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1 | INTRODUCTION

The bromodomain and extraterminal domain (BET) proteins
consist of four family members including bromodomain-

Susu Zhang and Yue Zhao are co-first authors.

Abstract

Inhibitors of the bromodomain and extraterminal domain family (BETi) offer a new
approach to treat hematological malignancies, with leukemias containing mixed
lineage leukemia rearrangements being especially sensitive due to a reliance on the
regulation of transcription elongation. We explored the mechanism of action of BETi
in cells expressing the t(8;21), and show that these compounds reduced the size of
acute myeloid leukemia cells, triggered a rapid but reversible Go/G; arrest, and with
time, cause cell death. Meta-analysis of PRO-seq data identified ribosomal genes,
which are regulated by MYC, were downregulated within 3 hours of addition of the
BETi. This reduction of MYC regulated metabolic genes coincided with the loss of
mitochondrial respiration and large reductions in the glycolytic rate. In addition,
gene expression analysis showed that transcription of BCL2 was rapidly affected by
BETi but this did not cause dramatic increases in cell death. Cell cycle arrest, lowered
metabolic activity, and reduced BCL2 levels suggested that a second compound was
needed to push these cells over the apoptotic threshold. Indeed, low doses of the
BCL2 inhibitor, venetoclax, in combination with the BETi was a potent combination
in t(8;21) containing cells. Thus, BET inhibitors that affect MYC and BCL2 expression
should be considered for combination therapy with venetoclax.
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containing protein 2 (BRD2), BRD3, BRD4, and BRDT.!
These BET proteins bind to acetylated lysine in the tails of
histones as well as other nonhistone nuclear proteins
through two conserved N-terminal bromodomains.'* BET
proteins are typically associated with enhancers and associate
with positive transcription elongation factor b (P-TEFb) to
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regulate the transition from paused to elongating polymer-
ase.”® In fact, the binding of BRD4 appears to release P-TEFb
from the inhibitory HEXIM1-7SK complex.** Small
molecule inhibitors of BET proteins, such as JQ1, I-BET,
and MS417 mimic the acetylated lysine moiety and
competitively bind to the two bromodomains (BD1 and
BD2) to displace BET proteins from chromatin.''** JQ1 was
originally identified as a tool compound to target midline
carcinoma expressing a fusion protein caused by a
chromosomal translocation between BRD4 and nuclear
protein in testis (NUT)."! However, BET inhibitors (BETi)
also show efficacy in preclinical models of acute myeloid
leukemia (AML), multiple myeloma, and certain types of
lymphoma as well as other cancer types.®''*'® RNA
interference screening linked the inhibitory effect of these
molecules to suppressing BRD4 activity in AML."?

Gene expression studies showed that BETi-induced
downregulation of messenger RNAs including key onco-
genes important for cell cycle progression, such
as MYC and E2F1 genes that control cell death such as
BCL2, as well as lineage-specific oncogenes such as
BCL6.>''*'® Genomic binding studies revealed that these
genes are associated with BRD4-enriched enhancers that are
essential for the efficient transcription of these genes. The so-
called “super-enhancers,” defined as clusters of subenhan-
cers, are particularly sensitive to BETi, which rapidly displace
BRD4 from chromatin causing the selective transcriptional
repression of those super-enhancer-driven genes. However,
as a global chromatin reader, BRD4 is also found at active
promoters and typical enhancers. Moreover, inducible
degradation of BRD4 indicated that it was a general factor
that is required for the elongation of most expressed genes.”

