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Abstract
Necroptosis is a programmed form of necrotic cell death, which is tightly regulated by the necroptotic signaling pathway
containing receptor-interacting protein (RIP)1, RIP3, and mixed-lineage kinase domain-like (MLKL) protein. In addition to
the RIP1-RIP3-MLKL axis, other factors regulating necroptosis are still largely unknown. Here a cell-based small-molecule
screening led to the finding that BET inhibitors protected cells from necroptosis in the TNFα/Smac-mimetic/Z-VAD-FMK
(TSZ)-induced cell necroptosis model. Mechanistic studies revealed that BET inhibitors acted by downregulating MLKL
expression. Further research demonstrated that BRD4, IRF1, P-TEFb, and RNA polymerase II formed a transcription
complex to regulate the expression of MLKL, and BET inhibitors interfered with the transcription complex formation. In
necroptosis-related disease model, the BET inhibitor JQ-1 showed promising therapeutic effects. Collectively, our studies
establish, for the first time, BRD4 as a new epigenetic factor regulating necroptosis, and highlight the potential of BET
inhibitors in the treatment of necroptosis-related diseases.

Introduction

Programmed necrosis, termed necroptosis, has been impli-
cated in many physiological and pathological processes,

such as viral infection, inflammation, embryonic develop-
ment, tissue injury, and cancer metastasis [1–4]. Necrop-
tosis is regulated by the serine/threonine protein kinases
receptor-interacting proteins 1 and 3, (RIP1 and RIP3) and
the effector protein mixed-lineage kinase domain like
(MLKL) [5, 6]. Necroptosis signaling can be triggered by
various stimuli, among which tumor necrosis factor alpha
(TNFα) is the most widely studied. TNFα binds to TNF
receptor 1 (TNFR1), recruiting the adapter protein TNF-
receptor-associated death domain (TRADD), which subse-
quently signals to RIP1 [7]. RIP1 associates with RIP3 to
form a signaling complex called necrosome, which med-
iates necroptosis [8, 9]. RIP3 in the necrosome recruits and
phosphorylates the pseudokinase MLKL [6]. The phos-
phorylated MLKLs form oligomers and translocate to the
cytomembrane to execute necroptosis [10, 11].

Although the basic RIP1-RIP3-MLKL axis has been
identified, other regulatory factors of necroptosis are largely
unknown [12–14]. The discovery of new regulatory factors
will not only enhance our understanding of the nature of cell
necroptosis, but also provide evidence for the development
of novel interventions against necroptosis-related diseases.
In this study, we aimed to identify the novel regulatory
factors of necroptosis. Instead of using traditional genetic
manipulation methods, a small molecular strategy was
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adopted. Our results demonstrated, for the first time, the
bromodomain protein 4 (BRD4) as a new epigenetic factor
regulating necroptosis. In addition, our work also revealed
the potential of bromodomain and extra-terminal domain
(BET) inhibitors in the treatment of necroptosis-related
diseases.

Results

Discovery of BET inhibitors capable of protecting
cells from necroptosis

To identify new factors involved in the regulation of
necroptosis, we adopted the classical TNFα/Smac-mimetic/
Z-VAD-FMK (TSZ)-induced HT29 cell necroptosis model
[6] to screen an in-house targeted small molecular library
called T-Lib; this library collects compounds with their on-
targets being known, and right now it contains 3600 agents.
In the first round screening, TSZ and test compounds
(3 µM) were added to the cultured HT29 cells at the same
time; the screening scheme was called scheme I (Fig. 1a).
From this screening, we found that eight compounds,
including necrostatin-1, pazopanib, dabrafenib, DCC-2036,
GSK2656157, GSK2606414, SKLB101126, and JNK-IN-
8, significantly protected HT29 cells from TSZ-induced
necroptosis (the survival rate > 60%; Fig. 1b). A target
survey showed that necrostatin-1, pazopanib, dabrafenib,
DCC-2036, GSK2656157, and GSK2606414 have been
reported to be active against RIP1 or RIP3, either by an on-
target or by an off-target effect [15–19]. Our further kinase
profiling assays revealed that both SKLB101126 and JNK-
IN-8 were also potent RIP1 inhibitors (Supplementary
Fig. S1). These results implied that we did not find new
molecules involved in the regulation of necroptosis in this
screening.

