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Abstract

In most patients with chronic myeloid leukemia (CML) clonal cells can be kept under
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control by BCR::ABL1 tyrosine kinase inhibitors (TKI). However, overt resistance or
intolerance against these TKI may occur. We identified the epigenetic reader BRD4
and its downstream-effector MYC as growth regulators and therapeutic targets in
CML cells. BRD4 and MYC were found to be expressed in primary CML cells,
CD34%/CD38  leukemic stem cells (LSC), and in the CML cell lines KU812, K562,
KCL22, and KCL22™3%', The BRD4-targeting drug JQ1 was found to suppress prolif-
eration in KU812 cells and primary leukemic cells in the majority of patients with
chronic phase CML. In the blast phase of CML, JQ1 was less effective. However, the
BRD4 degrader dBET6 was found to block proliferation and/or survival of primary
CML cells in all patients tested, including blast phase CML and CML cells exhibiting
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1 | INTRODUCTION

Chronic myeloid leukemia (CML) is a stem cell-derived hematopoietic
neoplasm defined by the balanced chromosome translocation
(9;22).272 The resulting fusion gene, BCR::ABL1, encodes a 210 kDa
oncoprotein (BCR::ABL1) that serves as a driver of disease initiation
and evolution. BCR::ABL1 exhibits constitutive tyrosine kinase (TK)
activity and triggers a series of downstream signaling pathways and
molecules, leading to subsequent expression of survival factors and
cell cycle regulators.>™® These growth regulators and signaling cas-
cades are supposed to act together to drive disease evolution and
proliferation of neoplastic cells in patients with CML.

The BCR:ABL1 TK inhibitor (TKI) imatinib remains a gold-
standard in the treatment of CML.*® Indeed, most patients with
chronic phase (CP) CML achieve a complete cytogenetic response
(CCyR) and enter long-term disease-free survival when being treated
continuously with imatinib.*~” However, in a substantial subset of
patients, resistance or intolerance against imatinib occurs.212 In these
cases, mutations in BCR::ABL1 and/or in other relevant genes are
known underlying causes of imatinib resistance in leukemic (stem)
cells.?~*? Imatinib-resistant patients may respond to a second- or
third-generation BCR::ABL1 TKI, such as nilotinib, dasatinib, bosutinib,
or ponatinib.*®=2° Several of these patients even enter continuous
CCyR.1>1% However, in other patients, resistance against second-
generation BCR::ABL1 TKI develops.>® A particular problem is the
T315I mutation in BCR::ABL1. This mutant mediates resistance against
most BCR::ABL1 TKI, except ponatinib and asciminib.’®"22 However,
in advanced CML, neoplastic cells may even be resistant against pona-
tinib or asciminib, especially when these cells exhibit complex molecu-
lar aberration-patterns or BCR:ABL1 compound mutations.>> 2% In
addition, BCR::ABL1-independent pathways and molecules or niche-
related factors may trigger growth and survival of leukemic stem cells
(LSC) in CML and thereby contribute to drug resistance.?®"?® There-
fore, novel therapeutic targets and strategies are currently developed
for the treatment of advanced CML to overcome resistance.?8-3°

During the past few years, several chromatin regulators have
emerged as potential targets of human malignancies.®*~3® One prom-
ising class of targets are bromodomain-containing proteins.>>3* We
have identified the “epigenetic reader” bromodomain-containing pro-

tein 4 (BRD4) as a new therapeutic target in acute myeloid leukemia

the T315I variant of BCR::ABL1. Moreover, dBET6 was found to block MYC expres-
sion and to synergize with BCR::ABL1 TKI in inhibiting the proliferation in the
JQ1-resistant cell line K562. Furthermore, BRD4 degradation was found to overcome
osteoblast-induced TKI resistance of CML LSC in a co-culture system and to block
interferon-gamma-induced upregulation of the checkpoint antigen PD-L1 in LSC.
Finally, dBET6 was found to suppress the in vitro survival of CML LSC and their
engraftment in NSG mice. Together, targeting of BRD4 and MYC through BET degra-
dation sensitizes CML cells against BCR::ABL1 TKI and is a potent approach to over-

come multiple forms of drug resistance in CML LSC.

(AML).34%% |n addition, we and others have shown that expression of
MYC is regulated by BRD4 as well as by BRD4-independent pathways
in leukemic cells, and that re-activation of MYC expression through

the WNT-pathway s
36,37

associated with resistance against
BRD4-targeting drugs.

The present study aimed to explore whether CML cells express
BRD4 and MYC and whether these antigens would serve as “drug-
gable” targets in these patients. In addition, we asked whether BRD4/
MYC-inhibition is able to overcome multiple forms of LSC resistance

in CML.

2 | MATERIALS AND METHODS

21 | Reagents

Reagents are described in Appendix S1. The BRD4-targeting drugs
dBET1 and dBET6 which induce degradation of BRD4, were either
purchased or produced in-house as described.38%?

2.2 | Celllines and isolation of primary CML cells
Cell lines used in this study were KU812, K562, KCL22, KCL22"33!
Ba/F3 cells with BCR:ABL1WT, Ba/F3 cells containing BCR:
ABL1™*! and CAL-72 cells. Primary CML cells were isolated from
peripheral blood (PB) or bone marrow (BM) using Ficoll. Patients' char-
acteristics are shown in Table S1. Magnetic cell sorting (MACS) was
performed to enrich CD34" cells and T cell-depleted mononuclear
cells (MNC). A detailed description is provided in Appendix S1.

2.3 | Detection of BRD4 and MYC in CML cells

Quantitative real-time polymerase chain reaction (QPCR) experiments
were performed on CML cell lines and primary CML cells, including
purified LSC essentially as reported.®>*®#! Primer sequences are
shown in Table S2. Immunocytochemistry (ICC) was performed on cell
lines and primary CML cells essentially as described.>>***! Immuno-

histochemistry (IHC) was performed on patient-derived BM biopsy
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specimens following published protocols.3>4%4! Antibodies used in
ICC and IHC experiments are shown in Table S3. Western blot experi-
ments were performed essentially as reported.** Technical details are

provided in Appendix S1.

24 | Knockdown of BRD4 and MYC in CML cells
KU812 and K562 cells were transduced with short hairpin RNAs
(shRNAs) targeting BRD4 or MYC as described.*®*! Details are pro-
vided in Appendix S1. shRNA sequences are shown in Table S4.

2.5 | 3H-thymidine uptake experiments and
evaluation of apoptosis in CML cells

CML cells were incubated in medium with or without JQ1, dBET1,
dBET6, or OTX-015 for 48 hours (h). Thereafter, *H-thymidine uptake
was measured and/or Annexin V staining experiments (for determin-
ing apoptosis) were performed essentially as described.®>4%41 A

detailed description of methods is provided in Appendix S1.

