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BET Bromodomain inhibition promotes De-
repression of TXNIP and activation of ASK1-
MAPK pathway in acute myeloid leukemia
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Abstract

Background: Targeted therapy has always been the focus in developing therapeutic approaches in cancer,
especially in the treatment of acute myeloid leukemia (AML). A new small molecular inhibitor, JQ1, targeting BRD4,
which recognizes the acetylated lysine residues, has been shown to induce cell cycle arrest in different cancers by
inhibiting MYC oncogene. However, the downstream signaling of MYC inhibition induced by BET inhibitor is not
well understood.

Methods: In this study, we explored the more mechanisms of JQ1-induced cell death in acute myeloid lukemia
and downstream signaling of JQ1.

Results: We found that JQ1 is able to reactivate the tumor suppressor gene, TXNIP, and induces apoptosis through
the ASK1-MAPK pathway. Further studies confirmed that MYC could repress the expression of TXNIP through the
miR-17-92 cluster.

Conclusions: These findings provide novel insight on how BET inhibitor can induce apoptosis in AML, and further
support the development of BET inhibitors as a promising therapeutic strategy against AML.

Background
Despite the rapid development of targeted therapy in the
treatment of different types of cancers, combination
chemotherapy remains as the first line therapy in AML.
As such, new targeted therapies with fewer side effects
are highly desired.
The inhibition of MYC has been shown to be effective by

in vitro studies in MYC-driven cancers such as Burkitt
lymphoma. Although MYC translocations or mutations are
not common in AML, the activation of MYC by multiple
tumor-driven genetic aberrations has been recognized as a
major factor of leukemogenesis, providing the rationale to
target MYC in AML [1].
Although various approaches have been proposed to

inhibit MYC, none showed significant clinical benefits.
In 2011, Bradner and colleagues developed a small

molecular inhibitor named JQ1 which inhibits the bromo-
domain [2, 3]. JQ1 has been shown to suppress the expres-
sion of MYC by inhibiting the chromatin binding subunit
of BRD4, causing dissociation of BRD4 from the MYC pro-
moter. It has been shown that JQ1 inhibits proliferation
and induces cell cycle arrest in various cancers [4–6].
The mechanism by which JQ1 suppresses the expression

of MYC by inhibiting BRD4 has been extensively studied.
The disruption of super-enhancer could explain the
specific effect of BRD4 inhibition [7]. Many downstream
targets of JQ1, such as IL-7R, have been identified in differ-
ent types of human cancers.
Besides regulating cell cycle, MYC also plays an im-

portant role in cell survival and cell fate decision [8].
Hence, it is interesting to examine whether JQ1 is able
to cause cell death directly in AML cells. In AML, JQ1
could induce cell death in both cell lines and patient
samples [9]. Besides targeting fast dividing cancer cells,
JQ1 may also be useful in mitigating the relapse of
leukemia through inhibiting the quiescent leukemia stem
cells, which are essential contributors of treatment fail-
ure and relapse [10].
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However, only a few researchers have reported that JQ1
could kill cancer cells besides inducing cell cycle arrest [5,
11, 12]. The detailed mechanisms of how JQ1 induces cell
death, particularly in AML, have not been fully uncovered.
The thioredoxin-interacting protein (TXNIP) is a

negative regulator of thioredoxin activity. By binding to
the catalytic active center of reduced thioredoxin (TRX),
TXNIP inhibits its disulfide reductase function, inter-
rupting the antioxidant system, and finally leading to the
disruption of redox homeostasis [13].
It has been shown that through its interaction with

TRX, TXNIP is involved in the regulation of glucose
metabolism, inflammation, and programmed cell death
[14–16]. Depleted or repressed TXNIP expression has
been reported in breast cancer, non-small cell lung carcin-
oma, gastric cancer, and colon cancer, and other cancers
[17]. Our group has also reported that overexpression of
TXNIP is able to induce cell death in AML cells [18].
The current study focused on investigating the mech-

anism of JQ1-induced cell death and identifying the
underlying specific pathway. We demonstrated that JQ1
up-regulates TXNIP expression, followed by activation
of ASK1-MAPK pathway, resulting in cell death through
intrinsic apoptosis pathway. Furthermore, our data show
that TXNIP expression is controlled by MYC through
the miR-17-92 cluster. These results not only elucidate
the novel mechanism of JQ1-induced apoptosis in AML
cells, but also pinpoint the important role of TXNIP in
the treatment of AML.

Methods
Cell culture
AML cell line Kasumi-1 is kindly provided by Dr. Motomi
Osato (CSI, Singapore). All other AML cell lines used in
this article, including OCI-AML2 (#ACC99), OCI-AML3
(#ACC582), MOLM-14 (#ACC-777), KG1 (#CCL-246),
KG1a (#CCL-246.1), Kasumi-1 (#CRL-2724) and MV4–11
(#CRL-9591), were purchased either from ATCC or DSMZ.
AML cell lines OCI-AML2 and OCI-AML3 were

maintained in Minimum Essential Medium α (MEM α)
with 20% FBS, 100 U/mL penicillin and 100 μg/mL
streptomycin antibiotics. All other AML cell lines were
maintained in Roswell Park Memorial Institute (RPMI)
-1640 (Invitrogen, Carlsbad, CA) with 10% fetal bovine
serum (FBS, JRH Bioscience Inc., Lenexa, KS), 100 U/
mL penicillin and 100 μg/mL streptomycin.

