












of panobinostat. Figure 5E demonstrates that, as com-
pared with treatment with the nontargeted control
shRNA, treatmentwith BRD4 shRNA reduced themRNA
levels of BRD4, c-MYC, and BCL2, while simultaneously
increasing the mRNA levels of p21. In the cells treated
with BRD4 shRNA, but not the nontargeted shRNA,
panobinostat treatment induced significantly more apo-
ptosis of OCI-AML3 cells (P < 0.05; Fig. 5F). The IC50

values for panobinostat were significantly lower in OCI-
AML3 cells treated with BRD4 shRNA versus those trea-
ted with nontargeted shRNA (P ¼ 0.0165; Fig. 5G).

Cotreatment with JQ1 and panobinostat exerts
synergistic lethal activity against primary AMLBPCs
but not normal hematopoietic progenitor cells
Wenext compared the lethal activity of the combination

of panobinostat and JQ1 against 9 samples of primary
AML versus CD34þ normal hematopoietic progenitor

cells. Figure 6A (and the inset) demonstrates that, as
compared with the treatment with each agent alone,
cotreatment with panobinostat and JQ1 induced signifi-
cantly more apoptosis with increased PARP cleavage in
primaryAMLBPCs that expressedmutantNPM1cþwith
or without the coexpression of FLT3-ITD. Although treat-
mentwith JQ1 alone (500 nmol/L) depleted the levels of c-
MYC and BCL2 and induced p21 levels, cotreatment with
panobinostat and JQ1 caused more downregulation of c-
MYC and BCL2 as well as induced more p21 and BIM
levels in the AML BPCs (Fig. 6B). Importantly, the com-
bination of panobinostat and JQ1 exerted synergistic
lethal activity in the subpopulation of CD34þCD38-Lin�

BPCs (Fig. 6C). In this combination, the levels of panobi-
nostat used are clinically achievable and safe and have
been demonstrated to induce in vivo histone acetylation in
cells of patientswithAML (24).Notably, cotreatmentwith
panobinostat and JQ1 did not exert significantly greater
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Figure 3. Treatment with JQ1 depletes the mRNA expression of c-MYC and BCL2 in AML cells. A and B, OCI-AML3, MOLM13, and primary AML cells were
treated with the indicated concentrations of JQ1 for 16 hours. At the end of treatment, RNA was isolated and reverse transcribed. The resulting cDNA
was used for real-time quantitative PCR analysis of c-MYC and BCL2. The relative mRNA expression was normalized to GAPDH and compared with the
untreated cells. C, heatmap showing the 50 most up- and downregulated mRNA expression changes in OCI-AML3 cells treated with 500 nmol/L of
JQ1 for 8 hours. D, relativemRNAexpression changesofBCL2andc-MYC in themRNAused for expression analyseswerequantifiedbyquantitative real-time
PCR. Relative expression changes were normalized to GAPDH and compared with the untreated cells.
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lethal activity against normal CD34þ hematopoietic pro-
genitor cells (Fig. 6D). These findings highlight the anti-
AML selectivity of the cotreatmentwith panobinostat and
JQ1 against AML BPCs.

Combined treatment with panobinostat and JQ1
exerts superior in vivo activity against the
established AML xenografts in NOD/SCID mice

We next determined the in vivo anti-AML activity of
panobinostat and/or JQ1 against the OCI-AML3 AML
xenografts engrafted in the bone marrow of the NOD/
SCID mice. Following the tail vein infusion and engraft-
ment of OCI-AML3 cells in the bone marrow of the