2.6 | Mouse xenotransplantation experiments
Primary CML cells (CD347 cells from 2 CP patients and T cell-
depleted MNC from one patient with blast phase [BP] CML) were
pre-incubated in medium containing JQ1 (1 pM) or dBET6 (1 pM) at
37°C for 4 h, and were then injected into the tail veins of NOD.Cg-
Prkdc*c® 112rg"™ Wi (NSG) mice (BP) or NSGscr mice (CP). After a maxi-
mum period of 10 weeks (BP) or 6 months (CP), engrafted cells were
obtained from the BM of NSG/NSGscr mice and analyzed by flow
cytometry. A detailed description is provided in Appendix S1.

2.7 | Co-culture experiments with osteoblast-like
cells and CML cells

Primary osteoblasts or the osteoblast-like osteosarcoma cell line CAL-
72 were co-cultured with primary CML cells (LSC) or with the cell
lines K562 or KU812. Drug-induced apoptosis was examined by flow
cytometry. A detailed description of methods is provided in
Appendix S1.

2.8 | Evaluation of expression of resistance-related
checkpoint molecules on CML LSC

To examine whether BRD4-targeting drugs counteract interferon-
gamma (IFN-G)-induced expression of PD-L1 and other checkpoint-
molecules on CML cells, flow cytometry experiments were
performed. A detailed description of methods is provided in
Appendix S1.

29 | Statistics
To determine significance, the two-tailed paired or unpaired Student's
t-test was applied, unless otherwise stated. Results were considered

significant when p < .05.

3 | RESULTS

3.1 | CML cells express BRD4 and MYC

As assessed by ICC and IHC, primary CML cells expressed substantial
amounts of BRD4 and MYC in most patients examined without major
differences in staining intensity when comparing CP and BP samples
(Figure 1A,B). The CML cell lines tested (KU812, K562) were also
found to express BRD4 and MYC (Figure S1A). BRD4 was detected in
the nuclei as well as in the cytoplasm of CML cells (Figure 1A,B and
Figure S1A). In gPCR experiments, BRD4 mRNA and MYC mRNA
were detected in primary CML cells, KU812, K562 (Figure S1B,C),
highly purified CD34"/CD38~ CML LSC, and CD34"/CD38" CML
progenitors (Figure 1C).

3.2 | BCR:ABL1 TKI downregulate MYC
expression in CML cells

To investigate whether MYC expression is BCR::ABL1-dependent,
KU812, K562, KCL22, and KCL22™*%' cells were incubated with
BCR::ABL1 TKI. As determined by gPCR, imatinib, nilotinib, dasatinib,
bosutinib, and ponatinib decreased the expression of MYC mRNA
levels in KU812 cells and K562 cells (Figure S2A). Furthermore, all TKI
were found to suppress expression of the MYC protein in these cells
(Figure S2B). With the exception of imatinib, all the TKI tested also
decreased MYC mRNA and protein expression levels in KCL22 cells,
and, as expected, only ponatinib suppressed the expression of MYC
mRNA and protein levels in KCL22™*' cells (Figure S2A,B). More-
over, BCR::ABL1 TKI also slightly decreased BRD4 mRNA levels in
KU812 cells and K562 cells, but such effects were not observed in
KCL22 or KCL22™3*! cells (Figure $2C). To define signaling pathways
downstream of BCR:ABL1, we applied drugs targeting MEK
(refametinib = RDEA119, PD0325901, trametinib) or PI3-kinase and
mTOR (BEZ235). Whereas the MEK inhibitors suppressed the expres-
sion of MYC in KU812 and K562 cells, BEZ235 did not modulate
MYC expression in these cells (Figure S2D).

3.3 | BRD4 and MYC regulate growth of CML cells
In cell-mixing experiments, shRNA against BRD4 and shRNA against
MYC were found to counteract growth of KU812 and K562 cells
(Figure S3A,B). The shRNA-induced knockdown of BRD4 or of MYC
resulted in a “growth-disadvantage” compared to non-transfected

cells whereas no effects were seen with a control shRNA (Figure S3A,
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FIGURE 1 Expression of BRD4 and MYC in CML cells. (A) Immunocytochemical evaluation of BRD4 and MYC expression in primary CML

MNC isolated from 2 patients with CML in chronic phase (CP) and 2 patients with CML blast phase (BP) was performed using a polyclonal
antibody against BRD4 and a monoclonal antibody directed against MYC. Original magnification, x 100. (B) Immunohistochemical detection of
BRD4 (left panels) and MYC (right panels) in CML in bone marrow biopsy sections in 2 patients with CML CP and 2 patients with CML

BP. Original magnification, x 60. Slides were investigated using an Olympus DP21 camera connected to an Olympus BX50F4 microscope
equipped with x60/0.90 UPlanFL (IHC) or x100/1.35 UPlanAPO (Qil Iris; ICC) objective lenses. Images were adjusted by Adobe Photoshop CS5.
C: gPCR was performed using sorted CD34"/CD38"% and CD34%/CD38™ cells from patients with CP CML (n = 3). Results are expressed as
BRD4 and MYC mRNA levels relative to (as percent of) GAPDH mRNA levels and represent the mean + SD from three independent experiments.

[Color figure can be viewed at wileyonlinelibrary.com]

B). Knockdown of BRD4 and MYC expression was confirmed by gPCR
(Figure S3A,B).

3.4 | Effects of BRD4-targeting drugs on
proliferation of CML cells

JQ1 was found to inhibit 3H-thymidine uptake and thus proliferation of
KU812 cells, with ICsq values of 0.25-0.75 pM (Figure 4A). By contrast,
no substantial growth-inhibitory effects of JQ1 were seen in K562 cells
(ICs0 > 5 uM) (Figure 4A). We were also able to show that JQ1 inhibits
the growth of primary MNC obtained from patients with CML. How-
ever, ICsq values were found to vary among patients, ranging between
0.01 and 5 uM (Figure 2AB, Table S5), and similar growth-inhibitory
effects on CML cells were seen with OTX-015 (Figure S4B,C and
Table S5). In most BP/AP CML samples tested, JQ1 did not exert major
growth-inhibitory effects (Figure 2B, Table S5). By contrast, in the
majority of the CML CP samples tested (18/23) leukemic cells were
JQ1-sensitive (ICs5o: <750 nM) (Figure 2A,B, Table S5). Previously pub-
lished data suggest that the BRD4 degraders dBET1 and dBET6 are
more potent BRD4-targeting drugs than JQ1.2%°%% We found that
dBET1 and dBETé inhibit proliferation of primary CML MNC, including
BP cells. In all samples tested, lower ICsq values were obtained with
dBET6 compared to JQ1 (Figure 2B, Table S5). We also found that
dBETé inhibits proliferation of K562 and KU812 cells (Figure 2C). How-
ever, dBET1 did not exert substantial growth-inhibitory effects in these
cells (Figure 2C). In addition, KCL22™3*' cells and the parental cell line

KCL22 were found to be resistant against JQ1, whereas JQ1 sup-
pressed the proliferation of Ba/F3 BCR:ABL1WT and Ba/F3 BCR:
ABL1T3* cells (Figure 2C). dBET6 was found to inhibit proliferation in
all these cell lines, whereas no substantial growth-inhibitory effects
were observed with dBET1 (Figure 2C).