AML containing chromosomal translocations involving
MLL appear to be especially sensitive to BETi," perhaps due
to the translocations that fuse the N-terminal domain of MLL
with components of the super elongation complex to
stimulate the expression of key regulators of hematopoietic
stem cell self-renewal such as Hox family members.*
Intriguingly, in these early studies, the t(8;21) cell line
Kasumi-1 showed the most pronounced sensitivity.'> The t
(8,21) is one of the most common chromosomal transloca-
tions in AML and fuses the N-terminal DNA binding domain
of runt-related transcription factor 1 (RUNX1) to almost the
entire eight-twenty-one (ETO) gene. While RUNX1 associ-
ates with multiple DNA binding proteins and/or histone
modifying complexes to activate or repress transcription, the
presence of the ETO moiety skews the activity of the fusion
protein towards repression of RUNX1-regulated genes.””*
That is, ETO can associate with histone acetyltransferases®
but recruits class 1 histone deacetylases,”” and global studies
of t(8;21) cells suggest that this latter effect is the
predominant mechanism of action.”® However, ETO family
members also associate with the “E proteins” HEB and Lyll

in a complex containing LDB1, LMO2, and CDK9,2*°
leaving open the possibility that ETO family members
regulate transcriptional elongation, which might explain the
sensitivity of Kasumi-1 cells to BETi. By using precision
nuclear run-on sequencing (PRO-seq), we previously identi-
fied many of the earliest targets of BET inhibitor action and
demonstrated that these compounds cause transcriptional
pausing of drivers of the cell cycle and metabolic activity, and
affect enhancer RNA synthesis in the MYC super-enhan-
cer.>* Here, we extended our study by showing that t(8;21)
AML are not only highly sensitive to BETi but treatment
with JQ1 or MS417 dramatically reduced cell size and
induced cell cycle arrest rather than cell death. Cell cycle
analyses and assessment of mitochondrial function and
glycolytic activity indicated that the BETi-induced cell cycle
arrest was reversible. However, the metabolic stress and
impaired transcription of BCL2 after JQ1 treatment provides
further molecular rationale for combination therapy using
BETi and venetoclax.

2 | MATERIALS AND METHODS

21 | Cell proliferation analysis

Cells were seeded at 2x 10’ cells/mL on the day of the
experiment and treated with increasing doses of JQ1, MS417,
or venetoclax for 3 consecutive days. Cell proliferation rate
was measured on each day using alamarBlue assay (Thermo
Fisher Scientific, Waltham, MA) according to the manufac-
turer’s instructions. Briefly, 100 uL. of cell suspension was
transferred to a 96-well plate before 10 pL of alamarBlue was
added. Plates were incubated at 37°C for 4 hours, and
alamarBlue fluorescence was measured at 590 nm. Viable
cells were also quantified by Trypan Blue exclusion. Human
primary AML cells were seeded at 5x 10° cells/mL in a 96-
well plate and treated with 250 nM JQ1 for 3 days. On day 3,
alamarBlue was added and cells were incubated for 8 hours
before reading.

2.2 | Assessment for cell size, cell cycle
progression, and apoptosis

The distribution of cell size was analyzed using flow
cytometry and presented using forward-scatter histogram
plots. For cell cycle analyses, cells were treated with JQ1
or MS417 for 24, 48, and 72 hours, fixed with 70% ethanol
in the cold room for overnight, and stained with
propidium iodide (PI) at room temperature for 30 min-
utes before flow cytometry. For 5-bromo-2’-deoxyuridine
(BrdU) analysis, 10 million cells were pulsed with 20 M
BrdU for 1 hour and fixed with 70% ethanol in the cold
room for overnight. Cells were stained with fluorescein
isothiocyanate  (FITC)-conjugated BrdU  antibody
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(556028; BD Biosciences, San Jose, CA) and counter-
stained with PI before analysis using flow cytometry.
Apoptosis was analyzed using a FITC-annexin V/PI
Apoptosis Detection Kit (556547; BD Pharmingen Bios-
ciences, San Jose, CA). All flow cytometry figures were
generated using FlowJo software (Ashland, OR).

23 |

Poly A+ RNA (VANTAGE, Nashville, TN) and precision
nuclear run-on sequencing reads were aligned to the
human transcriptome hgl9 (downloaded from the Uni-
versity of California, Santa Cruz [UCSC]) using Bowtie2
(version 2.2.4)** and TopHat (version v2.0.10).*?

