (P8340, Sigma),

1-mM Na3VO4, 10-mM NaF, and 1-mM phenylmethylsulfonyl fluo-

ride. The resulting cell lysates were centrifuged at 10,000× g at 4�C,

and the supernatants were submitted for immunoprecipitation.

Samples were incubated rotating head over tail for 3 hr at 4�C with

anti-Flag (AT0022, CMC TAG) or anti-RORγt (eBioscience,

14-6988-82) antibodies and then reacted overnight with protein A/G-

magnetic beads (LSKMAGA10, Millipore). These beads were then

washed three times with lysis buffer, and immunoblotting was per-

formed with anti-Myc (#2276, Cell Signaling Technology), anti-Flag

(AT0022, CMC TAG), and anti-Acetyl-Lysine (#9441, Cell Signaling

Technology) antibodies.

2.3 | HumanTh17 cell differentiation, JQ1
treatment, flow cytometry analysis and
immunoblotting analysis

For human Th17 differentiation, naive CD4+ T cells were isolated

from cord blood of healthy donors using EasySep™ Human Naive

CD4+ T Cell Isolation Kit (#19555, Stem Cell). Subsequently, naive

CD4+ T cells were differentiated into Th17 cells in X-VIVO15 medium

(04-418Q, Lonza), containing 10% FBS, 1% non-essential amino acids,

1% sodium pyruvate, 1% L-glutamine, and 1% penicillin/streptomycin

by stimulation with anti-CD3/CD28 dynabeads (11161D, Gibco) at a

cell to bead ratio of 1:1 in presence of the following cocktail:

50 ng�ml−1 of rhIL-6 (206-IL-010, R&D), 100 ng�ml−1 of rhIL-23

(1290-IL-010, R&D), 1 ng�ml−1 of rhTGF-β (240-B-002, R&D),

10 ng�ml−1 of rhIL-1β (201-LB-005, R&D), neutralizing antibodies

anti-IL-4 (10 μg�ml−1, BD Biosciences Cat# 554481, RRID:

AB_395421) and anti-IFN-γ (10 μg�ml−1, 554698, BD Biosciences).

Cells were cultured in an incubator at 37�C with 5% CO2 for 6 days,

before treatment with JQ1 (50, 100, and 250 nM) or DMSO for 9 hr.

For flow cytometry analysis, human Th17 cells were stimulated

for 4 hr with phorbol 12-myristate 13-acetate (PMA; 25 ng�ml−1,

Sigma), ionomycin (1 μg�ml−1, Sigma), in the presence of GolgiPlug

(1 μg�ml−1, BD Pharmingen). Cells were then blocked with 10% rat

serum and stained for surface markers CCR6 PE (R6H1, eBioscience),

followed by fixation, permeabilization using the Cytofix/Cytoperm kit

(554714; BD) and staining for intracellular IL-17A APC (BL168, Bio-

legend) and RORγt BV-421(Q21-559, BD). Cells were submitted for

flow cytometry on an FACS Calibur system (BD Biosciences). Data

were analysed using the Flowjo V10 software.

The immuno-related procedures used comply with the recom-

mendations made by the British Journal of Pharmacology (Alexander

et al., 2018). For immunoblotting analysis, Th17 cells were harvested

and lysed on ice for 30 min with protein lysis buffer (50-mM Tris–HCl

pH 7.5, 150-mM NaCl, 1-mM Na2-EDTA, 1% NP40, 0.5% NaDOC,

and 10% glycerol), containing protease inhibitors (1% cocktail, 1-mM

Na3VO4, 10-mM NaF, and 1-mM phenylmethylsulfonyl fluoride). Cell

lysates were centrifuged at 10,000× g for 15 min. Supernatants were

then separated through SDS-PAGE, transferred to nitrocellulose

membranes, and then immunoblotted with the following antibodies:

anti-p300 (Santa Cruz Biotechnology Cat# sc-48343, RRID:

AB_628075), anti-RORγt (# 14-6988-82, eBioscience), anti-Acetyl-

Lysine (ICP0380, ImmuneChem, Canada) and anti-β-actin (BM0627,

BOSTER Biological Technology).

2.4 | RNA isolation and quantitative PCR

Total RNA was extracted from cells or tissues using TRIzol (Sigma)

and was reverse transcribed to cDNA using TB Green™ Premix Ex

Taq™ II (RR820A, Takara). Quantitative real-time PCR to assess

expression of p300, IL-17A, IL-17F, IL-2, and GM-CSF was performed

using the PrimeScript™ RT Reagent Kit (RR036A, Takara) on a

StepOnePlus™ Real Time PCR System (Applied Biosystems). Relative

mRNA expression was normalized to the expression of β-actin. The

sequences of primers are listed inTable 1.