Chemical reagents
JQ1 was kindly provided by Dr. Bradner from Dana-Farber
Cancer Institute. MAPK inhibitor SB203580 was purchased
from Sigma-Aldrich (s8307). Both of the drug powders
were dissolved in dimethyl sulfoxide (DMSO) at 10 mM as
stock. CM-H2DCFDA was purchased from Invitrogen
(C6827). N-acetyl-l-cysteine (NAC) was obtained from

Sigma-Aldrich (A7250). Antibodies against EZH2 (#3147),
cleaved PARP (#9541), Caspase-3 (#9661), Caspase-9
(#9501), phosphor-p38 (#9211), p38 (#9212) were pur-
chased from Cell Signaling Technology, antibodies against
MYC (sc-40), β-actin (sc-47,778) and secondary antibodies
against rabbit (sc-2030) and mouse (sc-2005) were pur-
chased from Santa Cruz Biotechnology, and TXNIP anti-
body (K0205–3) was purchased from MBL international.

Drug treatment
Leukemia cells in log phase were washed with 1 ×
phosphate buffered saline (PBS) for three times and resus-
pended in appropriate culture media before JQ1 was added.
Cells were harvested after 48 h for apoptosis assay
measured by Annexin V/PI flow cytometry. In rescue
experiments, cells were pretreated with MAPK inhibitor
SB203580 or DMSO for 1 h before JQ1 treatment.

Cell viability assay
The viability of cells under JQ1 treatment was measured
using CellTiter-Glo Luminescent Cell Viability Assay Kit
(Promega). Cells were seeded in 96- well plate in 2000
cells/well in 100 μl volume. After JQ1 treatment, 50 μL
of CellTiter-Glo reagent was added into each well and
mixed for 2 mins on an orbital shaker to induce cell
lysis. The plate was incubated at room temperature for
10 mins to stabilize luminescent signal. The whole cell
lysate was transferred into 96-well white plate prior to
measurement with GloMax®-Multi+ Microplate Multi-
mode Reader (Promega).

Apoptosis assay
Flow cytometry assay was employed to examine the
apoptosis of cell lines. For 1 × 106 cells, 1 μl propi-
dium iodide (PI) and 1.5 μl FITC-Annexin V were
added and cells were incubated in dark at room
temperature for 30 mins. After staining, the FITC and
PI fluorescence signals were captured using a BD
LSRII flow cytometer (BD Bioscience) and results
were analyzed using FlowJo v10.0.8 and Prism Graph-
Pad 5 software.

Measurement of ROS production
CM-H2DCFDA was used as a cell-permeate indicator
for intracellular ROS measurement. AML cells were
treated with DMSO, JQ1 or antioxidant
N-acetyl-l-cysteine (NAC, 20 mM) for 1 h, followed by
JQ1 for additional 48 h. Cells were harvested and resus-
pended in 1 × PBS containing 10 μM CM-H2DCFDA at
37 °C for 30 min. Cells were washed with 1 × PBS, then
analyzed using FITC channel in a BD LSRII flow
cytometer.
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Real time quantitative PCR for mRNA and miRNA
For quantification of mRNA and miRNA levels, real
time qPCR was performed as described before [19].
GAPDH and human U6 were used as the internal
controls for mRNA and miRNA, respectively. The
primers sequences were: MYC-For: 5’-AATGAAAAG

GCCCCCAAGGTAGTTATCC-3′, MYC-Rev: 5’-GTC
GTTTCCGCAACAAGTCCTCTTC-3′, TXNIP-For: T
CATGGTGATGTTCAAGAAGATC, TXNIP-Rev: AC
TTCACACCTCCACTATC, miR-17-92-For: CTGTC
GCCCAATCAAACTG, miR-17-92-Rev: GTCACAA
TCCCCACCAAAC, GAPDH-For: GTATTGGGCGC

Fig. 1 JQ1 inhibits growth and induces apoptosis in AML cell lines. a AML cell lines were treated with JQ1 at gradient concentration for 48 h and
the viabilities were measured using CellTiter-Glo. The growth rates were normalized to cells without treatment. b Change of c-Myc protein level
after JQ1 treatment for 48 h. c AML cell lines were treated with JQ1 at 300 nM or 600 nM for 48 h before they were stained with PI and Annexin
V and analyzed using flow cytometry. Percentages of apoptotic cells at early and late stage (i.e. Annexin V positive) were shown. d C-PARP
protein level significantly increased after JQ1 treatment for 24 h. e Activation of intrinsic apoptosis pathway. OCI-AML-2 and OCI-AML-3 Cells were
treated with JQ1 at respective IC50 and harvested at different time points before immunoblotting. f Caspase activity assay of dose-dependent
JQ1-treated AML cell lines. For each concentration, triplicate samples were prepared. The relative activities were normalized to culture medium
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CTGGTCAC, GAPDH-Rev: CTCCTGGAAGATGGTGA
TGG.

Western blot
Protein extraction and Western blot were performed as de-
scribed before [20]. Densitometric analysis was performed
using ImageJ v1.49 (National Institutes of Health, US).

Caspase activity assay
The activities of caspase-3 and caspase-7 were measured
using Caspase-Glo 3/7 assay (Promega). Cells were
seeded in 96- well plate in 2000 cells/well in 100 μl vol-
ume. After JQ1 treatment, 50 μL of Caspase-Glo 3/7 re-
agent was added into each well and mixed for 30 mins
on plate shaker at room temperature to induce cell lysis.
The lysates were then transferred into white-walled
96-well plate prior to recording luminescence with Glo-
Max®-Multi+ Microplate Multimode Reader (Promega).

