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Simple Summary: Bromodomain and extraterminal domain (BET) proteins can regulate cancer-related
genes to make tumors grow. BMS-986158, an experimental anticancer therapy, blocks BET protein
function. We researched BMS-986158′s potential anticancer effects, side effects, what happens to
BMS-986158 in the body, and whether treatment causes any changes in gene activity. To determine
the proper dose, 5 different doses were tested using 3 schedules (days taking and not taking therapy).
Among 83 patients across all dose schedules, BMS-986158 was generally well tolerated. The most
common side effects were diarrhea (43% of patients) and lower platelet cell numbers (blood clotting
cells; 39%). Schedule A (cycles of 5 days on and 2 days off therapy) provided stable levels of
BMS-986158 in the blood and showed some preliminary anticancer effects, with 30% of patients
showing a clinical benefit (a period without meaningful tumor growth in 12 patients and tumor
shrinkage by at least 30% in 2 patients).

Abstract: This phase 1/2a, open-label study (NCT02419417) evaluated the safety, tolerability,
pharmacokinetics (PK), and pharmacodynamics of BMS-986158, a selective bromodomain and
extraterminal domain (BET) inhibitor. Dose escalation was performed with 3 BMS-986158 dosing
schedules: A (5 days on, 2 days off; range, 0.75–4.5 mg), B (14 days on, 7 days off; 2.0–3.0 mg), and C
(7 days on, 14 days off; 2.0–4.5 mg). Eighty-three patients were enrolled and received ≥1 BMS-986158
dose. Diarrhea (43%) and thrombocytopenia (39%) were the most common treatment-related adverse
events (TRAEs). A lower incidence of TRAEs was found with schedules A (72%) and C (72%)
vs. B (100%). Stable disease was achieved in 12 (26.1%), 3 (37.5%), and 9 (31.0%) patients on
schedules A, B, and C, respectively. Two patients on schedule A with a 4.5-mg starting dose
(ovarian cancer, n = 1; nuclear protein in testis [NUT] carcinoma, n = 1) experienced a partial
response. BMS-986158 demonstrated rapid-to-moderate absorption (median time to maximum
observed plasma concentration, 1–4 h). As expected with an epigenetic modifier, expression changes
in select BET-regulated genes occurred with BMS-986158 treatment. Schedule A dosing (5 days on, 2
days off) yielded tolerable safety, preliminary antitumor activity, and a dose-proportional PK profile.
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1. Introduction

Transcriptional dysregulation and genome instability caused by mutations and
epigenetic alterations are common in cancer cells [1,2]. Epigenetic modulators present
a novel strategy to combat transcriptional dysregulation, particularly at hyperactivated
oncogenes such as MYC [1–4]. Bromodomain and extraterminal domain (BET) proteins
(including bromodomain-containing [BRD] proteins BRD2, BRD3, BRD4, and BRD testis-
specific [BRDT] protein) act as readers of acetylated lysine histone residues and recruit
regulatory complexes for transcriptional modulation [3,5,6]. BRD4 preferentially binds to
super enhancers of growth-stimulating promoters, such as at the oncogene MYC, which
may allow cancer cells to be specifically sensitive to BET inhibitor therapy [3,4,7].

In addition to controlling expression of key oncogenes, BRD4 mutations have also been
documented in several cancers. Gene fusions of nuclear protein in testis (NUT) and BRD4,
BRD3, or other genes are a characteristic of NUT carcinoma [8,9]. BRD4 transcriptional
dysregulation has been correlated with disease progression in several solid tumors [10–12]. In
preclinical studies, cells with dysregulated BRD or MYC expression [13], specific mutations
(e.g., SWI/SNF, KRAS, Gnaq/II) [14–16], or translocations (e.g., BRD3-, 4-NUT or EWS-FLI1
fusions) [17,18] were sensitive to BET inhibitors.

The BET inhibitor, BMS-986158, has demonstrated potent inhibition of BRD4 and
C-MYC expression with favorable interactions in a water environment due to its novel
carboline structure; it was identified and selected for investigation due to its potent
preclinical cytotoxic effects against hematologic malignancies and solid tumors [19]. In
mouse studies, low doses of BMS-986158 demonstrated antitumor activity against 9 of 19
(47%) of the patient-derived xenograft models (including ovarian cancer, lung squamous
cell carcinoma, lung adenocarcinoma, colorectal cancer, and triple-negative breast cancer
[TNBC]) [19].

In this study, we evaluated the safety, pharmacokinetics (PK), pharmacodynamics,
and preliminary efficacy of BMS-986158 in patients with advanced solid tumors.