2.5 | Cell Counting Kit-8 (CCK8) test for cell
viability

Cell viability was evaluated using the CCK8 Detection Kit (Dojindo,

Kumamoto, Japan), according to the manufacturer's instructions.

Briefly, HEK293T cells were seeded in 96-well plates at a density of

5,000 cells per well and cultured with high-glucose DMEM containing

10% FBS. After 24 hr, cells were treated for 3 hr with JQ1 at differ-

ent concentrations (50, 100, 150, 200, and 250 nM). Then, 10 μl of

CCK-8 solution was added to each well, and plates were incubated

for 1 hr at 37�C. The absorbance was measured on a micro-plate

reader (Power Wave XS2; BioTek Instruments, Inc., Winooski, VT,

USA) at 450 nm.

2.6 | ELISA

The concentrations of IL-17 from cell supernatants were assessed

using the corresponding human ELISA kits (DY317 R&D SYSTEM),

according to the manufacturer's protocol.

2.7 | Acetyltransferase activity assays

Recombinant p300 fragments without the histone acetyltransferase

(HAT) domain (p300 HAT Del), without the bromodomain (p300 HAT)

or containing bromodomain (p300 BRD HAT) were independently

expressed in ExpiCHO cells using the pcDNA™ 3.1 expression system
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and purified as described previously (Henry, Kuo, & Andrews, 2013).

Protein purity and quantification were assessed by SDS-PAGE

followed by Coomassie Blue staining alongside a BSA standard.

The acetyltransferase activity of recombinant p300 proteins

(5 mg�ml−1) was measured in the presence or absence of JQ1

(250 nM) or (−)-JQ1, using a commercially available kit (ab65352,

Abcam), according to the manufacturer's instructions.

2.8 | Infection of mice and JQ1 treatment

Animal care and experimental protocols complied with the guidelines

of Institutional Animal Care and Use Committee (IACUC), Anhui

Medical University. Animal studies are reported in compliance with

the ARRIVE guidelines (Kilkenny et al., 2010; McGrath & Lilley, 2015)

and with the recommendations made by the British Journal of Pharma-

cology. The group sizes were decided according to the experiment

protocol (Curtis et al., 2018). Mice were killed by cervical dislocation

or CO2 inhalation.

Female C57BL/6 mice, 6–8 weeks old, weighing 16–19 g

(Experimental Animal Center, Chinese Science Academy, Shanghai,

China) were used in all experiments. All mice were reared and housed

under specific pathogen free conditions (20 ± 2�C; 12 hr light/12 hr

dark) with free access to food (standard chow diet) and water.

S. japonicum (Chinese mainland strain)-infected Oncomelania hupensis

snails were provided by Jiangxi Institute of Parasitic Diseases. Mice

were anaesthetized by i.p. injection of ketamine (110 mg�kg−1) and
subsequently infected percutaneously with 20 ± 2 freshly shed

cercaria. To test the dynamic expression of p300, IL-17A and RORγt

in the liver of S. japonicum-infected mice, six mice were killed at 4, 6,

and 9 weeks post infection (p.i.), respectively. To investigate the

therapeutic effects of JQ1, some S. japonicum-infected mice were

administered praziquantel (300 mg�kg−1) once by gavage on Day 42 p.

i., to assure that the beneficial effect of JQ1 was not ascribed to its

possible insecticidal effect. Thereafter, mice were randomly assigned

to two groups (three mice each). Mice in one group were treated with

JQ1 (50 mg�kg−1�day−1, dissolved in 2% DMSO) by i.p. injection for

15 days from 45 dpi. The control group mice received the same

schedule of injections of 2% DMSO alone. At 60 dpi, mice were killed

along with the age- and sex-matched control mice. Blood samples and

livers were collected for subsequent experiments. The JQ1 treatment

experiments were repeated three times with three mice per group.

There were nine mice in each group.

2.9 | Liver mononuclear cells preparation and flow
cytometry analysis

Liver granuloma cells were isolated from 60-day infected mice using

0.2% type IV collagenase (Sigma) as previously described (Zhang

et al., 2012). Control liver mononuclear cells were isolated from con-

trol mice as described by Blom et al. (2009) with some modifications.