NOD/SCID mice, the anti-AML effects and the survival
improvement due to treatment with daily intraperito-
neal JQ1 and/or intraperitoneal panobinostat (Monday,
Wednesday, and Friday) for 3 weeks were compared
with the effects of the treatment with the vehicle alone.
The Kaplan–Meier plot depicting the survival of mice
demonstrated that, as compared with treatment with
the vehicle alone, treatment with either JQ1 or panobi-
nostat significantly improved the survival of the mice
infused with OCI-AML3 cells (P < 0.05; Fig. 7A). Nota-
bly, combined treatment with panobinostat and JQ1
further significantly improved survival of the mice, as
compared with treatment with JQ1 or panobinostat
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Figure 4. Treatment with JQ1 depletes p-Serine 2 RNA POL II, c-MYC, and BCL2 but induces p21, p27, and BIM protein levels in AML cells. A, OCI-AML3
and MOLM13 cells were treated with the indicated concentrations of JQ1 for 24 hours. Following this, total cell lysates were prepared and immunoblot
analyses were conducted for the expression levels of BRD4, c-MYC, BCL2, CDK6, pSer2 POL II, p21, p27, BIM, cleaved PARP, and b-actin in the lysates.
B, OCI-AML3 and MOLM13 cells were treated with the indicated concentrations of the inactive enantiomer of JQ1, (R)-JQ1, for 24 hours. At the end of
treatment, cell lysates were prepared and immunoblot analyses were conducted for the expression levels of c-MYC, BCL2, CDK6, pSer2 POL II, and
b-actin in the lysates. C, primary AML cells were treated with the indicated concentrations of JQ1 for 24 hours. Then, total cell lysates were prepared and
immunoblot analyses were conducted for the expression levels of BRD4, c-MYC, BCL2, NPM1, pSer2 POL II, p21, p27, BIM, and b-actin in the
lysates. D, primary AML cells (n ¼ 3) were treated with the indicated concentrations of JQ1 for 24 hours. After this, total cell lysates were prepared and
immunoblot analyses were conducted for the expression levels of c-MYC, p21, and BIM in the lysates. Densitometry analysis was performed and the
percentage depletion of c-MYC (left) or the induction of BIM and p21 (right) was calculated. Columns, mean depletion of c-MYC or induction
of p21 and BIM in the three AML samples; bars, SEM.
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alone (P < 0.001). In cohorts of three mice treated with
the vehicle control versus treatment with JQ1 and/or
panobinostat for 5 days, bone marrow was harvested,
and the cell lysates were analyzed for protein
expression. Figure 7B demonstrates that as compared
with treatment with each agent alone, cotreatment with
panobinostat and JQ1 was associated with the most
reduction in the levels of c-MYC, BCL2, and CDK6

proteins. We also determined the effects of JQ1 and/or
panobinostat on the expression levels of BIM. As
shown in Fig. 7B, although treatment with each drug
alone increased the levels of BIM, cotreatment with JQ1
and panobinostat did not exhibit further increase in the
levels of BIM in the mice. We also determined the in vivo
anti-AML activity of panobinostat and/or JQ1 against
the more aggressive MOLM13 xenograft model, in
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Figure 5. Cotreatment with JQ1 or shRNA-mediated knockdown of BRD4 synergistically enhances panobinostat-induced apoptosis of AML cells. A, OCI-
AML3 and MOLM13 cells were treated with JQ1 and panobinostat (PS) for 48 hours. Then, the percentages of Annexin-V–positive, apoptotic cells were
determined by flow cytometry. Median dose effect and isobologram analyses were performed using the commercially available software CalcuSyn,
assuming mutual exclusivity. CI values less than 1.0 indicate a synergistic interaction of the two agents in the combination. B, OCI-AML3 and MOLM13
cells were treated with the indicated concentrations of JQ1 or (R)-JQ1 and/or panobinostat for 48 hours. At the end of treatment, the percentages of
Annexin-V–positive, apoptotic cells were determined by flow cytometry. Columns,mean of three independent experiments; bars, SEM. �, values significantly
greater in the combination than treatment with JQ1 or panobinostat alone (P < 0.05). C, OCI-AML3 and MOLM13 cells were treated with JQ1 and/or
panobinostat for 48 hours. Following this, cells were washed free of the drug, plated in methylcellulose, and cultured for 7 to 10 days. Colonies were counted
and the colony growth for each cell line is reported as a percentage of the untreated cells. Columns,mean of three experiments; bars, SEM.D, OCI-AML3 cells
were treated with the indicated concentrations of JQ1 and/or panobinostat for 24 hours. Following this, cells were harvested and total cell lysates were
prepared. Immunoblot analyses were conducted for the expression levels of BRD4, p-Ser2 POL II, c-MYC, BIM, NPM1, and b-actin in the lysates. E,
OCI-AML3 cells were transduced with nontargeting (NT) or BRD4-specific shRNA-containing lentivirus for 48 hours. Then, total RNA was harvested, reverse
transcribed, and qPCR was conducted for the indicated targets. The relative expression of each mRNA was normalized to GAPDH. F, OCI-AML3 cells
transfected with NT shRNA or BRD4 shRNA for 48 hours were treated with the indicated concentrations of panobinostat for 48 hours. At the end of
treatment, cells were stained with Annexin-V and TO-PRO-3 iodide and the percentages of Annexin-V–positive, apoptotic cells were determined by flow
cytometry. �, values significantly greater in BRD4 shRNA-transfected cells compared with NT shRNA-transfected cells. G, IC50 values for panobinostat
in OCI-AML3 cells transduced with NT-shRNA or BRD4 shRNA for 48 hours, then treated with panobinostat for 48 hours.
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which all mice treated with vehicle control succumbed
to AML in less than 25 days. As shown in Fig. 7C, the
combination regimen of JQ1 and panobinostat for 3
weeks was superior to the treatment with JQ1 or pano-
binostat alone in improving the median survival and
overall survival of the mice (P < 0.0001), which trans-
lated into a plateau in the survival curve. This suggests a
potentially curative impact of the combination on the
survival of the mice (Fig. 7C).