RNA sequencing

2.4 | Oxygen consumption rate and
extracellular acidification rate
measurements

Cells were seeded on Cell-Tak adhesive coated Seahorse
XF96 Cell Culture Microplates to prepare adherent
monolayer cultures. Seahorse XFe96 Extracellular flux
analyzer (Agilent, Inc, Santa Clara, CA) was utilized to
determine the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) by measuring the
concentration of oxygen and free protons in the medium
surrounding the monolayer of cells in real-time. The XF
Cell Mito Stress Test Kit (Agilent, Inc., Santa Clara, CA)
was used to access the mitochondrial function after
serially injecting oligomycin, p-trifluoromethoxy carbonyl
cyanide phenylhydrazine (FCCP), and a mix of rotenone
and antimycin A to measure adenosine triphosphate
(ATP) production, maximal respiration, and nonmito-
chondrial respiration, respectively. The XF Glycolysis
Stress Test Kit (Agilent, Inc., Santa Clara, CA) was used
to access the glycolysis capacity after three sequential
injections of glucose, oligomycin, and 2-deoxyglucose.

2.5 | Optical metabolic imaging

Multiphoton fluorescence lifetime imaging was performed
on a Nikon (Tokyo, Japan) Ti:E inverted microscope
equipped with time-correlated single photon counting
electronics. (NAD(P)H) and FAD fluorescence were excited
with a titanium:sapphire laser (Chameleon Ultra II;
Coherent, Inc (Santa Clara, CA)) tuned to 750 and
890 nm, respectively. A 400 to 480 nm bandpass filter was
used to isolate NAD(P)H fluorescence emission, and a
500nm high-pass dichroic mirror and 500 to 600 nm
bandpass filter were used to isolate FAD fluorescence
emission. Fluorescence signal was collected through a x40
oil-immersion objective across a 170 X 170 um field of view,
capturing approximately 40 to 60 cells. Four fields of view
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per sample were acquired, yielding 125 to 250 cells for each
of three biological replicates. Images were processed with
custom software previously described.** Briefly, the NAD(P)
H and FAD intensities were calculated by integrating
the fluorescence lifetime decay within each pixel. Then, the
ratio of NAD(P)H intensity divided by FAD intensity (the
optical redox ratio) was calculated at each pixel. Pixels
within the cell cytoplasm were averaged and statistical
differences were calculated on a per-cell level.

2.6 | Statistical analyses

For cell proliferation, apoptosis, and quantitative
reverse-transcription polymerase chain reaction (RT-
PCR) analyses, results were presented as mean + SEM
for data following the normal distribution. Unpaired
two-sided Student ¢ test was used to compare the
means between two independent treatments. For data
that did not follow a normal distribution such as read
density and pausing index analyses, the Wilcoxon
signed-rank test was used for paired comparisons
between two treatments. P < 0.05 were considered as
statistically significant. Optical redox ratio was re-
ported as mean + SEM for each condition. Mann-
Whitney tests were used to compare optical redox
ratio differences between control and treated samples.

3 | RESULTS
3.1 | BET inhibitors affect Kasumi-1 cell
proliferation without inducing apoptosis

High throughput screens of cancer cell lines identified
the t(8;21) cell line Kasumi-1 as the most sensitive cell
type to the BETi JQ1 using alamarBlue assays as a
surrogate for cell proliferation.'> Consistent with these
previous studies, we found that Kasumi-1 cells, as well as
the t(8;21)-containing SKNO-1 cell line that requires
granulocyte-macrophage  colony-stimulating  factor
(GM-CSF) for growth,>® were more sensitive than
MOLM13, and MV4-11 that contain MLL disruptions
(Figure 1A) when using alamarBlue assays. However,
alamarBlue measures metabolic output, rather than cell
death. When we tested for cell death using JQ1 and
another potent BET inhibitor, MS417,° which shares
molecular and transcription targets with JQ1,*" both JQ1
and MS417 only had minor effects on triggering apoptosis
in Kasumi-1 cells, whereas SKNO-1 showed more cell
death at 48hours (Figure 1B). In addition, while
MOLM13 and MV4-11 cells required higher concentra-
tions of BETi to show an effect in alamarBlue assays,
MOLM13 cells showed minimal apoptosis, while BETi
more robustly induced apoptosis in MV4-11 (Figure 1B).
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FIGURE 1 BETi inhibit proliferation but induce variable levels of cell death in AML cell lines. A, AlamarBlue assays show a
dose-dependent loss of cellular metabolism after JQ1 treatment of Kasumi-1, SKNO-1, MOLM13, and MV4-11 cells for 3 days (D0-D3). Data
are mean + SEM (n = 3). B, BETi induce variable levels of apoptosis. Kasumi-1 cells were treated with 250 nM JQ1 or 125 nM MS417. SKNO-
1 were treated with 250 nM JQ1. MOLM13 and MV4-11 were treated with 500 nM JQ1. The levels of dying cells were quantified using AnnV
+ and uptake of PL. Data are mean + SEM (n =4). C, SKNO and Kasumi-1 cells were treated with 250 nM JQ1 or 125 nM MS417, whereas
MOLM13 and MV4-11 were treated with twice these levels. Cell counts were determined using Trypan Blue dye exclusion. Data are
mean + SEM (n =4). AML, acute myeloid leukemia; AnnV+, annexin V positivity; BETi, bromodomain and extraterminal domain family;