Briefly, mouse livers were perfused with PBS through the portal vein

followed by cutting of the inferior vena cava. Livers were then cut

into small pieces and mashed on 200-gauge steel screens in cold PBS.

Contaminating hepatocytes were removed by a brief centrifugation at

60× g for 1 min. The resulting supernatants were spun in 37.5%

Percoll at 1,260× g for 30 min at 25�C to remove all nuclei and cell

debris. New pellets containing liver mononuclear cells were treated

with Ammonium-Chloride-Potassium (ACK) Lysis Buffer followed by

two washes. Viable cells were counted by Trypan Blue exclusion

assay.

TABLE 1 Primers sequences of qRT-PCR used in this study

Gene Forward Reverse

Il17a ACCGCAATGAAGACCCTGAT CAGGATCTCTTGCTGGATGAGA

Il17f TGCTACTGTTGATGTTGGGAC CAGAAATGCCCTGGTTTTGGT

Il1β CTGAACTCAACTGTGAAATGC TGATGTGCTGCTGCGAGA

Il6 ACACATGTTCTCTGGGAAATCGT AAGTGCATCATCGTTGTTCATACA

Rorc TGCAAGACTCATCGACAAGG AGGGGATTCAACATCAGTGC

Ep300 CAGCAGCGACTTCTTCAACAACAG GGAGAGCGCACTTGATTGGAGAG

Actb AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT

IL17A CCATCCCCAGTTGATTGGAA CTCAGCAGCAGTAGCAGTGACA

IL17F CCTCCCCCTGGAATTACACT ACCAGCACCTTCTCCAACTG

RORC AGTTCTGCTGACGGGTGC CTGCTGAGAAGGACAGGGAG

IL21 CACCTTCCACAAATGCAGGG ACCGTGAGTAACTAAGAAGCAAA

IL22 CGCACCTTCATGCTGGCTAA ACCACCTCCTGCATATAAGGC

IL6 ATGCAATAACCACCCCTGAC CATGCTACATTTGCCGAAGA

CSF2 TTCCTGTGCAACCCAGATTA CTTGGTCCCTCCAAGATGAC

IL1B GCTGAAGGAGATGCCTGAGAT CACACCCAGTAGTCTTGCTTTGT

IL23R CATGACTTGCACCTGGAATG GCTTGGACCCAAACCAAGTA

ACTB TGACGTGGACATCCGCAAAG CTGGAAGGTGGACAGCGAGG
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For intracellular staining, liver granuloma cells from infected mice

and liver mononuclear cells from control mice were stimulated with

phorbol 12-myristate 13-acetate (PMA; 25 ng�ml−1, Sigma), ionomycin

(1 μg�ml−1, Sigma), and GolgiPlug (1 μg�ml−1, BD Pharmingen) for 4 hr.

Cells were stained for surface markers, such as CD3 PE-Cy5.5 (17A2,

BD) and CD4 FITC (GK1.5, BD, and then fixed, permeabilized and sta-

ined for intracellular IL-17A PE (TC11-18H10, BD) or RORγt PE. Cells

were submitted for flow cytometry on a FACS Calibur system

(BD Biosciences). Data were analysed using the Flowjo V10 software

(FlowJo, RRID: SCR_008520).

2.10 | Histology and morphological assessment

Liver samples from control or JQ1/DMSO treated S. japonicum-

infected mice were fixed in 10% neutral buffered formalin and

embedded in paraffin. Sections (4 μm) stained with haematoxylin

and eosin or Sirius Red were examined under the microscope

(Axioskop, Zeiss, Germany) for qualitative and quantitative alter-

ations. The level of granulomatous inflammation was microscopically

determined using granulomas area. The level of fibrosis was micro-

scopically determined using collagen deposits area. Three discontinu-

ous sections per mouse were analysed in nine mice per group. The

percentage of positive staining was determined by two pathologists

in a blind manner through digital morphometry (Image-Pro Plus,

RRID:SCR_007369).

2.11 | Detection of liver transaminase activities

Serum samples from individual mice were obtained at Day 60 p.i. Liver

injury was assessed by serum alanine aminotransferase and aspartate

aminotransferase activities using a commercial kit (Jiancheng, Nanjing,

China) according to the manufacturer's instructions.

2.12 | Hepatic hydroxyproline content assay

Hepatic hydroxyproline content was quantified using a commercial

hydroxyproline assay kit (Jiancheng, Nanjing, China) according to the

manufacturer's instructions.