3.5 | Effects of BRD4-targeting drugs on survival
of CML cells

In Annexin V staining experiments, JQ1 induced apoptosis in KU812
cells in a dose-dependent manner (Figure 2D). By contrast, JQ1 was
not able to induce substantial apoptosis in K562, KCL22 or
KCL22™3*! cells (Figure 2D). Similar results were obtained with OTX-
015 in KU812 cells and K562 cells (Figure S5). dBET1 also failed to
induce apoptosis in all CML cell lines at pharmacologically meaningful
concentrations (Figure 2D). By contrast, dBETé6 induced apoptosis in
KU812, K562, KCL22, and KCL22™* cells (Figure 2D).

3.6 | HOXB4 and CCND2 mRNA are preferentially
expressed in JQ1-resistant cell lines and JQ1-resistant
primary CML cells

To explore mechanisms underlying JQ1 resistance, we compared mRNA
expression levels of MYC and BRD4 as well as HOXB4 and CCND2 in
JQ1-sensitive KU812 cells and JQ1-resistant K562, KCL22, and
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FIGURE 2
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Effects of BET inhibitors/degraders on proliferation and survival of CML cells. (A) Primary chronic phase (CP) CML mononuclear

cells (MNC; n = 4) were incubated in control medium (Co) or various concentrations of JQ1 at 37°C for 48 h. (B) MNC of 3 patients with CML CP
(upper panel) and 3 with CML blast phase (BP, lower panel) were incubated in control medium (Co) or in various concentrations of JQ1, dBET1, or
dBETé for 48 h. (C) KU812, K562, KCL22, KCL22™*' Ba/F3 BCR:ABL1"" or Ba/F3 BCR::ABL1"™3**' were incubated in control medium (Co) or
various concentrations of JQ1, dBET1 or dBETé for 48 h. Then, >H-thymidine uptake was measured. Results in “A and B” represent the mean

+ SD from triplicates. Results in “C” are expressed as percent of control and represent the mean + SD from at least four independent
experiments. Asterisk: p < .05 compared to Co. D: KU812, K562, KCL22, and KCL22"3%! cells were incubated in control medium (Co) or various
concentrations of JQ1, dBET1 and dBET6 for 48 h. Thereafter, Annexin V postitive cells (%) were analyzed by flow cytometry. Results represent
the mean + SD from three independent experiments. Asterisk: p < .05 compared to Co.

KCL22™ cells. No major differences in expression of BRD4 and MYC
mRNA levels were found in JQ1-resistant versus JQ1-sensitive cell lines.
By contrast, whereas HOXB4 and CCND2 mRNA levels were not detect-
able in JQ1-sensitive KU812 cells, these WNT-pathway targets were
expressed in the JQ1-resistant cell lines K562, KCL22, and KCL22™*
(Figure S6A). Moreover, higher HOXB4 and CCND2 mRNA levels were
detected in leukemic cells obtained from CML BP/AP patients compared
to cells obtained from CML CP patients (Figure S6B). CCND2 and HOXB4
mRNA levels were also overexpressed in primary CML cells obtained from
TKiI-resistant patients compared to CML cells obtained from TKI-naive
patients (Figure S6C). Finally, we were able to demonstrate that
JQ1-resistant primary CML cells (ICso. JQ1 > 750 nM) express higher
MYC, CCND2, and HOXB4 mRNA levels compared to JQ1-sensitive CML
cells (ICso: <750 nM) (Figure S6D). These data confirm the important role

of WNT signaling in BET inhibitor resistance in leukemic cells.>¢%”

3.7 | Effects of BET inhibition on survival of
primary CML LSC

JQ1 produced only little if any apoptosis in CD341/CD38~ CML LSC
suggesting that these cells are resistant (Figure 3A). However, the
BET degraders dBET1 and dBET6 induced substantial apoptosis in
CML LSC (Figure 3A). As expected, dBET6 was a more potent inhibi-
tor of LSC survival compared to dBET1. Notably, dBET6 induced apo-
ptosis in CML LSC in all samples tested, including one patient with BP
(Figure 3A). Moreover, dBET6 induced apoptosis in CML LSC
obtained from patients with TKI-resistant CML exhibiting BCR::ABL1
T315l or BCR:ABL1 F317L (Figure 3B). dBET1 and dBET6 also
induced apoptosis in normal CD34"/CD38~ bone marrow (BM) stem
cells with slightly lower potency at 100 nM dBETé6 compared to LSC
(Figure 3C).
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FIGURE 3 Effects of JQ1, dBET1 and dBETé on survival and engraftment of CML LSC. (A) Primary CML MNC from three patients with CML
CP and one with CML BP were incubated with various concentrations of JQ1, dBET1, or dBET6 at 37°C for 48 h. LSC were defined as CD34"/
CD38™ cells and the percentage of Annexin V+ (apoptotic) cells were analyzed among DAPI-negative cells by flow cytometry. Results represent
the mean + SD from four independent experiments (left panel). The right panels show single experiments in individual CML samples. (B) Primary
CML MNC from three patients with BCR::ABL1 T315I+ CML (left panel) and one with BCR::ABL1 F317L+ CML (right panel) were incubated
with various concentrations of JQ1 or dBET6 for 48 h. Then, the percentage of Annexin V4 LSC (CD34"/CD38~) among DAPI-negative cells
(apoptotic LSC) were analyzed by flow cytometry. Results in the left panel represent the mean + SD from three independent experiments.

(C) Normal BM MNC were incubated with various concentrations of JQ1, dBET1, or dBET6 at 37°C for 48 h. Thereafter, normal stem cells were
defined as CD341/CD38™ cells and the percentage of Annexin V positive cells (apoptotic cells) were analyzed among DAPI-negative cells by flow
cytometry. Results represent the mean = SD from three independent experiments. (D) CD34" CML CP cells were incubated in medium with
DMSO (0.01%), 1 M JQ1 or 1 uM dBET6 at 37°C for 4 h. Thereafter cells were harvested, washed and injected i.v. into NSGscr mice. After a
maximum period of 6 months mice were sacrificed. BM was flushed and engraftment of human myeloid CD45"/CD33"/CD19 " cells determined
by flow cytometry. Results are expressed as percentage of human engrafted myeloid cells and represent the mean * SD from 4 to 5 mice per
group. Asterisk: p < .05 compared to DMSO. E: T-cell-depleted CML BP MNC were incubated in medium containing DMSO (0.01%), 1 uM JQ1 or
1 uM dBET6 for 4 h. Then, cells were harvested, washed and injected i.v. into NSG mice. After 10 weeks mice were sacrificed. BM was flushed
and engraftment of human CD45™" cells determined by flow cytometry. Results are expressed as percentage of human engrafted cells (CD45™)
and represent the mean + SD from 3 to 5 mice per group. Asterisk: p < .05 compared to DMSO.

