
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00277-021-04602-z

ORIGINAL ARTICLE

The BET bromodomain inhibitor ZEN‑3365 targets the Hedgehog 
signaling pathway in acute myeloid leukemia

Jasmin Wellbrock1 · Lena Behrmann1 · Jana Muschhammer1 · Franziska Modemann1 · Kais Khoury1 · 
Franziska Brauneck1 · Carsten Bokemeyer1 · Eric Campeau2 · Walter Fiedler1

Received: 14 April 2021 / Accepted: 7 July 2021 
© The Author(s) 2021

Abstract
Modern cancer therapies increased the survival rates of acute myeloid leukemia (AML) patients tremendously. However, 
the complexity of the disease and the identification of new targets require the adaptation of treatment protocols to reduce 
side effects and increase benefit for the patients. One key regulator of leukemogenesis and chemotherapy resistance in AML 
is the Hedgehog (HH) signaling pathway. It is deregulated in numerous cancer entities and inhibition of its downstream 
transcription factors GLI translates into anti-leukemic effects. One major regulator of GLI is BRD4, a BET family member 
with epigenetic functions. We investigated the effect of ZEN-3365, a novel BRD4 inhibitor, on AML cells in regard to the 
HH pathway. We show that ZEN-3365 alone or in combination with GANT-61 reduced GLI promoter activity, cell prolifera-
tion and colony formation in AML cell lines and primary cells. Our findings strongly support the evaluation of the BRD4 
inhibitor ZEN-3365 as a new therapeutic option in AML.
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Introduction

Modern chemotherapeutics and newly developed personal-
ized and targeted therapies enhanced the overall survival of 
cancer patients tremendously within the last decades. How-
ever, acute myeloid leukemia (AML) remains as a highly 
complex and heterogeneous disorder with still insufficient 
survival rates. This is especially true for elderly patients 
[1]. Thus, new therapeutic options are necessary to improve 
the overall outcome and to reduce the fatal side effects of 
chemotoxic treatments.

Due to the frequently occurring dysregulations of the 
Hedgehog (HH) signaling cascade in cancer, it has become 
an interesting target for therapeutic interventions. HH signal-
ing plays a key role in embryogenesis and stem cell main-
tenance. It is activated by ligand binding to the cell surface 
receptor Patched (PTCH) that normally inhibits Smoothened 
(SMO), which mediates downstream signal transduction 
towards the GLI trancription factors (GLI1-3) [2]. Several 
HH inhibitors were tested in clinical trials for the treatment 
of different cancer entities, mainly with the focus on SMO 
inhibition. SMO inhibitors such as vismodegib, IPI-926, and 
sonidegib showed high efficacy in cancer types like basal 
cell carcinoma or medulloblastoma which often harbor acti-
vating mutations in the HH pathway [3]. For hematologic 
malignancies, glasdegib showed in combination with low-
dose cytarabine significant higher complete response rate 
and longer overall survival than cytarabine alone, leading 
to an FDA approval in 2020 [4].

However, the Hedgehog cascade can also be activated 
non-canonically through a variety of pathways including the 
TGF-β, PI3K/AKT/mTOR, and RAS/RAF/MEK/MAPK 
cascades [5]. Most of those pathways lead to a direct activa-
tion of the HH transcription factors GLI1 or GLI2 and thus 
they signal independently of HH ligands or receptors. We 
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could recently show that expression of HH pathway tran-
scription factors GLI1 and GLI2 represents a negative prog-
nostic marker for acute myeloid leukemia and that targeted 
inhibition of GLI1/2 mediates anti-leukemic effects in vitro 
and in vivo [6]. Besides, we revealed that the HH pathway 
activation in FLT3-mutated AML is partly mediated in a 
non-canonical way [7]. Therefore, in comparison to SMO, 
GLI transcription factors might represent more promis-
ing therapeutic targets as their inhibition will interrupt the 
canonical as well as non-canonical signaling. But so far, 
specific GLI inhibitors like GANT-61 have not entered the 
clinical stage [8].

In the recent years, targeting epigenetic regulators had 
come into focus as therapeutic strategy in oncology. Bromo-
domain and extraterminal domain (BET) family members 
represent one group of epigenetic modulators regulating 
gene transcription through recruitment of regulatory com-
plexes to acetylated chromatin regions and interaction with 
RNA polymerase II [9]. The BET family member BRD4 was 
shown to regulate the transcription of important proto-onco-
genes including MYC or BCL2 and mediates the repression 
of the tumor suppressor p53 [10, 11]. BRD4 was identi-
fied as promising target structure in acute myeloid leukemia 
as inhibition of BRD4 using shRNA or a small molecule 
inhibitor resulted in anti-leukemic effects in vitro as well 
as in vivo [12]. Recently, a direct link between BRD4 and 
the Hedgehog pathway was identified as two independent 
studies revealed that BRD4 can directly bind to the promot-
ers of GLI1 and GLI2 thereby regulating their transcription 
[13, 14].