2.13 | Data analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). Human Th17 and HEK293T

cells were assigned to the different groups, and the treatment was

performed with randomization in a blind manner. We used normalized

data to reduce the variations in the baseline between independent

experiments. The expression of proteins and mRNA were normalized

to fold over β-actin and were presented as the mean ± SEM. Statistical

analysis were performed using Student's t-test or one-way ANOVA.

One-way ANOVA with Bonferroni correction for multiple compari-

sons was used to detect significant differences, and there was no

significant variance inhomogeneity. P values less than .05 were

considered statistically significant. No outliers were excluded in the

data analysis. Statistical analysis was performed using GraphPad Prism

7 (GraphPad Prism, RRID: SCR_002798). All experiments on cells were

repeated at least five times. The number of independent animal exper-

iments is indicated in the figure legends, with n referring to the num-

ber of mice in each group.

2.14 | Materials

JQ1 (HY-13030, MedChem Express, USA) and (−)-JQ1 (HY-13030A,

MedChem Express, USA) was dissolved in 2% DMSO for use. The

p300-expression plasmid (pIPFlag2 vectors) and RORγt-expression

plasmid (pIPMyc2 vectors) were kind gifts from Prof. Bin Li (Shanghai

Institute of Immunology, Shanghai JiaoTong University School of

Medicine).

2.15 | Nomenclature of targets and ligands

Key protein targets and ligands used in this article are hyperlinked to

corresponding entries in http://www. guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018) and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | JQ1 suppresses acetylation of RORγt and
down-regulates Th17 cytokines

Previously, JQ1 was reported to strongly repress the production of

effector cytokines in Th17 cells. Given the pivotal role of RORγt acet-

ylation for the transcription of IL-17A (Wu et al., 2015), we hypothe-

sized that JQ1 might suppress Th17-associated cytokines by

inhibiting RORγt acetylation. To tackle this issue, human naive CD4+

T cells were differentiated into Th17 cells under standard polarizing

conditions. After 6 days of culture, cells displayed classical human

Th17 signature, as indicated by up-regulation of CCR6, IL-17A,

IL-17F, IL-23R, IL-22, IL-21, and GM-CSF (Figure S1). Consistent with

previous reports (Chen et al., 2018; Wu et al., 2015), abundant

expression of p300 protein was detected in Th17 cells (Figure 1a).

Th17 cells were then treated with different concentrations of JQ1 for

9 hr. As expected, JQ1 treatment resulted in a reduction of RORγt

acetylation, without interfering with RORγt and p300 expression

(Figure 1a,b). Moreover, production of IL-17 was blocked by JQ1 in a

dose-dependent manner, approaching significant suppression at a
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concentration of 200 nM (Figure 1b,c). Other critical Th17 genes,

including IL-17F, IL-22, IL-21, and GM-CSF, were also suppressed

after JQ1 treatment (Figure 1b). Thus, JQ1 might indeed decrease the

production of Th17 lineage-associated cytokines by reducing RORγt

acetylation and, consequently, inhibiting the transcriptional activity of

its target genes.

3.2 | JQ1 suppresses exogenous p300-mediated
acetylation of RORγt

We previously showed that p300 acetylates RORγt and that knock-

down of p300 down-regulates Th17-related genes in HEK293T cells

(Wu et al., 2015). To determine whether JQ1 suppresses

F IGURE 1 JQ1 reduces RORγt acetylation and down-regulates the expression of humanTh17 effector cytokines. Naive CD4+ T cells were
cultured under Th17-polarizing conditions for 6 days. Th17 cells were then treated with or without JQ1 at the indicated concentration for 9 hr.
(a) Th17 cells were analysed by western blotting. Typical images are shown in the left panel; the average of protein relative level quantified by

densitometry is shown in the right panel. (b) Expression of RORγt target genes was analysed by qRT-PCR inTh17 cells. (c) IL-17A level in the
supernatant of cultured Th17 cells was detected by ELISA. Data were normalized to the expression level of β-actin and presented as mean ± SEM
from five independent donors, n = 5, *P < .05, compared to DMSO treatment (one-way ANOVA)
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p300-mediated acetylation of RORγt, we transiently overexpressed

Flag-p300 and Myc-RORγt, or Myc-RORγt alone in HEK293T cells

treated with JQ1 or DMSO for 9 hr. Then, we analysed cell lysates

using anti-Flag, anti-Myc and anti-Acetyl-Lysine antibodies. We

observed that JQ1 significantly decreased RORγt acetylation com-

pared to the DMSO control in HEK293T cells co-transfected with

Flag-p300 and Myc-RORγt expression vectors (Figure 2a). In addition,

acetylation of RORγt was not observed in HEK293T cells that

overexpressed Myc-RORγt alone (Figure 2b), altogether these data

indicated that JQ1 suppresses p300-mediated RORγt acetylation.