DMSO, dimethyl sulfoxide; PI, propidium iodide

Consistent with these observations and in contrast to the
alamarBlue data, manual cell viability counts using
Trypan Blue dye exclusion showed JQ1 and MS417 had
a cytostatic rather than cytotoxic effect on cell growth in
Kasumi-1 cells but reduced the number of viable cells in
cultures of MV4-11 cells (Figure 1C).

BETi disrupt the communication between enhancers
and RNA polymerases that are paused just after transcrip-
tional initiation. Inhibitors of P-TEFb (ie, CDK9 inhibi-
tors), such as flavopiridol, also block RNA polymerase

elongation and cause DNA damage. However, we did not
detect any phosphorylated H2AX in the nuclei of JQ1 or
MS417 treated cells (Supporting Information Figure 1).
This indicated that BETi inhibited cell proliferation
without DNA double-strand breaks and without causing
apoptosis in Kasumi-1 cells. Moreover, these compounds
did not trigger a DNA damage-dependent cell cycle arrest
or apoptosis of Kasumi-1 cells. These results raised the
possibility that BETi directly or indirectly affected the
metabolic rate as measured by alamarBlue.
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FIGURE 2 BETi induce cell cycle arrest and reduce cell size in t(8;21) AML cells. A, Cell cycle analyses of Kasumi-1 cells treated
with BETi show cell cycle arrest with modest cell death 24 to 72 hours after treatment. Representative graphs of DNA content (2N to
4N) are shown (n =4). B, Flow cytometry analyses showing forward scatter plots indicate that t(8;21) cells are distinctly smaller after
treatment with 250 nM JQ1. Representative graphs are shown (n = 4). Shaded area represents DMSO and white plots represent

JQ1. C, D, High blast count t(8;21) AML patient samples (n = 6) were treated with 250 nM JQ1 for 3 days. AlamarBlue assays show the
inhibition of cell growth P < 0.05 by two-sided the Wilcoxon signed-rank test (C). D, Shows the lack of AnnV+ cells for four of the
samples in C. E, Forward-scatter plots of flow cytometry analyses show that t(8;21) AML patient cells are distinctly smaller after JQ1
treatment of 3 days. Representative flow cytometry plots are shown. Shaded area represents DMSO and empty area represents JQ1.
AML, acute myeloid leukemia; AnnV+, annexin V positivity; BETi, inhibitors of the bromodomain and extraterminal domain family;

DMSO, dimethyl sulfoxide; FSC, forward scatter
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3.2 | BET inhibitors reduce cell size