Here we examined the impact of BRD4 inhibition on GLI 
signaling in AML. Utilizing the new BRD4 inhibitor ZEN-
3365, we could show a significant role of epigenetic regula-
tion for AML cell survival. Furthermore, we have found that 
GLI inhibition via GANT-61 and the combinatorial blocking 
of BRD4 have a strong effect on AML cell proliferation and 
colony forming capacities. Thus, our data provide the evi-
dence that the BET inhibitor ZEN-3365 should be evaluated 
as therapeutic option in AML.

Materials and methods

Cell lines and cell culture

The following human AML cell lines were used: MV4-
11 (ATCC, #CRL9591, RRID:CVCL_0064), MOLM13 
(DSMZ, #ACC554, RRID:CVCL_2119), HL60 (DSMZ, 
#ACC3, RRID:CVCL_002), KG-1 (DSMZ, #ACC14, 
RRID:CVCL_0374), Kasumi-1 (DSMZ, #ACC220, 
RRID_CVCL_0589), OCI-AML3 (DSMZ, #ACC582, 
RRID:CVCL_1844). Verifications were performed with 
multiplex human cell line authentification test (MCA) 

from multiplexion. MV4-11, MOLM-13, HL60, and 
KG-1 were cultured in RPMI-1640 medium (Gibco) sup-
plemented with 10% fetal bovine serum (FBS, Biochrom 
GmbH). The AML cell line Kasumi-1 was cultured in 
RPMI-1640 medium supplemented with 20% FBS. The 
AML cell line OCI-AML3 was cultured in α-MEM 
medium (Gibco) supplemented with 20% FBS. Primary 
AML cells were obtained after patient’s informed con-
sent and approval of the study by the ethics committee 
(PV3469, Ethik-Kommission der Ärztekammer Hamburg). 
Cells were isolated from bone marrow using density gra-
dient centrifugation and cultured as described elsewhere 
[15]. All cells were maintained in a humidified incubator 
with 5% CO2 at 37 °C.

Protein isolation and western blot analysis

Proteins of MV4-11, MOLM-13, and OCI-AML3 cells 
were extracted using the trichloroacetic acid method. Pro-
tein extracts were applied to a 4–20% SDS-PAGE (Thermo 
Fisher Scientific, Rockford, IL) followed by electrotrans-
fer to nitrocellulose membranes (Schleicher & Schuell, 
Dassel, Germany). Blots were incubated with either rab-
bit anti-human GLI1 (C68H3, Cell Signaling Technology, 
RRID:AB_1903989) or mouse anti-human β-Actin (sc-
47778, Santa Cruz Biotechnology, RRID:AB_2714189) 
at 4 °C overnight. The subsequent incubation with the 
peroxidase-conjugated secondary antibodies (anti-mouse 
IgG, NXA931, GE healthcare, RRID:AB_772209 and 
anti-rabbit IgG, 7074S, Cell Signaling Technology, 
RRID:AB_2099233) was followed by detection using ECL 
Western blotting detection reagents (GE Healthcare) and 
the FusionSL 4 3500 WL detection system (Vilber Lour-
mat, Sud Torcy, France).

GLI reporter assays

Stable GLI reporter AML cell lines were produced using 
lentiviral particles containing the firefly luciferase gene 
under the control of GLI1 and GLI 2 transcriptional 
response elements and as internal control the renilla 
luciferase gene under CMV promoter elements (Cign-
alTM Lenti Reporters, Qiagen) followed by puromycin 
and hygromycin selection. Stable GLI reporter cells were 
treated with ZEN-3365 and the GLI promoter activity was 
measured after 24 h or at different time-points up to 84 h 
using the Dual-GLO Luciferase Assay Kit (Promega) and 
the Infinite F200 PRO reader (Tecan). The firefly lucif-
erase-mediated GLI promoter activity was normalized to 
the renilla luciferase-mediated CMV promoter activity.
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Proliferation assay

AML cell lines or primary AML blasts were cultured with 
different concentrations of the GLI inhibitor GANT-61 
(2,20-[[Dihydro-2-(4-pyridinyl)-1,3(2H,4H)-pyrimidinediyl]
bis(methylene)]bis[N,N-dimethylbenzenamine]; Tocris Bio-
science) or the BET inhibitor ZEN-3365 (Zenith Epigenet-
ics) either alone or in combination or dimethyl sulfoxide 
(DMSO, Sigma-Aldrich) as solvent control. Cell numbers 
were determined after 3 and 7 days using the cell viability 
analyzer Vi-Cell TM XR (Beckman Coulter).