Interestingly, p300 protein levels were not altered by JQ1, suggesting

that altered p300 acetyltransferase activity was independent of

expression changes. To rule out the possibility that JQ1-induced

reduction of RORγt acetylation could be associated with reduced cell

survival, we compared the viability of HEK293T cells treated with

JQ1 and DMSO. No significant difference in cell viability was

observed between these groups, suggesting that JQ1 treatment

(≤200 nM) had no effect on HEK293T cell survival (Figure 2c).

3.3 | JQ1 suppresses p300 acetylase activity by
interacting with bromodomain

The catalytic core of p300 consists of bromodomain, CH2 (including

RING and PHD) region and HAT domain (Goodman & Smolik, 2000).

In addition to the HAT domain, the bromodomain is required for

effective substrate acetylation (Kraus, Manning, & Kadonaga, 1999).

However, it is unclear whether JQ1 inhibits the acetylase activity of

p300 by binding to bromodomain. To address this issue, we

overexpressed various recombinant p300 constructions: a fragment

lacking the HAT domain (p300 HAT Del, aa 950-1285-linker-

1644-1673), a fragment lacking the bromodomain (p300 HAT, aa

1195-1673) or a fragment containing both the bromodomain and

HAT domain (p300 BRD HAT, aa 950-1673; Figure 3a).

Acetyltransferase activity of recombinant p300 was evaluated in the

presence or absence of JQ1. As expected, deletion of HAT domain

abolished the acetylase activity of p300 (Figure 3b). However, p300

displayed acetylase activity regardless of the presence/absence of a

bromodomain. Reduction of acetylase activity after JQ1 treatment

was observed only when bromodomain-containing p300 fragment

was overexpressed, as the acetyltransferase activity was not affected

by JQ1 when the bromodomain-lacking p300 fragment was over-

expressed. In contrast, treatment with (−)-JQ1, the inactive enantio-

mer of JQ1, had little impact on the acetylase activity of p300

fragments. Thus, we have shown that JQ1 impaired p300

acetyltransferase activity by interacting with the bromodomain.

3.4 | JQ1 suppresses acetylation of RORγt and
pathogenic Th17 effect in vivo

In vitro results showed inhibitory effects of JQ1 on p300-mediated

RORγt acetylation, which in turn suppressed expression of Th17

effector cytokines. Next, we validated that JQ1 treatment inhibits the

function of Th17 cells in vivo. Previous studies demonstrated the

involvement of Th17 cells in the pathogenesis of S. japonicum egg-

induced liver fibrosis in mice (Shainheit et al., 2008; Zhang

et al., 2012; Zhang et al., 2015). Consistent with previous reports,

increased expression of IL-17A and RORγt in the liver of S. japonicum-

infected mice was observed. In addition, the expression of p300 was

also increased after infection with S. japonicum (Figure 4). We hypoth-

esized that JQ1 could have a protective effect against liver fibrosis in

the mouse model of schistosomiasis. To test this hypothesis, we used

the schistosomiasis liver fibrosis mouse model and therapeutically

used JQ1 (dissolved in DMSO) or 2% DMSO alone. At 42 dpi, the

infected mice were administrated praziquantel by gavage to eliminate

adult worms. At 45 dpi, mice were randomly assigned to treatment

with DMSO or JQ1. Due to JQ1 displaying excellent inhibitory effects

without obvious toxicity when administered once daily with JQ1

50 mg�kg−1 (Filippakopoulos et al., 2010), in the present study,

S. japonicum-infected mice were administered daily a dose of

50 mg�kg−1 of JQ1, for 15 days (Figure 5a). JQ1 treatment was par-

tially protective against egg-induced granulomatous inflammation and

fibrosis, although the mice still have some areas of granuloma, colla-

gen deposition and hydroxyproline (Figure 5b–d). JQ1 restored

changes in liver function, as indicated by alanine aminotransferase

levels (Figure 5e). Furthermore, in vivo administration of JQ1

decreased elevated liver and spleen index in S. japonicum-infected

mice (Figure 5f,g). In addition, no difference in the number of eggs

between the two groups was observed (Figure S2).