TXNIP gene expression and CHNG_MYC signature
The TXNIP gene expression was extracted from an acute
myeloid leukemia (AML) meta-cohort consists of 1149
samples compiled previously [PMID: 25214461]. Briefly,
microarray data of human acute myeloid leukemia (AML)
on Affymetrix U133A or U133Plus2 platforms were down-
loaded from Gene Expression Omnibus (GEO). Robust
Multichip Average (RMA) normalization was performed
on each dataset and subsequently standardized using Com-
Bat [Ref: Johnson] to remove batch effect. The 7-gene
MYC signature was estimated by taking the average expres-
sion of all the seven genes from the AML meta-cohort
[PMID: 21468039].

Results
JQ1 inhibits growth of AML cell lines
To investigate the effect of JQ1 in AML, we first verified
whether JQ1 impairs the growth of AML cell lines. Cells
were treated with JQ1 at different concentrations for 48 h,
followed by CellTiter-Glo assay. These results confirmed
that JQ1 treatment dose-dependently inhibits the growth
of AML cell lines (Fig. 1a). Furthermore, the IC50 of JQ1
in most cell lines were less than 1 μM, which suggest
strong anti-leukemic effect of JQ1 in AML cells (Table 1).
In the study of another BET inhibitor, I-BET151, the

anti-leukemic effect is found to be associated with the MLL
translocation status. Based on our results, the sensitivity to
JQ1 is unrelated to the chromosome status. Although cells
with MLL translocation (e.g. MOLM-14 and MV4–11)
showed strong response to JQ1 treatment, cells without
MLL translocation (e.g. Kasumi-1 and OCI-AML3) are also
sensitive to JQ1. Therefore, it is important to further study
the mechanisms of JQ1 in AML.
As MYC has been reported to be an important target of

JQ1, we checked for a change in MYC expression upon

JQ1 treatment. Consistent with previous reports, Western
blot analysis showed high MYC expression in all AML cell
lines (Fig. 1b), which was largely depleted after 24 h of JQ1
treatment.

JQ1 induces apoptosis in AML cells
In AML, it has been shown that JQ1 induces cell death, but
little is known about its mechanism [9, 21] Therefore, we
examined whether JQ1 induces cell death in AML cells and
investigated the underlying mechanism.Four AML cell
lines, OCI-AML2, OCI-AML3, MOLM-14, and KG-1, were
treated with JQ1 at 300 nM and 600 nM for 48 h prior to
analysis with flow cytometry assay. Based on FACS analysis,
JQ1 induced strong apoptosis in all AML cells in a
dose-dependent manner (Fig. 1c). This was further con-
firmed by Western blot analysis of cleaved PARP, which is a
hallmark of apoptosis (Fig. 1d). We also investigated
whether the apoptosis is mediated via the extrinsic or in-
trinsic pathway. After 48 h of JQ1 treatment, both
OCI-AML2 and OCI-AML3 showed significant increase in
cleaved caspase-9 and -3 proteins, demonstrating the acti-
vation of the intrinsic apoptosis pathway (Fig. 1e). To valid-
ate the activation of the apoptotic pathway, caspase
activities were also examined using Caspase-Glo 3/7 assay.
The activities of Caspase-3 and Caspase-7 increased in a
dose-dependent manner after JQ1 treatment for 48 h in
AML cells (Fig. 1f). Taken together, these results demon-
strate that JQ1 leads to the activation of the intrinsic apop-
tosis pathway in AML cells.

TXNIP is a key mediator in JQ1-induced apoptosis
To investigate the mechanism of JQ1-induced apoptosis in
AML, we analyzed the published gene expression profile
data of JQ1-treated cells [2, 4, 22]. We identified a set of
genes with expressions that were consistently changed
upon JQ1 treatment (Additional file 1: Figure S1A and B).
While MYC, the known target of JQ1, is amongst the
down-regulated genes, HEXIM1, a negative regulator of

Table 1 IC-50 and genetic rearrangements for AML cell lines
tested

Genetic rearrangement Cell lines IC50 (nM)

t (4;11) (q21; q23) MOLM-14 45

t (8;21) (q22; q22) Kasumi-1 222

t (4;11) (q21; q23) MV4-11 245

hypodiploid OCI-AML3 260

hypodiploid OCI-AML2 309

t (10;11) (p12; q14) U937 569

hypodiploid KG1a 628

t (15;17) (q22; q12) NB4 710

hypodiploid KG1 775

hypodiploid HL-60 1222
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Fig. 2 (See legend on next page.)
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P-TEFb complex, is one of the up-regulated genes.
HEXIM1 has been reported to be upregulated upon JQ1
treatment [23]. These known genes suggest that other
genes may be relevant and are worthy of further study.
We have previously reported that TXNIP, one of

the up-regulated genes, to be an important mediator
of cell death in AML caused by an EZH2 inhibitor,
3-Deazaneplanocin A [18].
We first validated the expression of TXNIP before and