Colony formation assay

AML cell lines were seeded with GANT-61, ZEN-3365, or 
their combination in Methocult (Methocult H4230, Stem-
cell Technologies). DMSO was used as solvent control. 
The number of colonies was counted after 7 days using an 
inverted microscope (Axiovert 25, Zeiss) and normalized 
to DMSO control.

Statistical analysis

Figures were created with GraphPad PRISM version 6.2. 
Data was statistically analyzed by Welch’s t-test (SPSS Inc.). 
A P value less than 0.05 was considered to be statistically 
significant.

Results

Reduced GLI levels upon treatment with the BET 
inhibitor ZEN‑3365

First, we investigated the impact of the BET bromodomain 
inhibitor ZEN-3365 on the expression on the HH transcrip-
tion factors GLI using immunoblotting and GLI reporter 
assays. For western blot analysis, AML cell lines MV4-11, 
MOLM13, and OCI-AML3 were incubated with 100 or 
200 nM ZEN-3365 for 3 days. ZEN-3365 treatment led to a 
dose-dependent decrease of the GLI1 protein expression in 
all three cell lines (Fig. 1a). Next, we generated GLI reporter 
cell lines carrying the luciferase gene under the control of 
the GLI promoter which allows the determination of the GLI 
promoter activity by measuring the bioluminescence signal 
after addition of a luciferase substrate. The reporter cells 
were treated with increasing concentrations of ZEN-3365. 
The GLI reporter activity was measured after 24 h. As shown 
in Fig. 1b, ZEN-3365 led to a markedly and dose-dependent 
decrease of the GLI reporter activity in all analyzed cell 
lines. A time course experiment over 4 days revealed that 
the dose-dependent inhibitory effects of ZEN-3365 on GLI 
are stable over time as shown for MV4-11 cells in Fig. 1c.

The combination of ZEN‑3365 with GANT‑61 further 
reduces the GLI promoter activity

So far, direct GLI antagonists such as GANT-61 have not 
entered clinical stages yet. Nevertheless, combination thera-
pies might represent a promising clinical strategy. Therefore, 
we investigated whether the combination of GANT-61 with 
ZEN-3365 augmented the inhibitory effect on the HH sign-
aling using the GLI reporter cell lines. The AML cell lines 
MV4-11, MOLM13, Kasumi-1, and HL60  were treated with 
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Fig. 1   BET inhibitor ZEN-3365 reduces GLI reporter activity 
in vitro. a Western blot of GLI protein levels under ZEN-3365 treat-
ment. MV4-11, MOLM13, and OCI-AML3 were cultivated for 
3 days with 100 or 200 nM ZEN-3365. b GLI promoter assays reveal 
the dependence of GLI expression and BRD4 regulation. MV4-11, 
HL-60, Kasumi-1, and OCI-AML3 were treated with different con-
centrations of ZEN-3365 (25 to 2500  nM) for 24  h. c Time course 
experiment for BRD4 inhibition with 25, 50, 250, 1000, and 2500 nM 
ZEN-3365 on MV4-11 cells reveals a stable inhibitory function over 
4 days
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2500 or 5000 nM of GANT-61 and 50 or 100 nM of ZEN-
3365, the combinations of both substances or the solvent 
control. The GLI reporter activity was measured after 24 h. 
The combination of GANT-61 with ZEN-3365 resulted in a 
significantly decreased GLI reporter activity in all analyzed 
cell lines. While this effect was only observed for the low 
GANT-61 concentration in MV4-11 (Fig. 2a), the combina-
tions of all concentrations led to a significantly reduced GLI 
reporter activity in MOLM13, Kasumi-1, and HL60 cells 
compared to GANT-61 treatment alone (Fig. 2b–d).

The combination of ZEN‑3365 and GANT‑61 results 
in decreased leukemic proliferation

Next, the influence of the ZEN-3365 and GANT-61 com-
bination on the growth and survival of AML cells was 
investigated in proliferation assays. The combination of 5 
or 10 µM GANT-61 with 100 or 200 nM ZEN-3365 led to 
a significantly reduced growth of the AML cell lines MV4-
11, HL60, KG-1, MOLM13, Kasumi-1, and OCI-AML3 in 
comparison to GANT-61 treatment alone (Fig. 3a–f). Fur-
thermore, primary AML blasts from nine newly diagnosed 
AML patients were also analyzed for their response to the 
ZEN-3365 and GANT-61 combination. Figure 3g shows the 
average proliferation rate of all tested primary AML samples 
on day 4 under treatment of 100 and 200 nM ZEN-3365 in 

combination with 5 and 10 µM GANT-61, resulting also in 
a significant decrease of viable cells.