To mechanistically address the impact of JQ1 in this mouse

model, we isolated liver granulomatous cells and stimulated them with

PMA/ionomycin. Compared to the control, only a decreased propor-

tion of CD4+ T cells obtained from JQ1-treated mice produced IL-17A

and RORγt (Figure 6a,b). Moreover, we observed a significant down-

regulation of IL-17 and RORγt transcription (Figure 6c,d) in the livers

of JQ1-treated mice.

To investigate whether the anti-fibrotic effect of JQ1 treatment

was associated with reduced acetylation of RORγt, liver tissue from

S. japonicum-infected mice were used to examine RORγt acetylation

levels. As shown in Figure 6e, JQ1 treatment resulted in a reduction

of RORγt acetylation, consistent with in vitro data. These results

suggested that JQ1 protected against S. japonicum egg-induced liver

fibrosis, at least in part, by decreasing the acetylation of RORγt, which

in turn impaired generation and/or function of Th17 cells.

4 | DISCUSSION

Deregulation of Th17 effector cells has been involved in the

pathogenesis of multiple chronic inflammatory diseases (Littman &

Rudensky, 2010), including Schistosoma egg-induced liver granuloma

and fibrosis (Wen et al., 2011; Zhang et al., 2012; Zhang et al., 2015).

Previous studies demonstrated that JQ1 could alleviate

Th17-mediated immunopathologies. Here, we report that JQ1

suppressed p300-mediated acetylation of RORγt, thereby down-
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F IGURE 2 JQ1 suppresses p300-mediated acetylation of RORγt. HEK293T cells were transfected with Flag-p300 and Myc-RORγt (a) or
Myc-RORγt plasmid alone (b). Thirty-nine hours later, cells were treated with or without JQ1 as indicated for 9 hr. Cell lysates were
immunoprecipitated with anti-Flag antibodies and submitted for immunoblotting with the indicated antibodies. (a,b) Representative images from
five independent experiments are shown in the left panels. In the right panels, the corresponding graphs show the average of protein relative
level quantified by densitometry. (c) Dose-dependent effect of JQ1 on the viability of HEK293T cells. HEK293T cells were treated with JQ1 at
indicated concentration for 3 hr. Cell viability was determined using the CCK8 assay kit. Results are presented as mean ± SEM from five
independent experiments: NS, no significant, n = 5, *P < .05, compared to DMSO treatment (one-way ANOVA)
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regulating RORγt-target genes, such as IL-17A, IL-17F, GM-CSF and

IL-21. In addition, by expressing recombinant p300 fragments con-

taining or lacking the bromodomain, we found that the bromodomain

of p300 is required for JQ1 to inhibit the acetyltransferase activity of

p300.

Acetyltransferase p300 plays critical roles in transcriptional

regulation, cell cycling, and inflammation (Conery et al., 2016; Fan

et al., 2002; Iyer et al., 2004; Jin et al., 2011). In addition, previous

studies demonstrated that p300 acetylated RORγt in human Th17

cells or when co-expressed in HEK293T cells (Lim et al., 2015; Wu

et al., 2015). p300-mediated acetylation of RORγt at K81 increased its

stabilization, which consequently enhanced RORγt-mediated gene

transcription. In the present study, we used a small-molecule inhibitor

of bromodomain, JQ1, and confirmed that p300 acetylates and

functionally regulates RORγt. The acetylation level of RORγt may be

an important regulator of its function, since its ability to mediate gene

transcription was compromised when JQ1 decreased RORγt

acetylation.

Based on western blotting results from human Th17 (Figure 1a)

and HEK293T cells co-transfected with RORγt and p300 expression

vectors, we found that JQ1 did not significantly alter RORγt expres-

sion in vitro. However, the proportion of RORγt+ CD4+ T cells and

RORγt protein level from JQ1-treated S. japonicum-infected mice was

lower compared to control DMSO-treated mice (Figure 6a,b). The

reduction may result from the interaction of complex environmental

factors, including IL-6, which has been reported to promote

F IGURE 3 JQ1 reduces p300 acetylase activity, and the bromodomain (BRD) of p300 is required for this effect. (a) Schematic diagrams of
recombinant p300 fragments lacking the HAT domain (p300 HAT Del), lacking the BRD (p300 HAT), and containing the BRD (p300 BRD HAT).
These fragments were expressed in ExpiCHO cells using the pcDNA3.1 expression vector. The bromodomain, PHD (plant homeodomain), and