after JQ1 treatment. Both the mRNA and protein levels of
TXNIP increased upon JQ1 treatment across multiple cell
lines (Fig. 2a, b). To study whether TXNIP plays a role in
JQ1-induced apoptosis, OCI-AML3 cells were transfected
with scramble shRNA or shRNAs targeting TXNIP,
followed by JQ1 treatment. The cells were examined using
Western blot and flow cytometry for apoptosis. Knocking
down TXNIP can rescue the apoptosis caused by JQ1 in
AML cells, with a significant lower level of cleaved PARP
and a dramatic reduction on apoptotic cell percentages
(Fig. 2c, d). This suggests that cell death induced by JQ1 is
largely mediated by the induction of TXNIP expression.
As TXNIP negatively regulates thioredoxin and perturbs
the redox control system, we examined if this pathway is
involved in the JQ1-mediated apoptosis of AML cells by
quantifying the production of reactive oxygen species
(ROS) following JQ1 treatment.
OCI-AML2 and MOLM-14 cells treated with JQ1 at the

respective IC50 were collected at different time points and
stained with H2-DCFDA followed by flow cytometry ana-
lysis (Fig. 2e and Additional file 1: Figure S1C). After JQ1
treatment, ROS level decreased in OCI-AML2, and
slightly increased in OCI-AML3, which indicates that
ROS may not play a role in TXNIP-mediated apoptosis.
To confirm, a ROS scavenger, N-acetyl-L-cysteine (NAC),
was employed to rescue the JQ1-induced apoptosis. As ex-
pected, NAC failed to rescue the apoptosis induced by
JQ1, with a similar percentage of apoptotic cells in com-
parison with cells pre-treated with DMSO (Fig. 2f). Taken
together, these findings suggest that elevated ROS level is
not involved in JQ1-induced cell death and TXNIP might
function through other mechanisms.
TRX2 has also been shown to be a target of TXNIP and

its inhibition causes activation of mitochondrial apoptosis
through the MAPK pathway. The phospho-p38 levels

were determined using Western blot. The results show
that upon JQ1 treatment, phospho-p38 level in most cell
lines increased significantly while the p38 levels decreased
slightly, which was also consistent with the JQ1-induced
apoptosis shown by cleaved-PARP (Fig. 2g). To validate
the role of phospho-p38 in JQ1-induced apoptosis, a
phospho-p38 inhibitor, SB203580 was used to inhibit the
function of phospho-p38. Cells co-treated with JQ1 and
SB203580 showed a significant reduction in the percent-
age of apoptotic cells compared to those treated with JQ1
alone, suggesting an important role of phospho-p38 in
mediating JQ1-induced apoptosis (Fig. 2h). In summary,
JQ1 elevates TXNIP proteins and induces apoptosis
mainly through the ASK-MAPK pathway.

TXNIP is a downstream target of MYC
As an important regulator of the TRX system, various fac-
tors have been proposed to regulate TXNIP expression,
including glucose flux, oxidative stress, and ceramide
treatment [16, 24, 25]. However, the exact mechanism of
TXNIP regulation in AML remains elusive.
MYC has been reported as an important downstream

target of BRD4 and its level decreases after JQ1 treat-
ment. Therefore, we investigated the role of MYC in the
regulation of TXNIP expression.
The changes in mRNA and protein levels of MYC and

TXNIP were recorded at various time points up to 6 h
after JQ1 treatment in OCI-AML3 cells. There was a
prompt reduction of MYC expression in parallel to an
increase in TXNIP expression (Fig. 3a, b).
To confirm the relation between MYC and TXNIP,

MYC expression was knocked down in MOLM-14 and
KG1 using siRNAs targeting MYC. The mRNA levels of
MYC and TXNIP were examined using qRT-PCR. After
knocking down MYC, the mRNA level of TXNIP in-
creased significantly in both cell lines, which indicates
that MYC might be the repressor of TXNIP in AML
(Fig. 3c). Western blot analysis substantiated these
observations (Fig. 3d). In cells with ectopic expression of
MYC, JQ1 treatment no longer induce any significant
change in TXNIP expression (Fig. 3e). Furthermore,
KG1 cells transfected with shRNAs targeting TXNIP
showed no changes in MYC level, indicating that MYC
is the upstream regulator of TXNIP (Fig. 3f ).

(See figure on previous page.)
Fig. 2 TXNIP partially mediates the JQ1-induced apoptosis through activating the p38 MAPK pathway instead of increasing ROS. TXNIP (a) mRNA
and (b) protein level after JQ1 treatment. Cells were treated with JQ1 at respective IC50 for 24 h before being harvested and lysed. For real time
qPCR results, means and standard errors were shown. c OCI-AML-3 cells were transfected with either pLKO.1 or pLKO.1-shTXNIP vectors and
treated with JQ1 or DMSO for 24 h. d Relative quantification of apoptotic cells percentage using flow cytometry. Triplicates were performed and
standard errors were shown. Percentages of apoptotic cells were normalized to DMSO-treated control. e Flow cytometry results showing the ROS
level change in OCI-AML2 and MOLM-14 cells. Cells were treated with JQ1 at respective IC50 and harvested at different time points. f Percentages
of apoptotic cells measured by flow cytometry. Cells were pre-treated with NAC for 1 h before adding JQ1. g AML cells were treated with JQ1 for
24 h and subjected to immunoblot analysis with primary antibodies indicated. h p38 MAPK inhibitor rescued cells from JQ1-induced apoptosis.
Percentages of apoptotic cells were shown (*: p < 0.05, **: p < 0.01)
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To prove the relationship between MYC and TXNIP
in AML patients, the correlation between MYC activa-
tion and TXNIP expression was analyzed. We have pre-
viously generated an MYC signature consisting of a
panel of genes activated by MYC [26]. Using this signa-
ture, we have demonstrated an inverse correlation be-
tween the MYC activation signature and the expression
level of TXNIP in a cohort of more than 1000 AML pa-
tients (Fig. 3g). This suggests that our observation of re-
lationship between MYC and TXNIP in cell lines is also
relevant in clinical samples. The connection between
TXNIP expression and clinical outcome of AML pa-
tients was also studied. Using a cohort data from Onco-
mine [27], we found that patients who were alive 3 years
after diagnosis have much higher TXNIP level compar-
ing to those who died (Fig. 3h). Taken together, these re-
sults suggest that TXNIP is a novel downstream target
of MYC.