3.8 | Degradation of BRD4 inhibits the ability of BRD4 degradation by dBETé is a potent approach to eliminate
CML LSC to engraft in NSG mice CML LSC.

We next examined whether JQ1 and dBET6 interfere with engraft-

ment of CML LSC in NSGsce mice (CP CML) or NSG mice (BP 3.9 | Effects of BRD4-targeting drugs on

CML). Whereas pre-incubation with JQ1 did not interfere substan- expression of MYC in CML cells

tially with engraftment of CP CML cells (at 6 months) or BP CML

cells (at 10 weeks), dBET6 was found to block engraftment of JQ1 was found to decrease the expression of MYC mRNA in KU812
CML LSC in all experiments (Figure 3D,E). These data suggest that cells (Figure S7A). Surprisingly, JQ1 also downregulated MYC mRNA
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FIGURE 4 Effects of JQ1 on niche-induced TKI-resistance of CML cells and IFN-G-induced upregulation of PD-L1. (A) and (B) KU812 cells and

K562 cells were incubated in control medium (Control) or medium plus nilotinib (50 nM for KU812 cells, 100 nM for K562), ponatinib (10 nM), JQ1

(1 pM for KU8B12 and 2.5 pM for K562) or a combination of JQ1 and these TKI in the absence (Control) or presence (Coculture) of CAL-72 cells at
37°C for 48 h. Thereafter, Annexin V+ cells were quantified among DAPI-negative cells by flow cytometry. Results are expressed as Annexin V+ cells
(%) and represent the mean * SD from three experiments. Asterisk: p < .05 compared to TKI-treated cells in co-culture. C and D: Primary CML CP
MNC were incubated in medium (+0.05% DMSO), nilotinib (5000 nM), ponatinib (500 nM), JQ1 (2500 nM), dBET6 (100 nM) or drug combinations
(TKI + BET inhibitors) in the absence (Control) or presence (Coculture) of CAL-72 cells (C) or primary osteoblasts (D) for 48 h. Thereafter, the
percentages of CD34/CD38~/Annexin V+ cells were measured among DAPI-negative cells by flow cytometry. Results are expressed as Annexin V+
cells (%) and represent the mean + SD from four independent experiments. Asterisk: p < .05 compared to TKI-treated LSC in co-culture. E: Primary
CML CP MNC were incubated in control medium (Co) or medium containing 200 U/mL IFN-G in the absence or presence of JQ1, dBET1 or dBET6 for
24 h. Then, CD34%/CD38 LSC were analyzed for PD-L1 expression by flow cytometry. Results are expressed as MFI (mean fluorescence intensity) in
percent of control (Co without IFN-G) and represent the mean + SD from 3 (left panel) or 5 (right panel) independent experiments. Asterisk: p < .05
compared to IFN-G treated control. [Color figure can be viewed at wileyonlinelibrary.com]

expression in K562 cells as well as KCL22 and KCL22™* cells, although
JQ1 did not induce growth-inhibition in these cells (Figure S7A). More-
over, JQ1 decreased the expression of the MYC protein in K562, KCL22,
KCL22™315! and KU812 cells (Figure S7B,C). Corresponding results were
obtained with OTX-015 in KU812 and K562 cells (Figure S7D). JQ1 was
also found to downregulate MYC in primary CML cells (Figures S7E,F).
Finally, dBET1 and dBETé6 decreased expression of MYC mRNA and pro-
tein in all cell lines tested (Figure S7A,C).

3.10 | BRD4-targeting drugs synergize with BCR::
ABL1 TKI in inhibiting the proliferation of CML cells

Next, we asked whether BRD4-targeting drugs can augment the effects
of BCR::ABL1 TKI on CML cells. We found that JQ1 synergizes with all
TKI in producing growth inhibition in KU812 cells (Figure S8A). Moreover,
combined targeting by JQ1 and BCR::ABL1 TKI was found to overcome
resistance against JQ1 in K562 cells (Figure S8A). Synergistic growth-
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inhibitory effects in CML cell lines were also obtained when combining
OTX-015 with BCR::ABL1 TKI (Figure S8B). Furthermore, we were able
to demonstrate synergistic anti-neoplastic effects of JQ1 and BCR::ABL1
TKI in primary CML cells (Figure S8C). In addition, dBET6é was found to
synergize with BCR::ABL1 TKI in producing growth inhibition in K562
cells (Figure S8D). Moreover, we were able to demonstrate that dBETé
synergizes with ponatinib in producing growth inhibition in KCL22™>
cells (Figure S8E). Previous data suggested that combined inhibition of
MEK, ERK-, and MYC leads to cooperative growth-inhibitory effects in
CML cells.*? Therefore, we asked whether combined targeting of MEK
and MYC would result in synergistic anti-neoplastic effects. Indeed, our
data show that combined inhibition of MEK and MYC leads to synergistic
growth-inhibitory effects in KU812 cells (Figure S9A,B). By contrast, no
synergistic effects were observed when combining JQ1 with MEK inhibi-
tors in the JQ1-resistant cell line K562 (not shown).

3.11 | BRD4-targeting drugs override niche-
mediated TKI resistance in CML cells

In the absence of osteoblasts, nilotinib and ponatinib induced apoptosis
in KU812, K562, and primary CML LSC in most donors (Figure 4A-D).
When cultured in the presence of CAL-72 cells (osteoblast-like osteosar-
coma cell line) the effects of nilotinib and ponatinib on survival of
KU812, K562, and CML LSC were no longer demonstrable suggesting
niche-induced resistance (Figure 4A-C). Addition of JQ1 partly restored
the TKI effects in K562 cells, and completely restored TKI effects in
KU812 cells in our co-culture system (Figure 4A,B). However, unexpect-
edly, JQ1 was unable to restore TKI effects in primary LSC in these co-
cultures (Figure 4C). We next applied dBET6. As shown in Figure 4C,
dBET6 was able to overcome osteoblast-induced resistance against nilo-
tinib and ponatinib in primary CML LSC. We also examined drug effects
in co-cultures containing primary osteoblasts. Again, osteoblasts
were found to induce resistance in primary CML LSC, and dBET6
(but not JQ1) was found to overcome niche-induced resistance
(Figure 4D). dBET6 did not induce apoptosis in CAL-72 cells in the
presence or absence of CML LSC (Figure S10A) and, correspond-
ingly, no growth-inhibitory effects of 100 nM dBET6 were seen in
CAL-72 cells (Figure S10B). To study the mechanism of resistance
induced by CAL-72 cells in more detail, we analyzed mRNA levels
of MYC, BRD4, and WNT signaling molecules in KU812 and K562
cells in the absence or presence of CAL-72 cells by gPCR. How-
ever, we did not find major differences in expression levels of
MYC, BRD4, HOXB4, and CCND2 mRNA when comparing purified
CML cells (KU812, K562) obtained from cultures prepared with or
without additional CAL-72 cells (Figure S11).