HAT (histone acetyltransferase) domain of p300 are shown. Numbers indicate amino acid position in the sequence of p300 from the N-terminus.
(b) Relative HAT activity assay for recombinant p300 (5 μg�ml−1) with or without JQ1 (250 nM). Nuclear extract (NE) supplied in the kit was used
as positive control, whereas the inactive enantiomer (−)-JQ1 (250 nM) was used as control for JQ1. The HAT activity of p300 fragment was
measured at 1 and 1.5 hr after the reaction start, and relative activities were calculated per minute and per gram of p300 protein. Results are
shown as means ± SEM of triplicates from five independent experiments (n = 5). *P < .05 (one-way ANOVA)
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STAT3-mediated expression of RORγt (Bettelli et al., 2006). JQ1 was

found to down-regulate IL-6 and pSTAT3 in human pancreatic ductal

adenocarcinoma cells (Mazur et al., 2015) and IL-6 is also up-regulated

in S. japonicum-infected mice (Zhang et al., 2015). Thus, an intriguing

possibility may be that JQ1 down-regulated the expression of RORγt

by inhibiting the IL-6/STAT3 signal pathway.

Emerging studies showed that p300 plays important roles in the

regulation of extracellular matrix homeostasis and myofibroblast

transformation (Ghosh & Varga, 2007; Kaimori et al., 2010; Lim, Oh,

Kim, Sohn, & Park, 2012). Ghosh et al. (2013) reported that TGF-β

stimulated fibroblasts by increasing p300 abundance and histone

acetylation at the promoter of collagen gene. Accordingly, we found

that the expression of p300 was markedly elevated in the liver of

S. japonicum-infected mice. JQ1 treatment protected against

S. japonicum egg-induced inflammation and fibrosis. The protective

effects of JQ1 were accompanied by decreased levels of acetylated

RORγt and down-regulated expression of Th17 cell associated genes.

Based on our in vitro and in vivo data, we proposed that

p300-mediated acetylation of RORγt might be a fundamental epige-

netic mechanism in Schistosoma egg-induced liver pathology.

Targeting disruption of p300-mediated acetylation might be a viable

anti-fibrosis strategy for schistosomiasis.

JQ1 is a potent pan-bromodomain and extra-terminal family

bromodomain inhibitor. Recent evidence has shown that targeting

bromodomains may be an important potential therapeutic approach

for human inflammatory diseases (Muller, Filippakopoulos, &

Knapp, 2011; Belkina, Nikolajczyk, & Denis, 2013; Filippakopoulos &

Knapp, 2014). p300 contains a highly conserved bromodomain that

was shown to bind acetylated lysine residues both from histones and

transcription factors, such as p53 and Foxp3 (Gu et al., 1997; Ghosh &

Varga, 2007; van Loosdregt et al., 2010). Hammitzsch et al. (2015)

reported that CBP30, a selective p300 bromodomain blocker,

inhibited secretion of IL-17A in Th17 cells, which supports the view

that p300 is a potential therapeutic target in Th17-mediated diseases.

In this study, we demonstrated that JQ1 inhibited IL-17A secretion

from human Th17 cells and expression of IL-17A and other pro-

inflammatory cytokines in vitro. In addition, S. japonicum egg-induced

liver fibrosis, characterized by major Th17 contribution, was amelio-

rated after JQ1 treatment, in mice.

Recognition of acetylated lysine residues from histones by tran-

scriptional co-activator p300 plays a key role in the epigenetic regula-

tion of gene transcription. It is well known that JQ1 prevents the

interaction between bromodomain and acetylated lysine residues

through competitive inhibition. The crystal structure of p300 including

the bromodomain and HAT domain flanking a middle RING/PHD

domain suggested the possibility of allosteric interactions regulating

p300 HAT activity, however this has not been investigated in detail

(Delvecchio et al., 2013; Rack et al., 2014). Here, we first demon-

strated experimentally that JQ1 inhibited the acetyltransferase activ-

ity of p300 by interacting with the bromodomain, as JQ1 did not

inhibit the acetyltransferase activity of p300 fragments lacking the

bromodomain. Further studies are required to identify the precise

mechanism underlying how JQ1 suppresses p300-mediated acetyla-

tion of RORγt. However, the bromodomain occupancy per se is insuf-

ficient to account for the reduction in p300 enzymatic activity. It was

reported that C-terminal binding protein1 directly associated with

p300 by binding to the PXDLS/K (where X indicates any residue)

motif in the bromodomain of p300 and thus repressed

p300-mediated histone acetylation (Kim, Cho, Kim, & Youn, 2005).