Inhibition of GLI signaling via ZEN‑ 3365 
and GANT‑61 decreases the progenitor capacities 
of AML cell lines

Subfractions of AML cell lines have the potential to develop 
colonies in semisolid methylcellulose medium, comparable 
to hematopoietic stem and progenitor cells. The number of 
colonies is proportional to the size of the subfraction with 
progenitor capacities. Since HH signaling is regulating the 
development, maintenance, and expansion of leukemic stem 
cells [16], we analyzed the effect of the combined GANT-61 
and ZEN-3365 treatment with MV4-11, MOLM13, OCI-
AML3, and HL60 cells in colony formation assays. As 
shown in Fig. 4a–d, single treatments with 5 µM GANT-61 
and 0.1 µM ZEN-3365 led to a significantly reduced colony 
number compared to solvent controls (Fig. 4a–d). The com-
bination of both drugs showed significant less colonies in 
comparison to ZEN-3365 only for OCI-AML3 (Fig. 4c).

Discussion

In the last decade, numerous new treatment strategies for 
AML were developed, representing a significant advantage 
in the therapeutic options for leukemic patients. However, 

Fig. 2   Combinatorial treatment 
of AML reporter cell lines 
with ZEN-3365 and GANT-
61 decreases GLI reporter 
activity in vitro. a MV4-11, b 
MOLM13, c Kasumi-1, and 
d HL60 reporter cell lines 
were treated with 2500 or 
5000 nM GANT-61 and 50 nM 
or 100 nM ZEN-3365 for 24 h. 
Significance calculated against 
GANT-61 single treatment, 
*p < 0.05, **p < 0.01, and 
ns = not significant
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emergence of resistant clones enables the clinical recurrence 
of the disease, leading frequently to fatal outcome for the 
individual patient [1]. A key driver of disease development 
is the leukemic stem cell (LSC) population in AML that 
plays a critical role in pathogenesis, progression, and resist-
ance against chemotherapy. The identification of LSCs and 
their role in AML pathogenesis and treatment failure put 
them into focus of research to identify new agents that can 
eradicate the LSC population and consequently the AML 
disease [17]. An interesting target for LSC eradication is 
the components of the HH signaling pathway, a highly con-
served pathway that is known to play a key role in LSC 

maintenance and expansion [18]. GLI represents a down-
stream transcription factor family, activated by both, the 
canonical and the non-canonical HH signaling cascade [19]. 
GLI overexpression was reported for LSCs and treatment 
with GANT-61 induced apoptosis in combination with cyta-
rabine and rapamycin [20, 21]. However, clinical application 
of GANT-61 is difficult since micromolar concentrations are 
required, leading to higher toxicity and halflife time is short 
because of rapid hydrolyzation. New direct GLI antagonists 
like glabrescione B or 8-hydroxyquinoline from Dash et al. 
represent more promising compounds for clinical testing 
[22].

Fig. 3   ZEN-3365 and GANT-
61 present antiproliferative 
effects. GANT-61 (5 or 10 μM) 
and ZEN-3365 (100 or 200 nM) 
inhibit cell proliferation over 
7 days for a MV4-11, b HL60, c 
KG-1, d MOLM13, e Kasumi-1, 
and f OCI-AML3. g Combi-
natorial treatment of primary 
AML sample with GANT-61 (5 
or 10 M) and ZEN-3365 (100 
or 200 nM) leads to a decreased 
cell proliferation after 4 days. 
Significance calculated against 
GANT-61 treatment alone, 
*p<0.05, **p<0.01, and ns=not 
significant
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Here, we show for the first time that the BRD4 inhibitor 
ZEN-3365 can reduce the activity of the Hedgehog signaling 
cascade through inhibition of the GLI transcription factors in 
AML cells. Furthermore, the combined treatment of AML 
cells with ZEN-3365 and GANT-61 resulted in significantly 
reduced cell growth and colony formation capacity com-
pared to the single-agent treatment, leading to the conclusion 
that BRD4 inhibition with ZEN-3365 represents a promising 
strategy for rational combinatorial AML therapy.