We extended this analysis using PI staining of DNA,
which showed that Kasumi-1 cells treated with JQ1 and
MS417 rapidly accumulated in the G,/G; phase of the cell
cycle (Figure 2A). Interestingly, we noted that treatment
with BETi led to dramatic reductions in cell size in
Kasumi-1 and SKNO-1 cells within 24 to 48 hours of
treatment with JQ1, as assessed by diminished forward
scatter in flow cytometry analysis (Figure 2B). JQ1 also
reduced cell size in MOLM13 cells but the response was
delayed (Figure 2B) relative to Kasumi-1 cells. While
there were no apparent morphological changes toward

myeloid differentiation, Wright-Giemsa staining con-
firmed the smaller cell size and condensed nuclei of
Kasumi-1 cells (Supporting Information Figure 2). Given
the apparent sensitivity of t(8;21) cell lines, we extended
this analysis to primary AML samples containing this
translocation. Again, JQ1 inhibited cell growth as
measured by alamarBlue staining without large increases
in annexin V staining. These primary AML cells also
showed a reduction in cell size (Figure 2C and 2E).

We further extended these observations to other
leukemia/lymphoma cell lines, including Raji, K562,
and MOLT4. JQ1 treatment reduced cell size in all cell
lines tested (Figure 3A and 3D). This reduction in cell
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FIGURE 3 BETi reduces cell size in leukemia and lymphoma cell lines. A, Cell size was assessed using forward light scatter in flow
cytometry. B, Cell cycle progression was assessed using propidium iodide staining. Representative graphs are shown. C, Apoptosis was
assessed using annexin V positivity on viable cells. D, Similar analyses as in (A-C), but performed at day 3 with the indicated cell lines.
Statistical analysis was performed as described in Figure 2. AML, acute myeloid leukemia; AnnV+, annexin V positivity; BETi, inhibitors of
the bromodomain and extraterminal domain family; DMSO, dimethyl sulfoxide
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size was associated with robust cell cycle arrest in all cell
lines while the annexin V positive population was not
greatly increased (Figure 3B and 3C) in the first 48 hours.
Taken together, our data suggested that BET proteins are
required for maintaining cell metabolism and cell size if
the cells do not undergo rapid cell death.

3.3 | BET inhibitors reduce
metabolic rate

The reduction in cell size is a classical phenotype associated
with the loss of MYC expression and we observed a rapid
loss of MYC transcription in Kasumi-1 cells treated with
JQ1.*' Western blot analysis confirmed that MYC levels
dropped within 2 hour in both Kasumi-1 cells and MV4-11
cells (Figure 4A). Therefore, we used pathway analysis tools
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MYC targets and metabolic genes using our previously
published PRO-seq data that were generated in Kasumi-1
cells treated with JQ1 or MS417 for 1 and 3 hours.*! PRO-
seq provides a high-resolution map of the actively elongating
RNA polymerases, which pinpoint the genes that are
directly affected by small molecule inhibitors of transcrip-
tion. Genes that were inhibited by both JQ1 and MS417
(generalized fold change [GFOLD] < —0.585) at 1 hour were
enriched with signaling pathways mediated by cytokines
and/or growth factors regulating cell proliferation that drive
the accumulation of cell mass with progression through the
cell cycle (Figure 4B). Genes inhibited at 3 hours were
enriched in metabolic pathways and ribosome biogenesis
(Figure 4B), which is consistent with reduced metabolism
and cell size (Figures 1-3). MYC controls many of these
metabolism-regulating genes and ribosomal genes to control

to determine whether BET inhibitors affect the expression of ~ cell size.””*' Gene set enrichment analysis (GSEA)
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FIGURE 4 Meta-analysis of PRO-seq data of Kasumi-1 cells treated with JQ1 for 1 or 3 hours. A, MYC levels drop rapidly upon BETi
treatment. Western blot analysis of Kasumi-1 (left panel) and MV4-11 (right panel) cells treated with 250 or 500 nM JQ1 for the indicated
times. B, Kyoto Encyclopedia of Genes and Genomes pathway analysis of PRO-seq data®' showing genes in which promoter-proximal
pausing was increased after 1 hour (left) and 3 hours (right) treatments. C, Gene set enrichment analysis of PRO-seq data®' showed
decreased expression of MYC target genes including those genes regulating ribosomal biogenesis. BETi, inhibitors of the bromodomain and
extraterminal domain family; DMSO, dimethyl sulfoxide; ES, enrichment score; FDR, false discovery rate; GAPDH, glyceraldehyde

3-phosphate dehydrogenase; NES, normalized enrichment score
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supported this idea and showed that genes inhibited by BET
inhibitors at both 1 and 3hours were enriched with
previously identified MYC target genes including genes
regulating ribosomal biogenesis (Figure 4C).**** This
suggests that BET inhibitors decrease the expression of
genes regulating cell metabolism and cell size by impairing
the transcription of MYC.