MYC regulates TXNIP through miRNAs
We have identified the important regulatory role of
MYC in TXNIP expression. However, the mechanism by
which MYC represses the expression of TXNIP is still
unknown and therefore needs to be investigated. As
miR-17-92 has been reported to be an important target
of MYC, we wanted to explore whether it also partici-
pates in the regulation of TXNIP. Therefore, we first an-
alyzed the 3’UTR of TXNIP for miRNA binding sites
using TargetScan. Three of the six miRNAs from the
miR-17-92 cluster (miR-17, miR-18a, miR-19a,
miR-19b-1, miR-20a, miR-92a-1), miR-17, miR-18a and
miR-20a, were predicted to have highly conserved bind-
ing sites on the 3’UTR of TXNIP (Additional file 1:
Figure S1D).
To confirm the relationship between miR-17-92 and

TXNIP, two cell lines, OCI-AML2 and OCI-AML3, were
treated with JQ1 for 6 h and the levels of miR-17-92
transcript and mature miRNAs at different time points
were checked using real time PCR. Both the level of
miR-17-92 transcript and mature miRNAs decreased
significantly after JQ1 treatment (Fig. 4a, b).
To find out whether these miRNAs regulate the

expression of TXNIP, miRNA inhibitors specific to this
cluster were transfected into MOLM-14 and KG1 cells.

Figure 4c shows that the inhibition of miR-17, miR-18
and miR-20 significantly increased the mRNA level of
TXNIP, which indicates the regulatory role of these miR-
NAs in controlling TXNIP expression.
To validate the direct targeting of TXNIP by these

miRNAs, HEK-293 T cells were transfected with plas-
mids carrying either wild type or mutant TXNIP 3’UTR
(Additional file 1: Figure S1E), followed by different
treatments. Following JQ1 treatment or MYC
knock-down, there was a significant increase in lucifer-
ase activities. The similar observation recorded with
miRNA inhibitors suggest that this effect is specific to
the inhibition of miRNA following JQ1 treatment. On
the other hand, overexpression of MYC led to a decrease
in the luciferase activities. Meanwhile, in cells trans-
fected with mutant TXNIP 3’UTR, the effects of differ-
ent treatments were significantly abolished (Fig. 4d).
Taken together, these results provide further evidence
supporting our hypothesis that MYC controls expression
of TXNIP through these miRNAs (Fig. 4e).

Discussion
JQ1 has been shown to inhibit growth through suppres-
sion of MYC expression, resulting in disruption of MYC
regulatory network. Many downstream targets of MYC,
such as p21, CDK4, and CCDC86, have been demon-
strated to play important roles in JQ1-induced cell cycle
arrest [16, 28, 29]. It has also been reported that JQ1
eliminates leukemic stem and progenitor cells in AML,
showing its anti-survival effect [9]. Other available BET/
BRD4 inhibitor, such as AZD5153, were also shown
strong anti-tumor effect [30].
In this study, we characterized the pro-apoptotic

effect of the small molecular drug, JQ1, in AML cells.
Besides inducing cell cycle arrest, JQ1 could also acti-
vate the intrinsic apoptosis pathway to at least partially
through the up-regulation of TXNIP. We also demon-
strated that activation of the p38 MAPK pathway plays
a role in JQ1-induced apoptosis through TXNIP. We
therefore proposed a possible explanation of
JQ1-induced apoptosis through the down-regulation of
MYC, up-regulation of TXNIP, and the activation of
p38 MAPK, which may provide further understanding
of this process.

(See figure on previous page.)
Fig. 3 MYC regulates TXNIP levels upon JQ1 treatment. The (a) mRNA and (b) protein level of MYC and TXNIP after JQ1 treatment. c The mRNA
levels of MYC and TNXIP after knocking-down MYC in MOLM-14 and KG1 cells. Cells were transfected with siRNAs targeting MYC using NEON
transfection system analyzed with qRT-PCR. d The protein levels of TXNIP after knocking-down MYC in MOLM-14 and KG1 cells. e KG1 cells were
transfected with either pCDNA3.0 or pCDNA3-MYC vectors and treated with DMSO or JQ1 for 24 h. f The expression levels of TXNIP and MYC
signature were analyzed using spearman’s correlation test. g T Dot plot of MYC signature (y-axis) and TXNIP gene expression (x-axis) in AML
meta-cohort (n = 1149). Linear regression fit is shown as red dotted line. P-value is computed by Spearman correlation coefficient test. h TXNIP
expression levels in AML patients alive or dead 1 year after diagnosis (0: no data available, N = 11, median = 2.47, VAR = 0.58; 1:alive after 1 year, N
= 52, median = 2.96, VAR = 0.92; 2: dead after 1 year, N = 54, median = 2.58, VAR = 0.88. p = 0.0093 (1 v.s. 2, non-parameter test)
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While TXNIP has been known for its role in the regu-
lation of glucose metabolism and cellular redox status,
its role in tumor repression was relatively less studied.
The expression level of TXNIP is decreased in many
types of cancer compared to the normal tissues. We
have previously reported that mRNA and protein of
TXNIP to be lower in either leukemia cell lines or pri-
mary bone marrow cells from patients with AML. More-
over, overexpression of TXNIP induces apoptosis in
AML cells. In this study, we demonstrated that the
up-regulation of TXNIP is, at least partially, responsible
for the JQ1-induced cell death, which further supports
the role of TXNIP as a tumor suppressor. Interestingly,
it has been reported that TXNIP level is associated with
HSC population and the differentiation of normal
hematopoietic cells [31–33].
Despite being a well-studied gene regulator, the associ-