3.12 | BET-targeting drugs inhibit interferon-
gamma (IFN-G)-induced expression of PD-L1 in
CML LSC

Finally, we examined resistance-related molecules, including CD47
(IAP), CD243 (MDR-1), and CD274 (PD-L1) on CML LSC. Untreated

CML LSC expressed CD47 and PD-L1, but did not express MDR-1
(Table Sé). After incubation with IFN-G, CML LSC expressed higher
levels of PD-L1 (Figure 4E, Table Sé). JQ1 and both BET degraders sup-
pressed IFN-G-induced expression of PD-L1 in these cells (Figure 4E).
By contrast, the BET inhibitors did not alter the expression of CD47 or
MDR-1 in CML LSC (Figure S12). IFN-G failed to induce expression of
CD47 or MDR-1 in CML cells (Figure S12, Table Sé). Other checkpoint
molecules, including CD28 (TP44), CD86 (B7-2), CD273 (PD-L2),
CD279 (PD-1), and CD366 (TIM3) were not detected on resting or
IFN-G-exposed CML LSC (Table Sé) and IFN-G failed to induce expres-
sion of any of these checkpoint molecules in KU812 or K562 cells
(Table Sé).

4 | DISCUSSION

In most patients with Ph CML the disease can be kept under control
with imatinib or with second- or third generation BCR::ABL1
TKI4-1618-20 However, despite the availability of novel potent TKI,
many patients develop resistance and progress to AP and BP which
remains a challenge in clinical hematology. One critical point is that
CML LSC exhibit multiple forms of drug resistance.242843-4> During
the past few years, a number of attempts have been made to detect
novel promising therapeutic targets in CML (stem) cells and to over-
come TKI resistance with new drugs.?”~*° We here show that the epi-
genetic reader BRD4 and its downstream effector MYC are expressed
in CML cells, including LSC, and that both targets mediate cell growth
and LSC resistance in CML cells. Moreover, we provide evidence that
the next generation BRD4 degrader dBET6 overcomes multiple forms
of drug resistance in CML LSC.

We and others have shown that BRD4 is expressed in neoplastic
cells and serves as a therapeutic target in AML.343% |n this study, we
show that BRD4 is expressed in CML cells, including CML cell lines
and primary CML cells. However, the levels of BRD4 mRNA varied in
the CML cell lines examined, with higher levels found in KU812 com-
pared to K562 and KCL22 cells. As expected, the BRD4-downstream
target MYC was expressed in primary CML cells and in all CML cell
lines tested, with higher MYC mRNA levels found in KU812 cells than
in K562 cells.

So far, it is unknown how BRD4- and MYC-expression is regu-
lated in CML (stem) cells. We found that BCR::ABL1 TKI downregu-
late the expression of MYC mRNA in K562, KCL22, and KU812 cells.
As expected, only ponatinib, but not the other TKI tested, was found

273151 cells.

to downregulate expression of MYC mRNA levels in KCL2
These data suggest that BCR::ABL1 is involved in the regulation of
in CML cells. Next, we examined BCR:
ABL1-downstream molecules, including MEK and the PI3-kinase-
AKT-mTOR pathway.**™*® We found that several MEK inhibitors,
including refametinib and trametinib, decrease MYC expression in
CML cells whereas the PI3-kinase/mTOR blocker BEZ235 showed no

effects.

MYC expression

Previous data have shown that BRD4 serves as a novel therapeu-
tic target in AML34%% In the current study, we found that BRD4
shRNA induce growth-inhibition in KU812 and K562 cells and that
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the BRD4-targeting drugs JQ1 and OTX-015 suppress proliferation of
KU812 and primary CML cells. The effects of these drugs were dose-
dependent, but ICsq values varied from donor to donor, and in some
patients, CML cells appeared to be largely resistant. Interestingly,
CML cells obtained from CP CML patients usually showed a good
response, whereas in a majority of patients with BP, leukemic cells
appeared to be resistant. Similarly, KU812, a cell line exhibiting multi-
lineage differentiation, showed a good response to JQ1, whereas no
effect of JQ1 was seen in the more immature cell line K562 as well as
in KCL22 and KCL22™*' cells.

So far, little is known about the mechanisms of resistance of leu-
kemic cells against BRD4 inhibitors.>®3” We found that KU812 cells
express higher levels of BRD4- and MYC mRNA compared to K562
cells. These data suggest that the increased sensitivity of KU812 cells
against JQ1 may be related to more abundant target expression. On
the other hand, the JQ1-resistant cell lines KCL22 and KCL22T3%!
cells also expressed substantial amounts of MYC. An alternative
explanation would be that K562 and KCL22 cells are more capable of
upregulating WNT signaling genes involved in rapid restoration of
MYC expression and thus resistance against JQ1.24%7 To test this
hypothesis, we examined two critical WNT pathway-associated genes,
HOXB4 and CCND2. The observation that these two genes were only
detectable in JQ1-resistant CML cell lines but not in KU812 cells con-
firm the hypothesis that the WNT pathway is involved in resistance
against JQ1. In line with this assumption, JQ1-resistant primary CML
cells displayed higher HOXB4 and CCND2 mRNA levels compared to
JQ1-responsive cells.

To overcome the resistance of CML cells against JQ1 and other
conventional BET inhibitors, we followed two strategies. First, we
applied drug combinations and found that JQ1 and OTX-015 exert syn-
ergistic growth-inhibitory effects on CML cells when combined with
BCR::ABL1 TKI. These effects were not only seen in KU812, but also in
JQ1-resistant K562 cells. In addition, we found that JQ1 and BCR::ABL1
TKI can produce cooperative growth-inhibitory effects in primary CML
cells. This is of particular interest as such novel agents, including birabre-
sib (OTX-015) are currently being tested for anti-neoplastic effects in
clinical trials in patients solid tumors, multiple myeloma, and acute leuke-
mia. In the context of CML, we believe that one reasonable approach
would be to examine the effects of these drugs alone and in combination
with BCR::ABL1 TKI in TKl-resistant non-transplantable patients or in
patients who have drug-resistant CML BP.

Next, we applied two BRD4 degraders, dBET1 and dBET6.3837
Both degraders were found to induce growth inhibition in
primary CML cells in all samples tested, including BP cells. In
these experiments, dBET6 was a more potent drug compared to
dBET1 or JQ1. A similar observation was made in various CML cell
lines. In all cell lines tested, dBET6 produced clear growth-
inhibitory effects whereas no substantial effects were seen with
dBET1. These data confirm previously published results on lym-
phatic leukemia cells.®? In this study, the differential anti-leukemic
potency of dBET1 and dBETé6 is explained by improved cellular
target engagement of dBETS, likely caused by elevated membrane

permeability.®?