We then modified the screening scheme. In the modified
scheme (called scheme II; Fig. 1a), HT29 cells were pre-
treated with test compounds for three days and then TSZ
was added to induce necroptosis. As expected, all the
compounds that were active in the scheme I screening also
showed comparable potency in the scheme II screening.
Interestingly, five compounds (JQ-1, PFI-1, I-BET-151, I-
BET-762, and AZD3514) were found to be active (the
survival rate > 60%) in the scheme II screening but inactive
in the scheme I screening (Fig. 1c). Among these com-
pounds, JQ-1, PFI-1, I-BET-151, and I-BET-762 are known
inhibitors of the BET proteins [20–23]; the BET proteins
recognize acetylated chromatin through their bromodo-
mains (BDs) and help in regulating gene expression. Also,
AZD3514 is an inhibitor of androgen receptor and recently
has been reported to be able to inhibit BET proteins due to
an off-target effect [24]. Dual staining with CytoCalcein™

Violet 450 (for living cells) and 7-AAD (for necrotic cells)
showed that JQ-1 inhibited TSZ-induced necroptosis and
rescued cell survival (Fig. 1d). To substantiate this finding,
dose–response experiments were then carried out using the
five active compounds. As shown in Fig. 1e and Supple-
mentary Fig. S2a-d, all the tested compounds displayed
dose-dependent inhibitory effects on TSZ-induced necrop-
tosis in HT29 cells. Similar effects were observed in U937
and L929 cell lines (Supplementary Fig. S2e, f), suggesting
cell line-independent effects. To solidify the claim that BET
inhibitors have a generalized anti-necroptotic effect, the
influence of BET inhibitors on other necroptotic insults
(besides TSZ) was assessed. Here the combination of Trail,
Smac mimetic, and Z-VAD-FMK was used as an example.
In these assays, all the BET inhibitors, including JQ-1, PFI-
1, I-BET-151, and I-BET-762, exhibited dose-dependent
inhibitory effects on necroptosis induced by Trail/Smac
mimetic/Z-VAD-FMK in HT29 cells, indicating a general-
ized anti-necroptotic effect (Supplementary Fig. S2g). Here
it is worth mentioning that there were totally 85 epigenetic
inhibitors in our screening library, and except the BET
inhibitors, the remaining agents, which are summarized in
Supplementary Table S1, did not display any protective
effect on TSZ-induced necroptosis.

Finally, to determine whether the 3-day treatment with
BET inhibitors protects against TSZ-induced necroptosis by
promoting cell proliferation and/or inhibiting cell apoptosis,
we further examined the effects of the 3-day treatment with
JQ-1 on the cell cycle, proliferation, and apoptosis of HT29
cells. The results showed that treatment with JQ-1 for
3 days did not promote but dose dependently inhibited cell
proliferation (Supplementary Fig. S3). In line with this,
treatment with JQ-1 for 3 days increased the cell population
in the G1 phase of the cell cycle (Supplementary Fig. S4a)
and slightly increased apoptosis (Supplementary Fig. S4b).
These results indicate that the cell-protective effect of JQ-1
in the TSZ-induced necroptosis model was unlikely due to
its promoting cell proliferation and/or inhibiting apoptosis.
Of note, the considerable inhibitive effect of JQ-1 on cell
proliferation at high concentrations may partly explain why
the cell survival rate decreased also at high concentrations
of JQ-1 (Fig. 1e).

Mechanism of BET inhibitors protecting cells from
necroptosis

To explore the mechanism by which BET inhibitors protect
cells from necroptosis, we examined the influence of
BET inhibitors on the necroptotic signaling and key com-
ponents of this pathway. Here, JQ-1 was selected as a
representative of BET inhibitors. HT29 cells were pre-
treated with JQ-1 for 3 days and then exposed to TSZ.
Co-immunoprecipitation (Co-IP) assays (Fig. 2a) showed
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that the exposure to TSZ, as expected, resulted in the
association of TRADD, RIP1, RIP3, and MLKL, indicating
the formation of a necrosome composed of RIP1, RIP3, and

MLKL. JQ-1 treatment had no impact on the association
among TRADD, RIP1, and RIP3, suggesting no influence
on the priming of necroptotic signaling. Besides, JQ-1

Fig. 1 BET inhibitors are capable of protecting cells from necroptosis.
a Two screening schemes (I and II). In scheme I, TSZ and test com-
pounds (3 μM) were added at the same time. In scheme II, test com-
pounds (3 μM) were added in advance. After a 72-h treatment, TSZ
was added. b The compounds that protected cells from necroptosis in
both the scheme I and II assays. Necroptosis of HT29 cells was
induced by TNFα (10 ng/ml), Smac-mimetic (100 nM), and Z-VAD-
FMK (20 μM). The cell survival rates were measured by
CCK8 staining. Columns, mean (n= 3); bars, SD. ***P < 0.001. c The