Similarly, JQ1 binds to PVDXXXL (where X indicates any residue)

F IGURE 4 Expression of p300, IL-17A, and RORγt mRNA is significantly elevated in the livers from S. japonicum-infected mice. The liver
tissues were collected from mice post infection 0, 4, 6, 9 weeks. The mRNA levels were determined by qRT-PCR. The data are normalized to the
expression level of β-actin and presented as the mean ± SEM pooled from two independent experiments (with three mice per group per time),

n = 6 mice per group. *P < .05 by one-way ANOVA
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F IGURE 5 JQ1 treatment ameliorates hepatic immunopathology in S. japonicum-infected mice. (a) Experimental design of JQ1 study on
animals. Mice were infected percutaneously with S. japonicum cercaria at Day 0. Praziquantel (300 mg�kg−1) was administered once by gavage at
42 days. Daily i.p. injections of JQ1 or DMSO were conducted from Days 45 to 59. Animals were then killed for tissue collection at 60 dpi along

with age- and sex-matched control mice. Liver sections (4 μm) from infected and control mice were stained with either HE or Sirius Red.
(b) Representative HE staining and (c) representative Sirius Red staining of liver sections of the indicated groups (three mice per group) are shown.
Percentages of granulomatous and fibrosis areas were quantified and are shown on the right side in (b) and (c) respectively. Magnification was
40×. Bar = 200 μm. (d) Hydroxyproline was quantified in the livers of infected and control mice. (e) Serum ALT/AST levels are shown as the
mean ± SEM. (f) Representative photograph of livers and spleens from S. japonicum-infected mice treated with JQ1 or DMSO (three mice per
group) are shown. (g) The liver and spleen weight to body weight ratio (LW/BW and SW/BW respectively) were calculated. All data were
expressed as mean ± SEM pooled from three independent experiments (with three mice per group per time), n = 9 mice per group, *P < .05,
compared to DMSO treatment (one-way ANOVA)
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motif in bromodomain (Filippakopoulos et al., 2010) and thus may

likely induce conformational changes or allosteric inactivation of

p300.

JQ1 was previously shown to suppress the function of Th17 cells.

In the present study, we found that its inhibitory effect is due to

blocking p300-mediated RORγt acetylation. Most importantly, we

F IGURE 6 JQ1 treatment reduces the expression of IL-17 and RORγt acetylation in the granulomatous livers of S. japonicum-infected mice.
Infected mice were treated with JQ1 or DMSO. (a,b) Liver granuloma cells were purified from 60-day-infected mice and stained with anti-IL-17 or
RORγt antibodies. Data represent the percentage of IL-17+ cells within the CD4+ lymphocyte gate in flow cytometry. (c,d) qRT-PCR analysis of IL-

17 and RORγt mRNA from the liver of S. japonicum-infected mice. (e) Immunoprecipitation was performed using anti-RORγt antibody from liver
tissue lysates, followed by immunoblotting with the indicated antibodies. Representative images (left) and the average of protein relative level
quantified by densitometry (right) are shown. All data are presented as means ± SEM, n = 9 mice per group pooled from three independent
experiments, *P < .05, compared to DMSO treatment (one-way ANOVA)
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demonstrated the ability of JQ1 to suppress the acetyltransferase

activity of p300 through interaction with the bromodomain, except

for the well-known mechanism that JQ1 competitively binds to

acetyl-lysine recognition motifs, reducing recruitment of p300 to

chromatin and deregulating downstream transcription. Altogether, our

findings increased pharmacological knowledge about JQ1 and

unravelled its involvement in the regulation of p300 activity.

Our results showed that the bromodomain is required for

JQ1-mediated inhibition of p300 acetyltransferase activity and sup-

pression of IL-17 expression. It is likely that JQ1 induces conforma-

tional changes (such as bringing the HAT domain into an incorrect

alignment) or allosteric inactivation of p300 through binding the

bromodomain, which in turn, impair the generation and/or function of

Th17 cells and lead to a reduction in liver fibrosis (see the model in

Figure S3).

5 | CONCLUSIONS

JQ1 alleviates Th17-mediated immunopathologies by inhibiting

p300-catalysed acetylation of RORγt and consequently down-

regulating the transcription of Th17 cell specific genes. We believe

that in the future, novel strategies targeting p300 may provide new

therapeutic approaches for controlling Th17-related diseases.
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