A number of previous and more recent studies have shown that
LSC are a critical target of therapy.12#3-454950 | fact, drugs and drug
combinations may only exert curative effects when eliminating or
completely suppressing most or all LSC in a given neoplasm. There-
fore, we were interested to see whether BET-targeting drugs can
exert apoptosis-inducing effects on CD347/CD38 CML LSC. In a
first step, we applied JQ1 and found that this drug does not induce
apoptosis in LSC. However, the two BET degraders applied (dBET1
and dBETé) were found to induce apoptosis in CML LSC in vitro. In all
patients tested, dBET6 was the more potent drug. Apoptosis-inducing
effects of dBET6 on LSC were seen in patients with CP CML, BP
CML, and TKI-resistant CML cells expressing BCR:ABL1 T315I or
BCR::ABL1 F317L. These data suggest that dBET6 also overcomes
acquired, mutation-induced, resistance. Finally, pre-incubation of CML
cells with dBET6 resulted in an almost complete depletion of NSG-
engrafting LSC in CP samples and a major decrease in engraftment of
BP cells in NSG mice. Together, these data suggest that dBET6 is a
potent inhibitor of growth and survival of LSC.

A number of studies suggest that niche cells contribute to resis-
tance of CML LSC.285152 We found that primary osteoblasts and/or
the osteoblast-like osteosarcoma cell line CAL-72 induce TKI resis-
tance in CML LSC and in the CML cell lines KU812 and K562. In these
cell lines, JQ1 was found to overcome niche-induced resistance
against nilotinib and ponatinib. However, JQ1 was unable to over-
come niche-mediated TKI resistance in primary CML LSC. Therefore,
we applied dBET6. Indeed, the more potent BET degrader dBET6 was
found to overcome osteoblast-mediated resistance of CML LSC
against nilotinib and ponatinib. So far, the mechanisms of osteoblast-
induced TKI resistance and how dBETé6 overcomes resistance remains
unknown. One possible explanation could be that dBET6 is able to
alter niche cell function and their ability to protect CML cells from TKI
effects. Whether this protective effect of osteoblasts on CML (stem)
cells is mediated via factors influencing (stabilizing) the BRD4-MYC
pathway remains unknown. In the current study, we were not able to
show direct growth-inhibitory effects of dBET6 on CAL-72 cells.

Several different studies have shown that various surface anti-
gens detectable on CML (stem) cells mediate TKI resistance.#*>2
These surface antigens include, among others, CD47 (IAP), MDR-1
(CD243), and the checkpoint PD-L1 (CD274). We examined the
expression of these antigens on CML LSC. In these experiments,
IFN-G augmented the expression of PD-L1 on CML LSC which con-
firmed previous data published by Hogg et al.>* We also found that
JQ1 and the other BRD4-targeting drugs tested, including the BRD4
degraders dBET1 and dBETS, inhibit IFN-G-induced upregulation of
this checkpoint-target in CML LSC. This was an expected results, as
PD-L1 is a target gene of BRD4.”*

In summary, our data show that CML cells express BRD4 and
MYC and that these molecules may serve as potential new therapeu-
tic targets in TKl-resistant CML. We also show that the second-
generation BET degrader dBET6 overcomes multiple mechanisms of
LSC resistance in CML. Moreover, IFN-G-induced PD-L1 expression
in CML LSC was found to be disrupted by BET inhibition or BET deg-
radation. Whether these observations can be exploited and translated
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in vivo to patients with TKl-resistant CML remains unknown at

present.

AUTHOR CONTRIBUTIONS

Barbara Peter, Thomas Riilicke and Peter Valent designed research.
Barbara Peter, Gregor Eisenwort, Irina Sadovnik, Karin Bauer, Michael
Willmann, Thomas Rilicke, Daniela Berger, Gabriele Stefanzl, Georg
Greiner, Gregor Hoermann, and Alexandra Keller performed research.
Georg E. Winter, Thomas Hoffmann, Johannes Zuber contributed vital
new reagents. Dominik Wolf, Martin Culen, and Jifi Mayer collected
data. Barbara Peter, Ana-Iris Schiefer, Wolfgang R. Sperr, and Peter
Valent analyzed and interpreted data. Barbara Peter and Peter Valent
wrote the manuscript.

ACKNOWLEDGMENTS

We like to thank Glinther Hofbauer and Andreas Spittler (both at the
Cell Sorting Core Unit of the Medical University of Vienna) for excel-
lent technical assistance.

FUNDING INFORMATION

This study was supported by the Austrian Science Fund (FWF): SFB
grants F4701-B20, F4704-B20, F4710-B20 and the Herzfelder'sche
Familienstiftung: P30625-B28. The research was funded in part by
Celgene Corporation, Summit, NJ via a research grant. The authors
independently developed, directed, and are fully responsible for all
content for this manuscript.

CONFLICT OF INTEREST

Peter Valent received honoraria from Celgene/BMS, Pfizer, Novartis,
Incyte, Blueprint, and AOP Orphan and research grants from Celgene/
BMS, and AOP Orphan. Gregor Hoermann received a research grant
from Novartis, honoraria from Novartis, Roche, Beckman Coulter, Pfi-
zer, Celgene, and Bristol-Myers Squibb. Jifi Mayer received a research
grant from Novartis and travel support from Novartis. Wolfgang R.
Sperr received honoraria from AbbVie, Amgen, Celgene, Daiichi San-
kyo, Deciphera, Incyte, Jazz, Novartis, Pfizer, Thermo Fisher, and
travel support from Pfizer and Roche. Dominik Wolf received research
grants from Bristol-Myers Squibb-Celgene and Novartis. The other

authors have no other conflict of interest in this study.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID
Barbara Peter "> https://orcid.org/0000-0001-5701-5412
https://orcid.org/0000-0003-2735-4645
https://orcid.org/0000-0001-5418-5942
https://orcid.org/0000-0002-2121-9496
https://orcid.org/0000-0002-0917-4117
Gregor Hoermann ‘2 https://orcid.org/0000-0002-7374-4380
Martin Culen (2 https://orcid.org/0000-0002-8710-5352

Georg E. Winter "2 https://orcid.org/0000-0001-6606-1437

Gregor Eisenwort
Irina Sadovnik
Thomas Riilicke

Georg Greiner

Ana-lris Schiefer
Wolfgang R. Sperr
Johannes Zuber
Peter Valent

https://orcid.org/0000-0003-3555-8672
https://orcid.org/0000-0003-3288-8027

https://orcid.org/0000-0001-8810-6835

https://orcid.org/0000-0003-0456-5095

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Deininger MW, Goldman JM, Melo JV. The molecular biology of
chronic myeloid leukemia. Blood. 2000;96(10):3343-3346.

Arlinghaus R, Sun T. Signal transduction pathways in Bcr-Abl trans-
formed cells. Cancer Treat Res. 2004;119:239-270.

Melo JV, Deininger MW. Biology of chronic myelogenous leukemia—
signaling pathways of initiation and transformation. Hematol Oncol
Clin North Am. 2004;18(3):545-568.