compounds that protected cells from necroptosis in the scheme II
screening but not in scheme I screening. Columns, mean (n= 3); bars,
SD. ***P < 0.001. d Dual staining with CytoCalcein™ Violet 450
(blue, living cell) and 7-AAD (red, necrotic cells) of HT29 cells
treated with or without TSZ for 24 h. Columns, mean (n= 3); bars,
SD. ***P < 0.001. Scale bar, 200μm. e Dose–response effect of JQ-1
on protecting cells from necroptosis. Columns, mean (n= 3); bars, SD.
***P < 0.001
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treatment did not alter the protein levels of TRADD, RIP1,
and RIP3, but obviously reduced the protein level of MLKL
(Fig. 2a), implying that the BET inhibitor protects cells
from TSZ-induced necroptosis possibly through the down-
regulation of MLKL. To this end, we further analyzed the
MLKL protein levels in HT29 cells treated with different
concentrations of JQ-1. As shown in Fig. 2b, the MLKL
protein levels decreased upon JQ-1 treatment in a dose-
dependent manner, which was inversely correlated with the
protective effect against TSZ-induced necroptosis (Fig. 1e).
Similar results were also obtained using the other BET
inhibitors PFI-1, I-BET-151, I-BET-762, and AZD3514
(Supplementary Figs. S5 and S2a-d). We next examined the
influence of the duration of JQ-1 treatment on cell protec-
tion and MLKL expression. For this, HT29 cells were
pretreated with JQ-1 for 1–4 days, respectively, and then
TSZ was added to induce necroptosis. As shown in Sup-
plementary Fig. S6a, the cell-protective effect depended on
the duration of JQ-1 treatment, and the 3-day treatment
achieved the best protection. The MLKL protein level was
inversely correlated with the duration of JQ-1 treatment
(Supplementary Fig. S6b). Thus, our results demonstrated

that BET inhibitors suppressed TSZ-induced necroptosis by
reducing the protein level of MLKL.

To test whether the decreased protein level of MLKL is
due to an increased protein degradation, MG132, a broad-
spectrum proteasome inhibitor, was utilized. The results
showed that the addition of MG132 did not influence HT29
cell survival (Fig. 2c) and MLKL protein level (Fig. 2d)
compared with the vehicle (control) treatment. We further
assessed the effect of MG132 alone (i.e., without TSZ) on
MLKL protein level and HT29 cell survival. The results
indicated that the proteasomal inhibitor did not indepen-
dently influence MLKL expression (Fig. 2d) and HT29 cell
survival at the concentrations we used (Fig. 2e). To examine
whether the decreased MLKL protein level occurs at the
mRNA level, q-PCR assays were performed. As shown in
Fig. 2f, JQ-1 treatment resulted in a dose-dependent
decrease in the mRNA level of MLKL. As a control, JQ-1
treatment did not obviously alter the mRNA levels of RIP1
and RIP3 (Fig. S6c). Similar results were seen in L929 cells
(Supplementary Fig. S6d, e). These results indicate that JQ-1
dose dependently reduced the protein level of MLKL by
downregulating the mRNA level of MLKL.

Fig. 2 BET inhibitors protect cells from necroptosis by suppressing the
expression of MLKL. a Co-immunoprecipitation was conducted to
detect the interactions among TRADD, RIP1, RIP3, and MLKL. HT29
cells were treated for 3 days with JQ-1 (0.3 µM), followed by a further
treatment with TSZ for 6 h. b Protein levels of RIP1, RIP3, and MLKL
in HT29 cells following a 3-day treatment with JQ-1 at indicated
concentrations. c Cell viability was measured in HT29 cells after JQ-1
pretreatment at different concentrations with/without MG132 (200 nM)

for 3 days and TSZ treatment for another 24 h. Columns, mean
(n= 3); bars, SD. ***P < 0.001. d Protein level of MLKL was mea-
sured in HT29 cells treated with JQ-1 with/without MG132 (200 nM)
for 3 days. e Cell viability was measured in HT29 cells after MG132
pretreatment at different concentrations for 3 days and TSZ treatment
for another 24 h. f The mRNA level of MLKL in HT29 cells treated
with JQ-1 for 24 h was measured by q-PCR. Columns, mean (n= 3);
bars, SD. **P < 0.01; ***P < 0.001
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Identification of BRD4 involved in the regulation of
MLKL expression

The BET family is composed of BRD2, BRD3, BRD4, and
BRDT, and the BET inhibitors identified here are pan-BET
inhibitors [20–24]. To pinpoint which BET family member
is involved in the regulation of MLKL expression, we
conducted gene knockdown assays. In these assays, BRD2,
BRD3, and BRD4 were knocked down, respectively, in
293T cell line, and BRDT was excluded because it is a
testis-specific bromodomain-containing protein [25]. We
found that the knockdown of BRD4 rather than BRD2 or
BRD3 decreased MLKL expression (Fig. 3a). Further q-
PCR experiments showed that silencing BRD4 resulted in a
decreased MLKL mRNA level (Fig. 3b). Similar results
were observed in HT29 and HeLa cells (Fig. 3c). Overall,
our results demonstrated that BRD4 rather than other BET
family members was involved in the regulation of MLKL
expression.