The role of BET inhibitors in reducing metabolism was
further tested by directly examining bioenergetics in Kasumi-
1, SKNO-1, and MOLM13 live cells by assessing the OCR
and ECAR to track mitochondrial respiration and glycolysis
using the Agilent Seahorse system (Figure 5). Cells were
cultured in the absence or presence of BETi for 48 hours, and
then assessed for 20 minutes to establish the basal respiration
rates before injection of oligomycin to disrupt oxygen
consumption and measure ATP production (Figure 5, top
panel). BETi pretreatment reduced the basal respiration rate
to essentially the level of control cells treated with
oligomycin. Next, FCCP was injected to uncouple the
respiratory chain from phosphorylation and assess the
maximal respiration rates. BETi treated cells showed only
a marginal response compared with a robust response from
the untreated control cells. Finally, rotenone and antimycin

A were injected to block respiration (Figure 5, top panel).
Overall, JQ1 dramatically impaired mitochondrial functions.

Cancer cells reprogram their metabolic pathways and are
more dependent on glycolysis as an energy source. There-
fore, we assessed glycolytic activity in the absence or
presence of JQ1 (Figure 5, bottom panels). Cells were again
treated with JQ1 for 48 hours before a 15 minutes assessment
of the basal nonglycolytic media acidification. Glucose was
then injected to assess glycolysis followed by an injection of
oligomycin 20 minutes later to impair ATP production.
Untreated control cells showed a rapid burst of glycolytic
activity upon addition of glucose, and oligomycin triggered a
further increase in acidification indicating that control cells
had a further glycolytic reserve (Figure 5, bottom panel). In
contrast, JQ1-treated AML cells showed a poor glycolytic
burst with no further increase in glycolytic capacity upon
oligomycin injection (Figure 5, bottom panel).

3.4 | BET inhibitor-induced cell cycle
arrest is reversible

The rapid onset of cell cycle arrest without apoptosis for the
first 24 to 48 hours after continuous drug treatment suggested
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: - - - - JQ1-Kasumi-1
2 M — — - DMSO-MOLM13
E
T 150 — = JQ1-MOLM13
=3
g wod =l iy DMSO-SKNO-1
=]
—— JQi-SKNO-1
s,u -
40 4
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that even with daily dosing in patients the trough levels
might allow survival of some AML cells.*® To assess whether
JQ1-treated cells still possessed proliferative potential after
drug removal, which could ultimately cause leukemic cell
repopulation and resistance to BET inhibitor therapy, we
treated Kasumi-1 cells for 24, 48, or 72 hours, washed out the
drug and then cultured them in fresh media and monitored
cell growth. Consistent with these drugs inducing Go/G; cell
cycle arrest but not senescence or cell death, Kasumi-1 cells
treated for 24 or 48 hours were rescued to some degree by
removing the drug (Figure 6A, left and middle panels).
However, longer treatments had a stronger effect on
restricting cell proliferation as the cells treated for 3 days
grew much slower during the first 3 days after drug removal
(Figure 6A, right panel). The cells treated for 48 hours before
rescue became more metabolically active 3 or 5 days after
drug removal ( Figure 6B, RD3 and RD5) and returned to
normal size within 3 days after being transferred to fresh
media (Figure 6C), and eventually began growing normally
showing a rapid recovery of cell size and metabolism.