Druker BJ, Talpaz M, Resta DJ, et al. Efficacy and safety of a specific
inhibitor of the BCR-ABL tyrosine kinase in chronic myeloid leukemia.
N Engl J Med. 2001;344(14):1031-1037.

Kantarjian H, Sawyers C, Hochhaus A, et al. Hematologic and cytoge-
netic responses to imatinib mesylate in chronic myelogenous leuke-
mia. N Engl J Med. 2002;346(9):645-652.

O'Brien SG, Guilhot F, Larson RA, et al. Imatinib compared with inter-
feron and low-dose cytarabine for newly diagnosed chronic-phase
chronic myeloid leukemia. N Engl J Med. 2003;348(11):994-1004.
Druker BJ, Guilhot F, O'Brien SG, et al. Five-year follow-up of
patients receiving imatinib for chronic myeloid leukemia. N Engl J
Med. 2006;355(23):2408-2417.

Kantarjian H, Cortes J. BCR-ABL tyrosine kinase inhibitors in chronic
myeloid leukemia: using guidelines to make rational treatment
choices. J Natl Compr Cancer Netw. 2008;6:537-S42.

Gorre ME, Mohammed M, Ellwood K, et al. Clinical resistance to STI-
571 cancer therapy caused by BCR-ABL gene mutation or amplifica-
tion. Science. 2001;293(5531):876-880.

Shah NP, Nicoll JM, Nagar B, et al. Multiple BCR-ABL kinase domain
mutations confer polyclonal resistance to the tyrosine kinase inhibitor
imatinib (STI571) in chronic phase and blast crisis chronic myeloid
leukemia. Cancer Cell. 2002;2(2):117-125.

Deininger M. Resistance and relapse with imatinib in CML: causes
and consequences. J Natl Compr Cancer Netw. 2008;6:511-S21.
Valent P. Emerging stem cell concepts for imatinib-resistant chronic
myeloid leukaemia: implications for the biology, management, and
therapy of the disease. Br J Haematol. 2008;142(3):361-378.

Shah NP, Tran C, Lee FY, Chen P, Norris D, Sawyers CL. Overriding
imatinib resistance with a novel ABL kinase inhibitor. Science. 2004;
305(5682):399-401.

Weisberg E, Manley PW, Breitenstein W, et al. Characterization of
AMN107, a selective inhibitor of native and mutant Bcr-Abl. Cancer
Cell. 2005;7(2):129-141.

Kantarjian H, Giles F, Wunderle L, et al. Nilotinib in imatinib-resistant
CML and Philadelphia chromosome-positive ALL. N Engl J Med. 2006;
354(24):2542-2551.

Talpaz M, Shah NP, Kantarjian H, et al. Dasatinib in imatinib-resistant
Philadelphia chromosome-positive leukemias. N Engl J Med. 2006;
354(24):2531-2541.

Weisberg E, Manley PW, Cowan-Jacob SW, Hochhaus A, Griffin JD.
Second generation inhibitors of BCR-ABL for the treatment of imatinib-
resistant chronic myeloid leukaemia. Nat Rev Cancer. 2007;7(5):345-356.
Nicolini FE, Hayette S, Corm S, et al. Clinical outcome of 27 imatinib
mesylate-resistant chronic myelogenous leukemia patients harboring
a T3151 BCR-ABL mutation. Haematologica. 2007;92(9):1238-1241.
Jabbour E, Kantarjian H, Jones D, et al. Characteristics and outcomes
of patients with chronic myeloid leukemia and T315I mutation follow-
ing failure of imatinib mesylate therapy. Blood. 2008;112(1):53-55.
Cortes JE, Kim DW, Pinilla-lIbarz J, et al. A phase 2 trial of ponatinib in
Philadelphia chromosome-positive leukemias. N Engl J Med. 2013;
369(19):1783-1796.


https://orcid.org/0000-0001-5701-5412
https://orcid.org/0000-0001-5701-5412
https://orcid.org/0000-0003-2735-4645
https://orcid.org/0000-0003-2735-4645
https://orcid.org/0000-0001-5418-5942
https://orcid.org/0000-0001-5418-5942
https://orcid.org/0000-0002-2121-9496
https://orcid.org/0000-0002-2121-9496
https://orcid.org/0000-0002-0917-4117
https://orcid.org/0000-0002-0917-4117
https://orcid.org/0000-0002-7374-4380
https://orcid.org/0000-0002-7374-4380
https://orcid.org/0000-0002-8710-5352
https://orcid.org/0000-0002-8710-5352
https://orcid.org/0000-0001-6606-1437
https://orcid.org/0000-0001-6606-1437
https://orcid.org/0000-0003-3555-8672
https://orcid.org/0000-0003-3555-8672
https://orcid.org/0000-0003-3288-8027
https://orcid.org/0000-0003-3288-8027
https://orcid.org/0000-0001-8810-6835
https://orcid.org/0000-0001-8810-6835
https://orcid.org/0000-0003-0456-5095
https://orcid.org/0000-0003-0456-5095

PETER ET AL.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

O'Hare T, Shakespeare WC, Zhu X, et al. AP24534, a pan-BCR-ABL
inhibitor for chronic myeloid leukemia, potently inhibits the T315I
mutant and overcomes mutation-based resistance. Cancer Cell. 2009;
16(5):401-412.

Hughes TP, Mauro MJ, Cortes JE, et al. Asciminib in chronic myeloid
leukemia after ABL kinase inhibitor failure. N Engl J Med. 2019;
381(24):2315-2326.

Khorashad JS, Kelley TW, Szankasi P, et al. BCR-ABL1 compound
mutations in tyrosine kinase inhibitor-resistant CML: frequency and
clonal relationships. Blood. 2013;121(3):489-498.

Zabriskie MS, Eide CA, Tantravahi SK, et al. BCR-ABL1 compound
mutations combining key kinase domain positions confer clinical
resistance to ponatinib in Ph chromosome-positive leukemia. Cancer
Cell. 2014;26(3):428-442.

Byrgazov K, Lucini CB, Valent P, Hantschel O, Lion T. BCR-
ABL1 compound mutants display differential and dose-dependent
responses to ponatinib. Haematologica. 2018;103(1):e10-e12.

Nair RR, Tolentino J, Hazlehurst LA. The bone marrow microenviron-
ment as a sanctuary for residual disease in CML. Biochem Pharmacol.
2010;80(5):602-612.

Corbin AS, Agarwal A, Loriaux M, Cortes J, Deininger MW,
Druker BJ. Human chronic myeloid leukemia stem cells are insensitive
to imatinib despite inhibition of BCR-ABL activity. J Clin Invest. 2011;
121(1):396-409.

Agarwal P, Bhatia R. Influence of bone marrow microenvironment on
leukemic stem cells: breaking up an intimate relationship. Adv Cancer
Res. 2015;127:227-252.

Martinelli G, Soverini S, Rosti G, Cilloni D, Baccarani M. New tyrosine
kinase inhibitors in chronic myeloid leukemia. Haematologica. 2005;
90(4):534-541.