Mechanism behind BRD4 regulating MLKL
expression

To unveil the mechanism by which BRD4 regulates MLKL
expression, we first searched for all the transcription factors
that might be involved in the regulation of MLKL gene
expression from the SABiosciences’ DECODE database
[26]. Then, for each of these transcription factor candidates,
we further checked whether it had been reported to have
connections with BRD4. We finally found a transcription
factor IRF1, which might be involved in the regulation of

MLKL gene expression and also have interactions with
BRD4. To confirm whether IRF1 participates in BRD4-
mediated MLKL expression, we cloned the human MLKL
promoter (−1380bp upstream of the transcription starting
site) to pGL3 vector and transfected it into 293T, followed
by further transfecting the cells with IRF1 or BRD4.
Expression of IRF1 or BRD4 alone was sufficient to
increase the activity of promoter luciferase. Also, the co-
expression of IRF1 and BRD4 further enhanced the luci-
ferase activity (Fig. 4a), suggesting that IRF1 mediates
MLKL expression. Moreover, RNA interference was
employed. Of interest, knockdown of IRF1 decreased
MLKL expression (Fig. 4b). The Co-IP assay also showed
the association of BRD4 with IRF1. Furthermore, treatment
with trichostatin A (TSA), a pan-HDAC inhibitor, enhanced
the BRD4/IRF1 interaction (Fig. 4c), suggesting that BRD4
might bind to the acetylated IRF1, mediating the expression
of MLKL.

To determine which region of BRD4 associates with
IRF1, we established a Flag-tagged N-terminal BRD4
(NTD, 1–470) construct, containing BD1 and BD2
domains, and a Flag-tagged C-terminal BRD4 (CTD, 471–
1362) construct. 293T cells were co-transfected with the
Flag-tagged NTD or CTD, together with HA-tagged IRF1.
Co-IP assays showed that the NTD, but not the CTD of
BRD4, associated with IRF1 (Fig. 4d). The interaction
between the NTD and IRF1 was enhanced by TSA treat-
ment (Fig. 4e), indicating again that the NTD associates
with the acetylated IRF1. Subsequently, Flag-tagged BD1
(1–250) and BD2 (267–470) constructs were then generated
and co-expressed in 293T cells with HA-tagged IRF1. As

Fig. 3 BRD4-regulated
expression of MLKL. a BRD2,
BRD3, or BRD4 shRNA was
transfected into 293T cells, and
protein levels of BRD2, BRD3,
BRD4, and MLKL were
detected by western blotting
after 48 h. b BRD4 shRNA or
control plasmid was transfected
into 293T cells, and the mRNA
levels of BRD4 and MLKL were
measured by q-PCR after 36 h.
Columns, mean (n= 3); bars,
SD. **P < 0.01; ***P < 0.001.
c HT29 and HeLa cells were
infected with lentiviral shRNA
to BRD4. Protein levels of
BRD4 and MLKL were detected
by western blotting
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shown in Fig. 4f, an interaction between BD2 and IRF1 was
detected. The results suggest that BRD4 forms a complex
with IRF1 via its BD2 region.

It has been established that BRD4 participates in the
regulation of gene transcription often through its interaction
with the positive transcription elongation factor b (P-TEFb)
and RNA polymerase II (RNA-POL II), which occupy the

promoter of a gene [27]. We thus deduced that BRD4/IRF1/
RNA-POL II/P-TEFb might form a transcriptional complex
to regulate the expression of MLKL. To confirm this, co-IP
assays were performed. The results did reveal the interac-
tions among BRD4, IRF1, RNA-POL II, and P-TEFb
(Fig. 4g). Furthermore, chromatin immunoprecipitation
(ChIP)-qPCR assay also showed that the BRD4/IRF1/RNA-

Fig. 4 BRD4 regulates MLKL expression through interacting with
IRF1. a Shown is the enhancement of MLKL luciferase activity by the
co-expression of IRF1 or/and BRD4 in 293T cells. Columns, mean
(n= 3); bars, SD. **P < 0.01; ***P < 0.001. b HT29 and HeLa cells
were infected with lentiviral IRF1 shRNA or the control shRNA. The
protein level of MLKL was detected by western blotting. c Co-
immunoprecipitation was conducted to detect the interactions between
BRD4 and IRF1 in HT29 cells treated with/without TSA for 12 h.
d 293T cells were co-transfected with FLAG-BRD4 (1-470) or FLAG-
BRD4 (471–1362), together with HA-IRF1 by Lipofectamine 2000.
After a 48-h transfection, the cells were harvested to conduct immu-
noprecipitation/immunoblotting with indicated antibodies. e 293T cells
were co-transfected with FLAG-BRD4 (1–470) and HA-IRF1 by