Discussion
Findings presented here demonstrate for the first time

that the BET protein antagonist (S)-JQ1, but not its in-
active enantiomer (R)-JQ1, exerts a high level of in vitro
and in vivo activity against AML BPCs expressing the
mutant NPM1cþ, with or without the coexpression of

FLT3-ITD. This was observed not only in the cultured
OCI-AML3 cells with ectopic expression of FLT3-ITD,
but also in the primary AML BPCs. The BET protein
BRD4 binds and recruits pTEFb to the promoters of
transcriptionally active genes to phosphorylate CTD of
RNA POL II, which is necessary to cause the pause
release of RNA POL II for mRNA transcript elongation
(7, 23). This is especially true for the MYC-regulated
transcriptome, in which c-MYC binds and recruits
pTEFb to the core promoters of the actively transcribed
genes, causing overall transcriptional amplification
which may attenuate the rate-limiting constraints on
tumor growth and proliferation (7, 9, 23). Inhibition of
BRD4 by JQ1 has been shown to downregulate c-MYC–
dependent target genes in AML and other hematologic
malignancies (14, 15). Recently, JQ1 has also been dem-
onstrated to deplete the binding of BRD4, mediator, and
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cells were stained with propidium iodide and the percentages of nonviable cells were determined by flow cytometry. Columns, mean loss of viability
of the samples; bars, SEM. �, values significantly greater in the combination than treatment with either agent alone (P < 0.01). Inset shows a representative
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pTEFb to the enhancers and, in the case of some onco-
genes, such as c-MYC and BCL2, to the clusters of
enhancers called the superenhancers, thereby depleting
the transcript levels of c-MYC and BCL2 (7, 14). Accord-
ingly, in our studies, treatment with JQ1 clearly inhib-
ited the binding of BRD4 and RNA POL II to the c-MYC,
BCL2, and CDK6 promoters, accompanied with the
attenuation of mRNA levels of these genes in the cul-
tured and primary AML cells expressing NPM1cþ. In
contrast, as c-MYC is known to repress p21, JQ1 treat-
ment increased p21 levels in the AML cells (25). Thus,
JQ1 perturbed the levels of not only c-MYC but also of
the c-MYC–targeted genes. We also found that shRNA to
BRD4 reduced c-MYC and BCL2 mRNA levels, while
inducing the p21 levels, along with inhibition of growth
and induction of apoptosis of OCI-AML3 cells. In the

gene expression microarray analysis in the OCI-AML3
cells, more genes were suppressed than induced after
treatment with JQ1. Again, among the genes transcrip-
tionally attenuated was c-MYC.

Gain-of-functionmutations in FLT3 are associatedwith
a poor prognosis following the standard induction ther-
apy of AML (22, 26, 27). Although exhibiting a promising
preliminary activity, the use of FLT3 tyrosine kinase
inhibitors (TKI) alone or in conjunction with standard
induction chemotherapy has exposed novel mechanisms
by which AML BPCs acquire resistance to FLT3 kinase
inhibitors (28, 29). Because these are type II FLT3 TKIs that
bind and inactivate the "DFG-out" inactive conformation
of FLT3, the clinically relevant resistance mechanisms
identified so far have involved point substitutions in
amino acid residue that disrupt the conformation and

A

P = 0.0002

Median survival                  Days
25Vehicle
3450 mg/kg JQ1
39.55 mg/kg PS
51.5JQ1 + PS