ation between MYC and TXNIP has not been much re-
ported. We revealed that the epigenetic regulation of
TXNIP by MYC through the miR-17-92 cluster. The
miR-17-92 cluster has also been shown to mediate
MYC’s role in maintaining the survival, proliferation,
and neoplastic state in hematopoietic malignancies. Our
findings further support these observations by adding
TXNIP and apoptosis into the complex MYC-regulatory
network. This is also consistent with another study in
triple-negative breast cancer that TXNIP level is in-
versely correlated to MYC level, whereby MYC could re-
press expression of TXNIP [34].

Conclusions
Taken together, our study provide more evidences for
the cell death function of JQ1 and reveals a potential
mechanism of JQ1-induced apoptosis in AML through
the up-regulation of a tumor suppressor TXNIP. This
study also might be helpful to further understand the
action of BET inhibitors.

Additional file

Additional file 1: Supplementary information. (DOCX 197 kb)

Abbreviations
AML: Acute myeloid leukemia; BET: Bromodomain and extraterminal domain;
BRD4: Bromodomain containing protein 4; MAPK: Mitogen-activated protein
kinases; MYC: V-mycavian myelocytomatosis viral oncogene homolog;
ROS: Reactive oxygen species; TXNIP: Thioredoxin-interacting protein

Funding
This research is supported by the National Research Foundation Singapore
and the Singapore Ministry of Education under its Research Centres of
Excellence initiative (WJ Chng) and NMRC Clinician-Scientist IRG Grant
CNIG11nov38 (J.Z.). W.J.C. is also supported by NMRC Clinician Scientist Inves-
tigator award. This study is also partially supported by the RNA Biology Cen-
ter at CSI Singapore, NUS, from funding by the Singapore Ministry of
Education’s Tier 3 grants, grant number MOE2014-T3–1-006.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its Additional file 1.

Authors’ contributions
Contribution: Y.Z., J.Z. and W.J.C. conceived and designed the study, analyzed
and interpreted the data, and wrote the paper; Y.Z. performed the experiments.
X.L. and T.Z.T. contributed to drug treatment experiments and MYC signature
correlation study, respectively. All authors read and approved the final
manuscript.

Ethics approval and consent to participate
No cell lines used in this research require ethics approval.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

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

Author details
1Cancer Science Institute of Singapore, National University of Singapore, 14
Medical Drive, Centre for Translational Medicine, Singapore 117599, Republic
of Singapore. 2Department of Medicine, Yong Loo Lin School of Medicine,
National University of Singapore, Singapore 119074, Republic of Singapore.
3Department of Hematology-Oncology, National University Cancer Institute,
NUHS, 1E, Kent Ridge Road, Singapore 119228, Republic of Singapore.

Received: 15 December 2017 Accepted: 5 July 2018

References
1. Delgado MD, León J. Myc roles in hematopoiesis and leukemia. Genes

Cancer. 2010;1:605–16.
2. Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, et al. BET

bromodomain inhibition as a therapeutic strategy to target c-Myc. Cell.
2011;146:904–17.

3. Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, et al.
Selective inhibition of BET bromodomains. Nature. 2010;468:1067–73.

4. Mertz JA, Conery AR, Bryant BM, Sandy P, Balasubramanian S, Mele DA, et al.
Targeting MYC dependence in cancer by inhibiting BET bromodomains.
Proc Natl Acad Sci U S A. 2011;108:16669–74. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3189078&tool=
pmcentrez&rendertype=abstract

5. Asangani IA, Dommeti VL, Wang X, Malik R, Cieslik M, Yang R, et al.
Therapeutic targeting of BET Bromodomain proteins in castration-resistant

(See figure on previous page.)
Fig. 4 miR17–92 cluster mediates the regulation between MYC and TXNIP. a JQ1 treatment repressed the expression of miR-17-92 rapidly. b The
expressions of mature miRNAs from the miR-17-92 cluster were inhibited by JQ1 treatment. c MOLM-14 and KG1 cells were transfected with
miRNA inhibitors, cultured for 24 h, and the expression level of TXNIP was examined. d 293 T cells were transfected with luciferase vectors
carrying wild type (WT) of mutant (MUT) 3’UTR of TXNIP before treatment with JQ1 (2 μM), transfected with MYC siRNAs, MYC expressing vector,
or miRNA inhibitors. Cells were cultured for 24 h under different treatments before being harvested for luciferase activity assay. The final luciferase
activities were normalized to total protein concentration and measured with Bradford assay. e Proposed model of MYC-TXNIP regulatory cascade

Zhou et al. BMC Cancer  (2018) 18:731 Page 10 of 11

https://doi.org/10.1186/s12885-018-4661-6
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3189078&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3189078&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3189078&tool=pmcentrez&rendertype=abstract


prostate cancer. Nature. 2014;510:278–82. Available from: http://www.ncbi.
nlm.nih.gov/pmc/articles/PMC4075966/

6. Amaral PP, Bannister AJ. Previews Re-Place Your BETs : The Dynamics of
Super Enhancers. Mol Cell. 2014;56:187–9. Available from: https://doi.org/10.
1016/j.molcel.2014.10.008

7. Lovén J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Selective
inhibition of tumor oncogenes by disruption of super-enhancers. Cell. 2013;
153:320–34.