Lipofectamine 2000. After a 36-h transfection, the cells were treated
with/without TSA for 12 h, followed by immunoprecipitation/immu-
noblotting with indicated antibodies. f 293T cells were co-transfected
with FLAG-BD1 or FLAG-BD2, together with HA-IRF1 by Lipo-
fectamine 2000. After a 48-h transfection, the cells were harvested to
conduct immunoprecipitation/immunoblotting with indicated anti-
bodies. g Co-immunoprecipitation was conducted to detect the inter-
actions among BRD4, IRF1, RNA-POL II, and P-TEFb with or
without JQ-1 treatment in HT29. h ChIP-qPCR was conducted to
examine whether BRD4, IRF1, RNA-POL II, and P-TEFb bind to
MLKL promoter. Columns, mean (n= 3); bars, SD. ***P < 0.001.
i Schematically showing the mechanism by which BRD4 regulates
MLKL expression
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POL II/P-TEFb complex occupied the promoter of MLKL
gene upstream of the transcription starting site (Fig. 4h).
Collectively, all of these clearly demonstrated that BRD4
forms a transcriptional complex with IRF1, RNA-POL II,
and P-TEFb, and regulates the expression of MLKL
through occupying the promoter of MLKL gene. JQ-1
treatment disrupts the association between BRD4 and IRF1,
hence interfering with the formation of the transcription
complex of MLKL gene (Fig. 4g, h), which resulted in the
downregulated expression of MLKL. The mechanism by
which BRD4 regulates the MLKL expression is schemati-
cally summarized in Fig. 4i.

Activity of BET inhibitors in MLKL-independent cell
death

Given that BRD4 regulates the expression of many genes
[20, 22], one may argue that the protective effect of a
prolonged treatment with BET inhibitors on inhibiting
necroptosis might be a consequence of inducing cell cycle
arrest, inhibiting cell proliferation, or inducing apoptosis,
which could cause resistance to necroptosis. In this study,
we did observe that treatment with JQ-1 for 3 days induced
G1 cell cycle arrest, inhibited cell proliferation, and induced
apoptosis (Supplementary Figs. S3 and S4). To address
whether any of these cellular events contributes to inhibiting
necroptosis, HT29 cells were treated for 3 days with a
spectrum of small molecular compounds, which are known
to arrest cell cycle, block cell proliferation, or induce
apoptosis, followed by the necroptosis assay. Our results
showed that none of these compounds were able to protect
cells from necroptosis (Supplementary Fig. S7), suggesting
that the protection against TSZ-induced necroptosis is not
attributable to cell cycle arrest, proliferation inhibition, or
apoptosis induction.

Since RIP1 not only participates in necroptosis, but also
contributes to caspase-8-dependent apoptosis [28], we were
curious about whether an inhibition of BRD4 protects
against TNFα/Smac-mimetic (TS)-induced apoptosis. The
results showed that BET inhibitors did not protect cells
from RIP1-dependent apoptosis induced by TS; in contrast,
high concentrations of BET inhibitors (>1 µM) led to a
decrease in the cell survival rate (Fig. 5a). This might be
partly related to the inhibition of cell proliferation by BET
inhibitors at high concentrations (Supplementary Fig. S3a,
b). In addition, dual staining with Hoechst33342 (for living
cells) and Apopxin (for apoptotic cells) proved again that
BET inhibitors did not significantly affect TS-induced
apoptosis or rescue cell survival (Fig. S8).

Next, we also wondered whether the downregulation of
MLKL by BET inhibitors might predispose cells to RIP1-
dependent apoptosis. For this, the TS-induced apoptosis
assays were performed on the control and MLKL-silenced

(shMLKL) HT29 cells. No difference in the number of
apoptotic cells was found in the two assays (Fig. 5b), which
is consistent with the other reports [29, 30]. All of these
indicate that the downregulation of MLKL by BET inhibi-
tors does not predispose cells to RIP1-dependent apoptosis.
Furthermore, we tested whether BET inhibitors protect cells
from MLKL-independent cell death. To this end, we studied
the effect of JQ-1 on ferroptosis, another type of pro-
grammed cell death, which is MLKL independent [31, 32].
The results showed that JQ-1 had no impact on erastin-
induced ferroptosis (Fig. 5c). This experiment, together
with the above assay of TS-induced apoptosis, which is also
MLKL-independent cell death, demonstrated that BET
inhibitors could not protect cells from MLKL-independent
cell death.

To substantiate the role of MLKL in the BET inhibitors’
protection against necroptosis, HT29 cells were treated with
JQ-1 for 48 h and then transfected with lentiviral particles of
pCDH-MLKL-GFP or pCDH-RFP vector. After transfec-
tion for 48 h, TSZ was added to induce necroptosis. As
shown in Fig. 5d, the effect of JQ1 on inhibiting necroptosis
could be totally bypassed in cells transfected with MLKL.
Transfection efficiency was shown in Fig. 5e. The result
further supports that BET inhibitors protect cells from TSZ-
induced necroptosis by downregulating MLKL expression.

Evaluation of BET inhibitors in the treatment of
necroptosis-related diseases

Because of the role of BRD4 in the regulation of necrop-
tosis, we further explored the possible application of BET
inhibitors in the treatment of necroptosis-related diseases.
Here an experimental disease model was used: TNFα-
driven shock model.