OCI-AML3 xenografts

Days after implantation

P
er

ce
n

t 
su

rv
iv

al

0 10 20 30 40 50 60 70 80
0

50

100

150 Vehicle
50 mg/kg JQ1
5 mg/kg PS
50 mg/kg JQ1 + 5 mg/kg PS

JQ1: M-F
PS: M,W,F
3 weeks

B

C

Median survival                  Days
18.5Vehicle
24.550 mg/kg JQ1
26.55 mg/kg PS
39.5JQ1 + PS

MOLM13 xenografts

JQ1: M-F
PS: M,W,F
3 weeks

P < 0.0001 
P = 0.0133, JQ1 vs. vehicle

Days after implantation
100806040200

0

50

P
er

ce
n

t 
su

rv
iv

al

100 Vehicle
50 mg/kg JQ1
5 mg/kg PS
JQ1 + PS

P = 0.0005, PS  vs. vehicle

c-MYC

OCI-AML3 
xenograft

50 mg/kg JQ1

5.0 mg/kg PS
–
–

+
–

–
+

+
+ 

BCL2

CDK6

b-Actin

BIMEL

BIML
BIMS

Figure 7. Compared with treatment with either agent alone, combined treatment with JQ1 and panobinostat (PS) significantly improves the survival of NOD/
SCIDmicebearingOCI-AML3orMOLM13xenografts. A, after apreconditioningdoseof gamma radiation (2.5Gy),micewere injectedwith5millionOCI-AML3
cells in the lateral tail vein. Seven days after implantation, mice were treated with vehicle (10% 2-hydroxypropyl-b-cyclodextrin), JQ1 (50mg/kg formulated in
10% 2-hydroxypropyl-b-cyclodextrin intraperitoneal injection daily � 5 days), panobinostat (5 mg/kg intraperitoneal injection, 3 times per week), or the
combination of JQ1 and panobinostat for 3 weeks, and then treatment was stopped. Survival of the mice is represented by the Kaplan–Meier plot. A,
treatment with JQ1 significantly improved the survival of the mice compared with vehicle-treated mice (P ¼ 0.009). In addition, mice treated with the
combination of JQ1 and panobinostat exhibited significantly improved survival compared with themice treated with JQ1 or panobinostat alone (P¼ 0.0002).
B, NOD/SCID mice were irradiated and injected with OCI-AML3 cells as in A and monitored for 2 weeks. Then, mice were treated with vehicle (10% 2-
hydroxypropyl-b-cyclodextrin), JQ1 (50 mg/kg intraperitoneal injection daily � 5 days), panobinostat (5 mg/kg intraperitoneal injection 3 times per week), or
the combination of JQ1 and panobinostat for 1 week, and then the treatment was stopped. Mice were sacrificed and bone marrow was collected
from the femurs of mice in each treatment group. Total cell lysates were prepared and immunoblot analyses were conducted for the expression levels of
c-MYC, BCL2, CDK6, BIM, and b-actin in the lysates. Representative immunoblots are shown. C, after a preconditioning dose of gamma radiation
(2.5 Gy), mice were injected with 5 million MOLM13 cells in the lateral tail vein. Four days after implantation, mice were treated with vehicle (10% 2-
hydroxypropyl-b-cyclodextrin), JQ1 (50mg/kg formulated in 10%2-hydroxypropyl-b-cyclodextrin by IP injection daily� 5 days), panobinostat (5mg/kg by IP
injection 3 times perweek), or the combination of JQ1 andpanobinostat (JQ1was administered on alternating dayswith panobinostat for this combination) for
3 weeks, and then treatment was stopped. Survival of the mice is represented by Kaplan-Meier plot. Treatment with JQ1 significantly improved the survival
of the mice compared with vehicle treated mice (P ¼ 0.0133). In addition, mice treated with the combination of JQ1 and panobinostat had significantly
improved survival compared with the mice treated with JQ1 or PS alone (P < 0.0001).
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binding of the TKI to FLT3. Our findings show that JQ1,
due to its unique mechanism, which is disparate from the
mechanism of activity of the TKIs, retains potent activity
against cultured and primary AML BPCs coexpressing
FLT3-ITD and NPM1cþ or MLL fusion proteins. This
highlights the promise of including a BET protein antag-
onist in combinationwith standard chemotherapy and/or
a FLT3 kinase inhibitor in the treatment of high-risk AML
expressing FLT3-ITD.