8. Meyer N, Penn LZ. Reflecting on 25 years with MYC. Nat Rev Cancer. 2008;8:976–90.
9. Herrmann H, Blatt K, Shi J, Gleixner KV, Cerny-Reiterer S, Müllauer L, et al.

Small-molecule inhibition of BRD4 as a new potent approach to eliminate
leukemic stem- and progenitor cells in acute myeloid leukemia AML.
Oncotarget. 2012;3:1588–99. Available from: http://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=3681497&tool=pmcentrez&rendertype=abstract

10. Zhou J, Chng W-J. Aberrant RNA splicing and mutations in spliceosome
complex in acute myeloid leukemia. Stem Cell Investig. 2017;4:6. Available
from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5313292/

11. Cheng Z, Gong Y, Ma Y, Lu K, Lu X, Pierce LA, et al. Inhibition of BET
Bromodomain Targets Genetically Diverse Glioblastoma. Clin Cancer Res.
2013;19:1748–59. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC4172367/

12. Zhao X, Lwin T, Zhang X, Huang A, Wang J, Marquez VE, et al. Disruption of
the MYC-miRNA-EZH2 loop to suppress aggressive B-cell lymphoma survival
and clonogenicity. Leukemia. 2013;27:2341–50. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=4015113&tool=
pmcentrez&rendertype=abstract

13. Junn E, Han SH, Im JY, Yang Y, Cho EW, Um HD, et al. Vitamin D3 up-
regulated protein 1 mediates oxidative stress via suppressing the
thioredoxin function. J Immunol. 2000;164:6287–95.

14. Parikh H, Carlsson E, Chutkow WA, Johansson LE, Storgaard H, Poulsen P, et
al. TXNIP regulates peripheral glucose metabolism in humans. Shulman GI,
editor. PLoS Med. 2007;4:e158. Available from: http://www.ncbi.nlm.nih.gov/
pmc/articles/PMC1858708/

15. Zhou R, Tardivel A, Thorens B, Choi I, Tschopp J. Thioredoxin-interacting
protein links oxidative stress to inflammasome activation. Nat Immunol.
2010;11:136–40. Available from: https://doi.org/10.1038/ni.1831

16. Chen CL, Lin CF, Chang WT, Huang WC, Teng CF, Lin YS. Ceramide induces
p38 MAPK and JNK activation through a mechanism involving a
thioredoxin-interacting protein-mediated pathway. Blood. 2008;111:4365–74.

17. Zhou J, Yu Q, Chng W-J. TXNIP (VDUP-1, TBP-2): a major redox regulator
commonly suppressed in cancer by epigenetic mechanisms. Int J Biochem
Cell Biol. 2011;43:1668–73. Available from: http://www.sciencedirect.com/
science/article/pii/S1357272511002573

18. Zhou J, Bi C, Cheong LL, Mahara S, Liu SC, Tay KG, et al. The histone
methyltransferase inhibitor, DZNep, up-regulates TXNIP, increases ROS
production, and targets leukemia cells in AML. Blood. 2011;118:2830–9.

19. Bi C, Chung T-H, Huang G, Zhou J, Yan J, Ahmann GJ, et al. Genome-wide
pharmacologic unmasking identifies tumor suppressive microRNAs in
multiple myeloma. Oncotarget. 2015;6:26508–18. Available from: http://
www.ncbi.nlm.nih.gov/pmc/articles/PMC4694918/

20. Zhou J, Chan Z-L, Bi C, Lu X, Chong PSY, Chooi J-Y, et al. LIN28B activation by
PRL-3 promotes Leukemogenesis and a stem cell-like transcriptional program
in AML. Mol Cancer Res. 2016; Available from: http://mcr.aacrjournals.org/
content/early/2016/12/23/1541-7786.MCR-16-0275-T.abstract

21. Dawson MA, Gudgin EJ, Horton SJ, Giotopoulos G, Meduri E, Robson S, et al.
Recurrent mutations, including NPM1c, activate a BRD4-dependent core
transcriptional program in acute myeloid leukemia. Leukemia. 2014;28:311–
20. Available from: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=3918873&tool=pmcentrez&rendertype=abstract

22. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA, et al. RNAi
screen identifies Brd4 as a therapeutic target in acute myeloid leukaemia.
Nature. 2011;478:524–8. Available from: https://doi.org/10.1038/nature10334

23. Devaraj SGT, Fiskus W, Shah B, Qi J, Sun B, Iyer SP, et al. HEXIM1 induction is
mechanistically involved in mediating anti-AML activity of BET protein
bromodomain antagonist. Leukemia. 2015:1–4. Available from: http://www.
nature.com/doifinder/10.1038/leu.2015.142

24. Chai TF, Hong SY, He H, Zheng L, Hagen T, Luo Y, et al. A potential
mechanism of metformin-mediated regulation of glucose homeostasis:
Inhibition of Thioredoxin-interacting protein (Txnip) gene expression.
Cell Signal. 2012;24:1700–5. Available from: https://doi.org/10.1016/j.
cellsig.2012.04.017

25. Hui STY, Andres AM, Miller AK, Spann NJ, Potter DW, Post NM, et al. Txnip
balances metabolic and growth signaling via PTEN disulfide reduction. Proc
Natl Acad Sci U S A. 2008;105:3921–6.