BRD4, a part of the BET protein family, is known as 
an epigenetic reader for acetylated histones and regulates 
global transcription [10]. In AML, it was identified as a 
modifier of c-Myc expression in MLL-rearranged leukemia 

in a functional genomics screening, representing a criti-
cal factor for disease maintenance [23]. The anti-leukemic 
effects of BET protein inhibition could also be confirmed in 
non-MLL-arranged AML subtypes in several in vitro studies 
[24, 25]. Interestingly, JQ1, an pharmacological inhibitor of 
BRD4, is able to delay disease progression in AML-bearing 
mice at doses that showed only minimal effects on normal 
hematopoiesis [23]. Furthermore, JQ1 has the potential to 
decrease the number of leukemic stem and progenitor cells 
which is important to reduce the risk of relapse [23]. The 
treatment of multiple myeloma cells with the BRD4 inhibi-
tor JQ1 resulted in the loss of BRD4 at the majority (90%) of 
promoters and more than half (60%) of the enhancer regions 

Fig. 4   The colony formation 
potential of AML cell lines is 
decreased under single or com-
binatorial treatment. a MV4-11, 
b MOLM13, c OCI-AML3, 
and d HL60 were treated with 
5 μM GANT-61 and 0.1 μM 
ZEN-3365 or in combina-
tion and cultured in methocult 
medium for one week. Colony 
numbers were counted with an 
inverted microscope. *p<0.05, 
**p<0.01, and ns=not signifi-
cant
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with a preferential loss of BRD4 at super-enhancers of key 
oncogenic drivers such as c-MYC [26]. Interestingly in glio-
blastoma multiforme, GLI2 was among the super-enhancer-
associated genes [26]. Furthermore, several hematopoietic 
transcription factors (ERG, FLI1, PU.1, C/EBPa, C/EBPb, 
MYB) use the lysine acetyltransferase p300 as coactivator 
for the recruitment of BRD4. Interestingly, p300 is also 
involved in the regulation of the GLI transcription factors 
as it can acetylate GLI1 and GLI2 thereby decreasing the 
GLI activity [27, 28].

Previous studies have shown that BET inhibitors such 
as OTX015 attenuate the mRNA and protein expression of 
several oncogenes including c-MYC, BCL-2, or CDK6 on 
the one hand and induce cell differentiation via induction 
of p21 or HEXIM1 [29–31]. At present, the BRD4 inhibi-
tors PLX51107, OTX015, and GSK525762 are evaluated 
in clinical trials for refractory/relapsed AML. But despite 
promising preclinical tests, their efficacy for AML treatment 
as single agents is modest [12].

Therefore, several combinations of BET inhibitors with 
other targeted therapies have been investigated. Saenz et al. 
described synergistic effects when combining BET inhibi-
tors with the Jak2 inhibitor ruxolitinib in post-MPN sAML 
cells [30, 31]. Furthermore, these post-MPN sAML cells 
show a higher sensitivity to PROTAC (proteolysis-target-
ing chimera) ARV-825 compared to normal hematopoietic 
stem and progenitor cells, enabling an important window of 
therapy [31]. Most recently, Latif et al. reported enhanced 
toxicity of BETi and MDM2i in AML cells and in vivo 
mouse models [11]. The combination of BRD4 and MDM2 
inhibition leads to an increase of p53 activation and its pro-
apoptotic functions.

Increased anti-leukemic effects have also been observed 
upon combination of BET inhibitors with FLT3 kinase 
inhibitors in FLT3-mutated AML cells [32]. In our previ-
ously published work, we could identify a non-canonical link 
between FLT3 signaling and the activation of the Hedgehog 
transcription factors GLI1 and GLI2 [6, 7]. The occurrence 
of FLT3 mutations was correlated with high expression of 
GLI1 and GLI2 and the combined treatment of FLT3 sign-
aling inhibitors and GANT-61 resulted in increased anti-
leukemic effects. Hence, the high response rates of FLT3-
mutated AML cells to BET inhibitors might in part be due 
to the FLT3-mediated GLI activation in this AML subgroup.

In summary, AML is a heterogenous disease with aber-
ant regulations of numerous pathways referable to genetic 
or epigenetic abnormalities. Among them, the HH sign-
aling pathway represents a promising target for cancer 
therapy, especially the downstream transcription factors 
of the GLI family. Our results emphasize that the specific 
inhibition of BRD4 by ZEN-3365 leads to a decrease of 
GLI expression and a downregulation of HH signaling, 

resulting in a decrease of proliferation and colony forma-
tion potential. Future in vivo studies have to confirm our 
findings, proving the promising anti-leukemic potential of 
ZEN-3365 as a single drug but also in combination with 
other chemotherapeutic applications.
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