Quintas-Cardama A, Cortes J. Therapeutic options against BCR-ABL1
T315I-positive chronic myelogenous leukemia. Clin Cancer Res. 2008;
14(14):4392-4399.

Dawson MA, Kouzarides T, Huntly BJ. Targeting epigenetic readers in
cancer. N Engl J Med. 2012;367(7):647-657.

Godley LA, Le Beau MM. The histone code and treatments for acute
myeloid leukemia. N Engl J Med. 2012;366(10):960-961.
Filippakopoulos P, Qi J, Picaud S, et al. Selective inhibition of BET
bromodomains. Nature. 2010;468(7327):1067-1073.

Zuber J, Shi J, Wang E, et al. RNAi screen identifies Brd4 as a thera-
peutic target in acute myeloid leukaemia. Nature. 2011;478(7370):
524-528.

Herrmann H, Blatt K, Shi J, 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(12):1588-
1599.

Rathert P, Roth M, Neumann T, et al. Transcriptional plasticity pro-
motes primary and acquired resistance to BET inhibition. Nature.
2015;525(7570):543-547.

Fong CY, Gilan O, Lam EY, et al. BET inhibitor resistance emerges
from leukaemia stem cells. Nature. 2015;525(7570):538-542.

Winter GE, Buckley DL, Paulk J, et al. Phthalimide conjugation as a
strategy for in vivo target protein degradation. Science. 2015;
348(6241):1376-1381.

Winter GE, Mayer A, Buckley DL, et al. BET Bromodomain proteins
function as master transcription elongation factors independent of
CDK®9 recruitment. Mol Cell. 2017;67(1):5-18.e19.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

54.

e WiLey L2

Wedeh G, Cerny-Reiterer S, Eisenwort G, et al. Identification of
bromodomain-containing protein-4 as a novel marker and epigenetic tar-
get in mast cell leukemia. Leukemia. 2015;29(11):2230-2237.

Peter B, Bibi S, Eisenwort G, et al. Drug-induced inhibition of phos-
phorylation of STAT5 overrides drug resistance in neoplastic mast
cells. Leukemia. 2018;32(4):1016-1022.

Winter GE, Rix U, Carlson SM, et al. Systems-pharmacology dis-
section of a drug synergy in imatinib-resistant CML. Nat Chem Biol.
2012;8(11):905-912.

Jiang X, Zhao Y, Smith C, et al. Chronic myeloid leukemia stem cells
possess multiple unique features of resistance to BCR-ABL targeted
therapies. Leukemia. 2007;21(5):926-935.

Barnes DJ, Melo JV. Primitive, quiescent and difficult to kill: the role
of non-proliferating stem cells in chronic myeloid leukemia. Cell Cycle.
2006;5(24):2862-2866.

Krause DS, Van Etten RA. Right on target: eradicating leukemic stem
cells. Trends Mol Med. 2007;13(11):470-481.

Skorski T, Kanakaraj P, Nieborowska-Skorska M, et al.
Phosphatidylinositol-3 kinase activity is regulated by BCR/ABL and is
required for the growth of Philadelphia chromosome-positive cells.
Blood. 1995;86(2):726-736.

Sattler M, Mohi MG, Pride YB, et al. Critical role for Gab2 in transfor-
mation by BCR/ABL. Cancer Cell. 2002;1(5):479-492.
Aceves-Luquero Cl, Agarwal A, Callejas-Valera JL, et al. ERK2, but not
ERK1, mediates acquired and “de novo” resistance to imatinib mesy-
late: implication for CML therapy. PLoS One. 2009;4(7):e6124.
Kavalerchik E, Goff D, Jamieson CH. Chronic myeloid leukemia stem
cells. J Clin Oncol. 2008;26(17):2911-2915.

Valent P, Bonnet D, De Maria R, et al. Cancer stem cell definitions
and terminology: the devil is in the details. Nat Rev Cancer. 2012;
12(11):767-775.

Zhang B, Li M, McDonald T, et al. Microenvironmental protection of
CML stem and progenitor cells from tyrosine kinase inhibitors through N-
cadherin and Wnt-B-catenin signaling. Blood. 2013;121(10):1824-1838.
Arrigoni E, Del Re M, Galimberti S, et al. A concise review: chronic
myeloid leukemia: stem cell niche and response to pharmacologic
treatment. Stem Cells Transl Med. 2018;7(3):305-314.

. Wang L, Giannoudis A, Lane S, Williamson P, Pirmohamed M,

Clark RE. Expression of the uptake drug transporter hOCT1 is an
important clinical determinant of the response to imatinib in chronic
myeloid leukemia. Clin Pharmacol Ther. 2008;83(2):258-264.

Hogg SJ, Vervoort SJ, Deswal S, et al. BET-Bromodomain inhibitors
engage the host immune system and regulate expression of the
immune checkpoint ligand PD-L1. Cell Rep. 2017;18(9):2162-2174.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Peter B, Eisenwort G, Sadovnik |,

et al. BRD4 degradation blocks expression of MYC and
multiple forms of stem cell resistance in Ph™ chronic myeloid
leukemia. Am J Hematol. 2022;97(9):1215-1225. doi:10.1002/
ajh.26650


info:doi/10.1002/ajh.26650
info:doi/10.1002/ajh.26650

	BRD4 degradation blocks expression of MYC and multiple forms of stem cell resistance in Ph+ chronic myeloid leukemia
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Reagents
	2.2  Cell lines and isolation of primary CML cells
	2.3  Detection of BRD4 and MYC in CML cells
	2.4  Knockdown of BRD4 and MYC in CML cells
	2.5  3H-thymidine uptake experiments and evaluation of apoptosis in CML cells
	2.6  Mouse xenotransplantation experiments
	2.7  Co-culture experiments with osteoblast-like cells and CML cells
	2.8  Evaluation of expression of resistance-related checkpoint molecules on CML LSC
	2.9  Statistics

	3  RESULTS
	3.1  CML cells express BRD4 and MYC
	3.2  BCR::ABL1 TKI downregulate MYC expression in CML cells
	3.3  BRD4 and MYC regulate growth of CML cells
	3.4  Effects of BRD4-targeting drugs on proliferation of CML cells
	3.5  Effects of BRD4-targeting drugs on survival of CML cells
	3.6  HOXB4 and CCND2 mRNA are preferentially expressed in JQ1-resistant cell lines and JQ1-resistant primary CML cells
	3.7  Effects of BET inhibition on survival of primary CML LSC
	3.8  Degradation of BRD4 inhibits the ability of CML LSC to engraft in NSG mice
	3.9  Effects of BRD4-targeting drugs on expression of MYC in CML cells
	3.10  BRD4-targeting drugs synergize with BCR::ABL1 TKI in inhibiting the proliferation of CML cells
	3.11  BRD4-targeting drugs override niche-mediated TKI resistance in CML cells
	3.12  BET-targeting drugs inhibit interferon-gamma (IFN-G)-induced expression of PD-L1 in CML LSC

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