The TNFα-driven shock is a model of systemic inflam-
matory response syndrome (SIRS) and is a widely used
necroptosis-related disease model [33, 34]. To examine the
efficacy of BET inhibitors in this model, JQ-1 (20 mg/kg/d)
or vehicle (control) was first intraperitoneally given to wild-
type C57BL/6 mice, and three days later murine TNFα at a
dose of 500 μg/kg was injected to the mice via the tail vein.
The results showed that TNFα induced severe hypothermia
and casualty in the control group (Fig. 6a). Pathological
examination revealed severe liver, lung, and kidney injuries
in the control group as well, which are consistent with the
previous findings [33, 34]. Necrotic regions were detected
in livers, and inflammatory lesions were detected in lungs
and kidneys in the model group (Fig. 6b). Interestingly, JQ-
1 treatment evidently ameliorated hypothermia and organic
injuries, and increased the survival rate, compared with the
vehicle treatment (Fig. 6a), indicating the therapeutic effi-
cacy of JQ-1 in the SIRS model. Furthermore, immuno-
histochemical analysis showed that intraperitoneal injection
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of JQ-1 reduced MLKL expression in the lung and liver
tissues (Supplementary Fig. S9).

To further examine the role of MLKL in this model, the
same experiment was carried out using MLKL knockout
(KO) (MLKL-/-) mice. We found that TNFα led to an
obviously ameliorated syndrome in the body temperature,
casualty, and organic injury in MLKL-/- mice vs the wild-
type counterpart. The degree of amelioration in MLKL-/-

mice was slightly better than that of JQ-1 treatment in wild-
type mice, which is understandable because JQ-1 could not
entirely abrogate MLKL expression as the gene knockout

did. Finally, the treatment with JQ-1 did not further enhance
the ameliorative effect of MLKL-/- (Fig. 6a), confirming that
JQ-1 executes its protection against necroptosis through
downregulating MLKL expression.

Discussion

In this investigation, cell-based small molecule screening
and subsequent mechanistic studies led to the finding that
BRD4 is a new epigenetic regulator of necroptosis. We

Fig. 5 BET inhibitors do not protect MLKL-independent cell death.
a HT29 cells were pretreated with BET inhibitors at the indicated
concentrations for 3 days. Then apoptosis was induced by TS [TNFα
(10 ng/ml), Smac-mimetic (100 nM)]. In 24 h, cell viability was
determined by CCK8 staining. Columns, mean (n= 3); bars, SD.
***P < 0.001. b HT29 cells were transfected with MLKL shRNA
lentiviral particles or control in this experiment. In 48 h, apoptosis was
induced by TS [TNFα (10 ng/ml), Smac-mimetic (100 nM)]. Cell
viability was determined by CCK8 staining 24 h after TS treatment.
Columns, mean (n= 3); bars, SD. ***P < 0.001. RNA interference
efficiency was measured by western blotting. c HT1080 cells were
pretreated with BET inhibitors for 3 days. Then ferroptosis was

induced by erastin (10 μM) for 24 h. Cell viability was determined by
CCK8 staining. d HT29 was treated with JQ-1 (0.3 μM) for 48 h.
Then, JQ-1-treated HT29 cells were transfected with lentiviral particles
of pCDH-MLKL-GFP or pCDH-RFP vector. In 48 h, TNFα/Smac
mimetic/Z-VAD-FMK (TSZ) was added to induce necroptosis. Cell
viability was measured by CCK8 staining. Columns, mean (n= 3);
bars, SD. **P < 0.01; ***P < 0.001. e Protein levels of MLKL in
HT29 cells changed following JQ-1 treatment and transfection with
lentiviral particles of pCDH-MLKL-GFP or pCDH-RFP vector.
Transfection efficiency was shown by GFP or RFP fluorescence. Scale
bar, 200 μm
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found that BRD4 interacted with acetylated IRF1, together
with P-TEFb and RNA-POL II, to comprise a transcription
complex. The formed complex BRD4/IRF1/P-TEFb/RNA-
POL II occupied the promoter region of MLKL gene to
regulate MLKL expression. BRD4 inhibitors interfered with
the formation of the transcription complex of MLKL gene,
leading to the downregulation of MLKL expression, thereby
protecting cells from necroptosis.