In addition, our findings also support the rationale
that, by inducing hyperacetylation of lysine residues on
the histone proteins, panobinostat could be inducing
greater dependency on the BRD4-regulated transcription
of oncoproteins, such that cotreatment with panobinostat
and JQ1 synergistically leads to growth inhibition and
apoptosis of the cultured and primary AML cells regard-
less of the coexpression of FLT3-ITD. A molecular sche-
ma demonstrating the enhanced activity of BET protein
antagonist and panobinostat is shown in Fig. 8. Indeed,
consistent with this, the synergistic activity of panobino-
stat and JQ1 was associated with marked depletion of
the protein levels of c-MYC, BCL2, and CDK6, as was
previously reported (22). Findings presented here also
demonstrate that this synergy extended in vitro to
the immunophenotypically defined leukemia stem cells
(LSC) that have been previously demonstrated to exhibit
in vivo leukemia-initiating potential (30). Targeting LSCs
is an important goal in achieving deeper remissions and
overcoming treatment refractoriness in minimal residual
AML, as LSC gene expression program confers a poor
prognosis and influences the clinical outcome in AML
(30, 31). Cotreatment with panobinostat and JQ1 was also

significantly superior to treatment with each agent alone
in improving the survival of the mice engrafted with
OCI-AML3 or MOLM13 cells, which express NPM1cþ or
MLL-AF9 and FLT3-ITD, respectively. The improvement
in survival due to panobinostat and JQ1 treatment of the
mice engrafted with the aggressive MOLM13 AML cells
was associated with a significantly higher plateau in the
survival curve, which suggests the possibility of a pro-
longed disease-free survival and cure in the mice treated
with the combination. The regimen of panobinostat
and JQ1, as used here for 3 weeks, did not induce any
discernible toxicity in the mice. The superior in vivo anti-
AML selectivity was also associated with a marked and
collective depletion of c-MYC, BCL2, and CDK6 in the
engrafted bone marrow–derived OCI-AML3 cells, fol-
lowing only 5 days of treatment with the combination.
Attenuation of these proteins could very well be the
explanation for the superior antileukemia activity in the
treated mice. However, other possible mechanisms, not
probed here, may also be contributing toward the super-
ior outcome. BRD4 has also been shown to bind to the
acetylated lysine-310 of the RelA subunit of NF-kB and
regulate its transcriptional activity (32, 33). By inducing
RelA acetylation, panobinostat treatment may also
increase the BRD4 dependency of the NF-kB activity in
AML cells. Therefore, suppression of this activity by
cotreatment with panobinostat and JQ1 may contribute
toward the superior anti-AML activity of the combina-
tion. Collectively, the findings presented here provide a
strong rationale for further in vivo testing of combined
therapy with BET protein antagonists and HDAC inhib-
itor against AML.
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Figure 8. Molecular schema demonstrating the superior activity of BET protein antagonist and pan-HDAC inhibitor against AML cells. A, in AML cells, histone
acetyltransferases (HAT) are bound to transcription factor complexes (TFC; e.g., c-MYC) at the promoters of target genes, which acetylates the lysine (K)
residues on histone H3 and H4 and creates a permissive environment for transcription. Treatment with low doses of pan-HDAC inhibitors, such as
panobinostat (PS), inhibits HDAC activity which results in hyperacetylation of N-terminal tails on histone H3 and H4 and greater dependency on BET protein
function. BRD4 binds to acetylated histones and recruits pTEFb to the enhancer/promoter of target genes such as c-MYC, BCL2, and CDK6. Upon its
recruitment by BRD4, pTEFb phosphorylates the CTD of RNA POL II resulting in transcription of target genes. Treatment with BET protein inhibitors JQ1
or I-BET151 inhibits BRD4 activity causing depletion of RNA POL II phosphorylation at Ser 2, reduced binding of BRD4 and RNA POL II at target gene
promoters, and decreased transcription of target genes. In addition, treatment with JQ1 inhibits cell growth and induces apoptosis of AML cells. Combined
treatment with BET protein inhibitor and panobinostat results in greater depletion of target genes (e.g., c-MYC, BCL2, Bcl-xL, and PIM1). This leads
to a greater loss of cell growth and further induction of apoptosis than treatment with either agent alone in the AML cells.
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