Next, we performed optical metabolic imaging using two-
photon fluorescence imaging to measure the optical redox
ratio of Kasumi-1 cells in response to JQ1 treatment and
rescue. This approach captures intrinsic fluorescence of
these coenzymes within live cells, and the optical redox ratio
(NAD(P)H fluorescence intensity/FAD fluorescence inten-
sity) informs on the relative oxidation or reduction state of
the cells. This measurement distinguishes between apoptotic,
proliferating, and Go/G; cells.** JQ1-treated cells displayed a
reduced redox ratio beginning at 24 hours after treatment,
which was exacerbated by 72 hours (Figure 6D, left panel).
Changes in redox ratio were reversed in response to
recovering cells from JQ1 treatment, indicating negligible
effects of apoptosis in this analysis (Figure 6D, right panel).
Together, the combined effects of BET inhibitors on cell
cycle arrest, cell size, and reduced metabolic rate suggested
that the cells were not only being arrested in G; but were
perhaps entering a G, quiescent-like, state.

Finally, we arrested cells with JQ1 for 72 hours (a time
where the cells were beginning to die; Figure 1 and 2),
washed the cells to remove the compound and cultured
them in fresh media lacking JQ1 for 12 to 24 hours before
quantifying the number of cells entering S phase using BrdU
incorporation. By 12hours after drug removal, cells were
beginning to re-enter the early S phase and this trend
continued through 24 hours (Figure 7A, JQ1 panels; Figure
7B, hashed bars). Intriguingly, it appears that some of the S
phase-arrested cells began incorporating BrdU. Notably, cells
already synthesizing DNA do not incorporate as much BrdU
leading to a broadening of the band of cells in the 12, 18, and
24 hours samples (Figure 7A, JQ1 panels). Conversely, some
cells with between 2N and 4N DNA content did not
incorporate BrdU (Figure 7A, oval in the Ohours panel),

o R

suggesting that these cells were actually arrested in the S
phase or were dying. Nevertheless, even after a 72hours
treatment with JQ1, there were cells that appeared to be
quiescent but still capable of re-entering the cell cycle after
drug removal, indicating a potential mechanism of resistance
to BETI.

3.5 | BET inhibitors sensitize cells
to BCL2 inhibitors

The finding that BET inhibitors can arrest the cell cycle
without dramatic AML cell killing suggested the need for
combination therapy. The antiapoptotic protein BCL2 is
often expressed in leukemia cells and our earlier study
showed that BET inhibitors caused promoter-proximal
pausing of RNA polymerase II and reduced the rate of
transcription of BCL2 and BCL-xL in Kasumi-1 cells.*
Therefore, we tested the combination of BET inhibitor
and BCL2 inhibitors to target the residual BCL2. We
pretreated Kasumi-1 cells with JQ1 for 2 days to
downregulate the expression of BCL2 and BCL-xL and
found that the addition of BCL2/BCL-xL (ABT-263) or
BCL2-selective (venetoclax [ABT-199]) inhibitors quickly
triggered apoptosis as measured by annexin V and PI
staining (Figure 8A). We next extended this cotreatment
analysis to other cell lines (SKNO-1, MOLM13, and
MOLT4) that also showed cell cycle arrest with little
apoptosis (Figures 1-3) and found that inhibiting BCL2
family proteins following BET inhibitor pretreatment also
induced cell death (Figure 8B to 8D). This suggests that
entering a reversible cell cycle arrest induced by BET
inhibitors may protect leukemia cells from rapid cell
death and increase the chance of relapse, which
necessitates a second drug (eg, BCL2 inhibitor) to induce
cell death for the efficient killing of leukemia cells.

4 | DISCUSSION

While there is justifiable excitement about the therapeutic
efficacy of BETi in AML, the therapeutic window appears to
be due to the loss of MYC expression.*'"'*1%!® However, as
observed in Kasumi-1 cells, the rapid loss of MYC was
accompanied by a rapid cell cycle arrest, loss of metabolic
activity, and reduced cell size, which is reminiscent of
quiescence rather than cell death. In standard assays that use
metabolism as a surrogate marker for cell viability, these
compounds appear to work well, yet these cells recovered
after BETi removal, suggesting that cell cycle arrest could be
a mechanism of resistance to these compounds. The addition
of a BCL2 inhibitor could provide the additional push toward
apoptosis needed and this could be an extremely safe and
efficacious combination.
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We identified this effect in t(8;21) containing Kasumi-1
cells, yet the effect was not limited to the t(8;21), as cells that
express MLL fusion proteins were similarly slow to die in
response to BETi. In addition, in a panel of diffuse large B-
cell lymphoma cell lines, JQ1 strongly induced G; cell cycle
arrest but only caused minor levels of apoptosis in several of
these cell types (eg, Ly7, Toledo, and Ly19).®> Poor
pharmacokinetic profile has been proposed as the cause of
the greatly reduced efficacy of BETi in mouse models
compared with in vitro studies with cell lines but reversible
cell cycle arrest likely contributes. This may be a limiting
factor for the usefulness of these compounds as MYC
activation is a later event in myeloid leukemias that are not
triggered by a translocation or amplification directly affecting
MYC. This is an important consideration because when
additional oncogenes together with MYC drove AML
development, removal of MYC expression failed to prevent
tumor recurrence.*®*’