BRDs are important epigenetic “reader” proteins that
specifically recognize acetylated-lysine residues in

nucleosomal histones, facilitating the recruitment of tran-
scriptional proteins to chromatin [23]. Also, BRD4 is
known to control the expression of genes critical for cell
growth and contribute to the epigenetic memory of post-
mitotic cells by shaping transcriptional regulation across
cell division [35]. Importantly, it has been demonstrated that
BRD4 is required for the expression of c-Myc and other
"tumor driving" oncogenes in hematologic cancers includ-
ing multiple myeloma, acute myelogenous leukemia, and
acute lymphoblastic leukemia [22, 23, 36, 37]. Therefore,

Fig. 6 JQ-1 ameliorates the systemic inflammatory response syndrome
induced by TNFα. a Effects of JQ-1 on TNFα-induced shock-asso-
ciated hypothermia and survival curve. b Representative images of HE

staining of liver, lung, spleen, kidney, heart tissue sections; scale bar,
50 μm. Organs were harvested 6 h after the injection, then fixed in
formalin, embedded in paraffin, and sliced
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BRD4 is thought as a promising target for cancer therapy. A
number of BRD4 inhibitors have been developed, and some
of them have entered clinical trials for treating various
cancer types [38, 39]. Our finding in this study further
expands the scope of application of BRD4 inhibitors to
necroptosis-related diseases. Indeed, we have shown here
that, in a necroptosis-related disease model, namely the
TNFα-driven SIRS model, the BRD4 inhibitor JQ-1 dis-
played promising therapeutic effects.

BRD4 inhibitors have been studied in animal models for
the treatment of autoimmune or inflammatory diseases, such
as multiple sclerosis [40] and liver fibrosis [41]. Various
mechanisms were suggested to be responsible for the ther-
apeutic effect of BRD4 inhibitors. For example, in an
experimental autoimmune encephalomyelitis mouse model,
the BRD4 inhibitor JQ-1 was reported to be able to ameliorate
experimental autoimmune encephalomyelitis severity by
controlling TH17 differentiation [40]. In a CCl4-induced liver
fibrosis mouse model, the BRD4 inhibitor JQ-1 showed a
good therapeutic effect, which was found through a
mechanism of abrogating cytokine-induced activation of
hepatic stellate cells [41]. None of these studies addressed a
possible mechanism linking BRD4 to necroptosis. Consider-
ing multiple sclerosis and liver fibrosis have been reported to
be necroptosis-related diseases [42, 43], we postulate
that inhibition of MLKL expression may also partly con-
tribute to the therapeutic effects of BRD4 inhibitors in these
models.

In conclusion, we, for the first time, report that the
bromodomain protein BRD4 positively regulates necrop-
tosis. Mechanistic studies indicate that BRD4
regulates necroptosis through modulating the expression
of the necroptosis executor MLKL. This is a completely
new epigenetic regulation mechanism of necroptosis. In
addition, our work also firstly highlights the potential of
BET inhibitors in the treatment of necroptosis-related
diseases.

Materials and methods

Compounds

Compounds for screening were taken from an in-house
targeted small molecular library (T-Lib) containing 3600
compounds with their on-targets being known. All com-
pounds used in this study were of analytical purity.

Biochemical kinase binding assays

In vitro KINOMEscan kinase binding assays (DiscoverX)
were employed to determine the binding affinity (Kd) of
compounds.

Cell lines and cell culture conditions

HT29 and mouse L-cells NCTC 929 (L929) were obtained
from the National Infrastructure of Cell Line Resource
(China). U937 and 293T were obtained from American Type
Culture Collection (ATCC). All cellular incubations were
performed at 37 °C and 5% CO2 unless stated otherwise.

The EdU assay

The proliferation cells were assayed with a Fluro488-EdU
DNA proliferation detection kit (KGA331; Key-
GENEBioTECH) according to the manufacturer’s instructions.

Cell cycle and apoptosis assays

Flow cytometry was used for cell cycle and apoptosis
assays. Cell Cycle Analysis Kit (KGA511; Key-
GENEBioTECH) was used for cell cycle analysis and the
Annexin V-FITC & PI Cell Apoptosis Analysis Kit
(KGA107; KeyGENEBioTECH) was used for apoptosis
assays. The data were analyzed using FLOWJO software
and MODFIT software.

Co-immunoprecipitation and western blotting

Cells were directly lysed and incubated on ice for 15 min
and then centrifuged. The supernatants were determined
using the BCA Protein Assay Kit (P0010; Beyotime). Some
supernatants were incubated with a certain antibody in a
rotating way overnight at 4 °C, the rest were loaded with
SDS-PAGE Sample Loading Buffer (5 × , P0015; Beyo-
time) and used as input. Overnight, Protein A (or G)
Agarose Beads (11719408001; Roche) was added, and
incubation was conducted for another 4–6 h. The antibody–
protein bead complex was obtained and washed by cen-
trifugation, followed by boiling with loading buffer and
centrifugation. The supernatants were separated on 8–12%
acrylamide gels by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis. Proteins were trans-
ferred to polyvinylidene difluoride membranes and analyzed
by probing with anti-RIP1 antibody (1:1000, 610458;
R&D), anti-RIP3 antibody (1:200, sc-135170; Santa Cruz),
anti-TRADD antibody (1:500, sc-135170; Abcam), anti-
MLKL antibody (1:1000, ab194699; Abcam), anti-P-
MLKL(h) antibody (1:1000, ab187091; Abcam), anti-P-
MLKL(m) antibody (1:500, ab196436; Abcam), anti-Ub
antibody (1:200, sc-8017; Santa Cruz), anti-BRD4 anti-
body (1:1000, A301–985A50; Bethyl), anti-IRF1 antibody
(1:500, ab26109; ABcam), anti-RNA-Polymerse II antibody
(1:1000, 05–623; Millipore), anti-P-TEFb antibody (1:200,
CDK9, sc-13130; Santa Cruz), anti-FLAG antibody (1:250,
F1804; Sigma), and anti-HA antibody (1:1000, 66006-1-lg;
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Peprotech). Proteins were visualized by
chemiluminescence.