26. Chng W-J, Huang GF, Chung TH, Ng SB, Gonzalez-Paz N, Troska-Price T, et al.
Clinical and biological implications of MYC activation: a common difference
between MGUS and newly diagnosed multiple myeloma. Leukemia. 2011;25:
1026–35. Available from: https://doi.org/10.1038/leu.2011.53

27. Bullinger L, Döhner K, Bair E, Fröhling S, Schlenk RF, Tibshirani R, et al. Use
of gene-expression profiling to identify prognostic subclasses in adult acute
myeloid leukemia. N Engl J med [internet]. Massachusetts medical. Society.
2004;350:1605–16. Available from: https://doi.org/10.1056/NEJMoa031046

28. Emadali A, Rousseaux S, Bruder-Costa J, Rome C, Duley S, Hamaidia S, et al.
Identification of a novel BET bromodomain inhibitor-sensitive, gene
regulatory circuit that controls rituximab response and tumour growth in
aggressive lymphoid cancers. EMBO Mol Med. 2013;5:1180–95.

29. Fiskus W, Sharma S, Qi J, Shah B, Devaraj SGT, Leveque C, et al. BET protein
antagonist JQ1 is synergistically lethal with FLT3 tyrosine kinase inhibitor
(TKI) and overcomes resistance to FLT3-TKI in AML cells expressing FLT-ITD.
Mol Cancer Ther. 2014;13:2315–27. Available from: http://www.ncbi.nlm.nih.
gov/pmc/articles/PMC4185220/

30. Rhyasen GW, Hattersley MM, Yao Y, Dulak A, Wang W, Petteruti P, et al.
AZD5153: A Novel Bivalent BET Bromodomain Inhibitor Highly Active
against Hematologic Malignancies. Mol Cancer Ther. 2016;15:2563 LP–2574.
Available from: http://mct.aacrjournals.org/content/15/11/2563.abstract

31. Zhang H, Fang H, Wang K. Reactive oxygen species in eradicating acute
myeloid leukemic stem cells. Stem Cell Investig. 2014;1:1–10. Available from:
http://www.sci-online.org/article/view/3947

32. Jung H, Kim MJ, Kim DO, Kim WS, Yoon SJ, Park YJ, et al. TXNIP maintains
the hematopoietic cell pool by switching the function of p53 under
oxidative stress. Cell Metab. 2013;18:75–85. Available from: https://doi.org/
10.1016/j.cmet.2013.06.002

33. Jung H, Choi I. Thioredoxin-interacting protein, hematopoietic stem cells,
and hematopoiesis. Curr Opin Hematol. 2014;21:265–70. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24686462

34. Shen L, O’Shea JM, Kaadige MR, Cunha S, Wilde BR, Cohen AL, et al.
Metabolic reprogramming in triple-negative breast cancer through Myc
suppression of TXNIP. Proc Natl Acad Sci. 2015;112:5425–30. Available from:
http://www.pnas.org/lookup/doi/10.1073/pnas.1501555112

Zhou et al. BMC Cancer  (2018) 18:731 Page 11 of 11

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4075966/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4075966/
https://doi.org/10.1016/j.molcel.2014.10.008
https://doi.org/10.1016/j.molcel.2014.10.008
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3681497&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3681497&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5313292/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172367/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4172367/
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4015113&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4015113&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4015113&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1858708/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1858708/
https://doi.org/10.1038/ni.1831
http://www.sciencedirect.com/science/article/pii/S1357272511002573
http://www.sciencedirect.com/science/article/pii/S1357272511002573
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4694918/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4694918/
http://mcr.aacrjournals.org/content/early/2016/12/23/1541-7786.MCR-16-0275-T.abstract
http://mcr.aacrjournals.org/content/early/2016/12/23/1541-7786.MCR-16-0275-T.abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3918873&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3918873&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1038/nature10334
http://www.nature.com/doifinder/10.1038/leu.2015.142
http://www.nature.com/doifinder/10.1038/leu.2015.142
https://doi.org/10.1016/j.cellsig.2012.04.017
https://doi.org/10.1016/j.cellsig.2012.04.017
https://doi.org/10.1038/leu.2011.53
https://doi.org/10.1056/NEJMoa031046
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4185220/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4185220/
http://mct.aacrjournals.org/content/15/11/2563.abstract
http://www.sci-online.org/article/view/3947
https://doi.org/10.1016/j.cmet.2013.06.002
https://doi.org/10.1016/j.cmet.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24686462
http://www.pnas.org/lookup/doi/10.1073/pnas.1501555112

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture
	Chemical reagents
	Drug treatment
	Cell viability assay
	Apoptosis assay
	Measurement of ROS production
	Real time quantitative PCR for mRNA and miRNA
	Western blot
	Caspase activity assay
	TXNIP gene expression and CHNG_MYC signature

	Results
	JQ1 inhibits growth of AML cell lines
	JQ1 induces apoptosis in AML cells
	TXNIP is a key mediator in JQ1-induced apoptosis
	TXNIP is a downstream target of MYC
	MYC regulates TXNIP through miRNAs

	Discussion
	Conclusions
	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