Mechanistically, MYC is perhaps the best known
transcriptional regulator of metabolism, cell cycle, and cell
size,* as it controls the production of ribosomes that control
translational outputs. Thus, it is most likely that suppression
of MYC is the key event in the regulation of cell size in our
studies. It is notable that our PRO-seq analysis did not
identify RNA polymerase II promoter-proximal pausing
associated with ribosomal genes or pathways linked to
metabolism until 3 hours after JQ1 treatment (Figure 4A),
even though large numbers of genes were affected within 15
to 30 minutes after treatment, including MYC.*" Thus, the
loss of metabolic activity (Figures 5 and 6) is likely a
secondary consequence, which is consistent with the down-
regulation of MYC in the first hour followed by the loss of
MYC targets beginning at 1 hour and increasing 3 hours post

drug treatment (Figure 4). However, we also noted the loss of
expression of cyclin D1 (CCND1) and D2 (CCND2), CDK4,
and CDKG6. In addition, we detected an “E2F/retinoblastoma
(RB) signature” of increased pausing ratio with E2F2 and
E2F8 being directly affected within the first hour of
treatment with BETi.** Conversely, we noted a rapid
upregulation of CDKNIA (p21°™) but this was not associated
with DNA damage (Supporting Information Figure S1).
Given that RB family-dependent repression is associated with
G, arrest and quiescence and E2F family members control
nucleotide metabolism, these data suggest that the effects on
metabolism and cell cycle control are multifactorial in
nature.

In addition to controlling cell size, MYC is a direct
regulator of genes that control glycolysis and mitochondrial
biogenesis (Figures 5 and 6).* MYC stimulates the
expression of glucose transporter-1 while also stimulating
the genes that directly control glycolysis.’>>* Therefore, the
loss of MYC expression is consistent with the loss of
glycolytic burst and glycolytic capacity in AML cells treated
with JQ1 (Figure 5). At the same time, JQ1 treatment
induced a loss of mitochondrial functions including reduc-
tions in basal respiration, ATP-linked respiration, and
maximal respiration capacity (Figure 5). Analysis of
transcription at the early time points suggested only defects
in growth factor signal transduction, so these effects could
also be traced to reduced MYC expression by three hours
post BET inhibitor treatment.

Given the loss of MYC expression and the large effects on
metabolism, it is somewhat surprising that AML cells
survived and could re-enter the cell cycle (Figures 6 and
7). An intriguing hypothesis is that the cells have entered a
quiescent-like state in which metabolic needs are greatly
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reduced. This possibility is consistent with the gene
expression profiles, the reduced cell size and the ability of
these cells to begin cycling again after removal of JQI.
Nevertheless, the increased apoptosis upon addition of
venetoclax was more than an additive effect in Kasumi-1
cells indicating that the suppression of BCL2 levels sets the
stage for the induction of apoptosis. While the effects were
not as dramatic in other cell types (Figure 8), this could be
due to induction of MCL1, whose levels increase after JQ1
treatment, possibly as a stress response. Given that
venetoclax is beginning to gain traction as a component of
the standard of care for AML,*>® these data support a
rational combination approach to the utilization of BET
inhibitors with venetoclax in the clinic to avoid the use of
genotoxic agents such as hypomethylating agents or
Cytarabine.
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