Real-time q-PCR analysis

Total RNA in cells was extracted using RNAsimple total
RNA kit (DP405; Tiangen) according to the manufacturer’s
instructions. cDNA was generated using the
iScriptTMcDNA Synthesis Kit (170–8891; Bio-Rad), and
the RT-PCRs were performed using SsoAdvanced SYBR
Green Supermix (172–5271; Bio-Rad).

Invitrogen Block-iT Pol II miR RNAi strategy

Oligonucleotides targeting human BRD2, BRD3, and
BRD4 sequences compatible for use in cloning into Block-
iT Pol II miR RNAi expression vectors were obtained using
the online tool Block-iT RNAi Designer. The pcDNA 6.2-
GW/EmGFP-miR-neg control plasmid contained an insert
that can form a hairpin structure that is processed into
mature miRNA, but was predicted not to target any known
vertebrate gene.

Lentiviral shRNAs

BRD4 shRNA sequence used was 5′-AGCAAAGCC
AAGGAACCTC-3′. The sequence was cloned into
hU6-MCS-Ubiquitin-EGFP-IRES-puromycin vector. The
BRD4 shRNA lentiviral particles were produced.
IRF1 shRNA lentiviral particles (sc-35706-v) and MLKL
shRNA lentiviral particles (sc-93430-v) were purchased
from Santa Cruz.

cDNA constructs

The coding sequences for different regions of BRD4
(human) were cloned into pcDNA3.1 vector between the
HindIII and XhoI sites. The coding sequence for a full-
length IRF1 (human) was cloned into pcDNA3.1 vector
between the HindIII and BamHI sites.

Chromatin immunoprecipitation

ChIP assay was performed using the EZ-Magna ChIPTM A/G
Enzymatic Chromatin IP Kit (17–10086; Millipore), accord-
ing to the manufacturer’s instructions.

Luciferase assay

Luciferase activity was measured with Luciferase assay sys-
tem (E2920; Promega) according to the manufacturer’s
instructions.

Mice

Parent MLKL-/- mice were kindly donated by Jiahuan Han’
lab (Xiamen University, China) and crossed with wild-type
C57BL/6 mice to generate MLKL+/- mice. Then wild-type
and MLKL-/- mice from the same background were
obtained after MLKL+/- mice breeding.

TNFα-induced systemic inflammatory response
syndrome model

JQ-1 (20 mg/kg/d) or vehicle (control) was first intraper-
itoneally given to wild-type C57BL/6 mice. Three days
later, recombinant murine TNFα (AF-315–01A; PeproTech)
was injected, at a dose of 500 μg/kg, to the mice via the tail
vein. Body temperature was detected by an infrared ther-
mometer. Partial mice were sacrificed 6 h after the injection,
and their organs were collected, fixed in formalin, embed-
ded in paraffin, and sectioned for histology. The rest of the
mice were observed for mortality.

Hematoxylin and eosin staining

Mice were sacrificed and their organs were harvested 6 h
after TNFα injection and then fixed in 10% buffered
formalin for 24 h. The fixed tissues were then embedded
into paraffin and sectioned at 5µm thickness with a
microtome. Deparaffinized, rehydrated sections were
stained with hematoxylin for 5 min, and then differ-
entiated in 0.1% acid alcohol followed by bluing and
counterstaining in 0.5% eosin Y solution and the
final dehydration. The representative images were taken
on a LEICA DM 2500 microscope with a LEICA DFC425
C camera. Image acquisition software used was LAS
V3.7.

Immunohistochemical analysis

Paraffin-embedded organs were subjected to immunostain-
ing with MLKL (66675-1-Ig; ProteinTech). The repre-
sentative images were taken on a LEICA DM 2500
microscope with a LEICA DFC425 C camera. Image
acquisition software used was LAS V3.7.

Animal care

All animals experiments were performed according to the
guidelines of Institutional Animal Care and Use Committee
of Sichuan University (Chengdu, Sichuan, China) and
protocols were approved by the Institutional Animal Care
and Use Committee of Sichuan University (Chengdu,
Sichuan, China).
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Statistical analysis

Data were expressed as mean ± standard deviation or mean
± standard error of the mean. For data analyses, one-way or
two-way ANOVA test was performed using SPSS 16.0. In
all comparisons, P < 0.05 was considered statistically
significant.
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