2. Materials and Methods
2.1. Study Design

CA011-001 was an open-label study of BMS-986158 monotherapy. Part 1 of the study
included a dose-escalation segment and Part 2 was a dose-expansion phase. In Part 1,
escalation occurred with an initial dose of BMS-986158 and increased in prespecified
increments above the previous dose level until the first occurrence of any protocol-defined
dose-limiting toxicity (DLT). Overall, 3 dosing schedules were evaluated to test safety and
efficacy (Supplemental Figure S1). Each patient on schedules A, B, and C was administered
a single oral dose of BMS-986158 on cycle 1 day 1 (C1D1), and no additional doses were
administered until cycle 2 day 1 (C2D1; ≈7 days after C1D1). Beginning on C2D1 and for
each subsequent cycle, patients received treatment according to the following schedules.
On schedule A, BMS-986158 was administered once daily (QD) for 5 days on and 2 days off
with 0.75-, 1.25-, 2.0-, 3.0-, and 4.5-mg escalating doses. On schedule B, patients received
BMS-986158 QD for 14 days on and 7 days off with 2.0- and 3.0-mg doses. On schedule C,
BMS-986158 QD was given for 7 days on and 14 days off with 2.0-, 3.0-, and 4.5-mg doses.
Dose escalation was guided by a modified toxicity probability interval (mTPI) design [20].
In the mTPI design, 3 to 4 patients would be enrolled at each dose level; if a DLT was
observed, an additional 3 to 4 patients would be evaluated at the same dose level, up to a
total of 13 patients. If no DLTs occurred, 3 to 4 patients would be enrolled at the next dose
level. The target DLT rate was 27% to determine the maximum tolerated dose (MTD). For
Part 2 of this trial (the dose-expansion phase), schedule A dosing was selected based on
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safety, pharmacodynamics, and PK data collected in Part 1. The dosing regimen for Part
2 was 4.5 mg for 2 weeks (10 doses) followed by 3.75 mg for the remainder of treatment.
However, because study CA011-001 was terminated early with 1 patient enrolled in Part 2,
we have grouped this patient with the schedule A, 4.5-mg cohort in Part 1 for the remainder
of this report.

This study was performed in accordance with Good Clinical Practice as defined by
the International Conference on Harmonization. Patients provided written informed
consent, and the study was conducted with oversight from the Institutional Review
Board/Independent Ethics Committee at each study site.

2.2. Patients

Eligible patients had ≥1 measurable lesion at baseline per Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1; archival tumor tissues or consent to
pretreatment biopsy; a life expectancy of ≥3 months; and Eastern Cooperative Oncology
Group performance status 0–1; and had received standard-of-care treatments. During
dose escalation, eligible patients included those who had ovarian cancer, SCLC, TNBC, or
other selected solid tumors and had received at least 1 prior line of chemotherapy. Patients
with ovarian cancer or SCLC must have received at least 1 prior platinum treatment
(PT). Adolescents ≥12 years of age, who had NUT carcinoma or Ewing sarcoma, were
eligible for enrollment. Patients with all other cancers were required to be ≥18 years
of age. Patients were excluded from enrollment if they had concomitant malignancies
(except adequately treated non-melanoma skin cancers or in situ bladder, breast, or
cervical cancers), uncontrolled or significant cardiovascular disease, inadequate bone
marrow function, chronic gastrointestinal illnesses, and/or prior BET inhibitor treatments.
For Part 2, inclusion criteria allowed patients harboring genetic alterations in fusion
proteins (NUT carcinoma, double-hit lymphoma) or gene amplifications in BRD (TNBC),
MYC (non-germinal center diffuse large B-cell lymphoma), or AR (castration-resistant
prostate cancer).

2.3. Study Endpoints and Assessments

The primary endpoints of the study were safety and tolerability as well as identification
of DLTs, the MTD, and the recommended phase 2 dose (RP2D). Secondary and exploratory
endpoints included the PK of BMS-986158 and its major oxidized metabolite, QTc dose–
response and exposure-response effects measured on electrocardiograms (ECGs), and
preliminary antitumor activity (best overall response, objective response rate [ORR],
progression-free survival [PFS], and overall survival [OS]). Key exploratory endpoints
included the associations of gene amplifications, mutations, and translocations with
antitumor efficacy and pharmacodynamic effects on gene expression for BET-regulated genes.

Safety was assessed as adverse events (AEs) coded by the Medical Dictionary for
Regulatory Activities version 24.0 and the National Cancer Institute’s Common Terminology
Criteria for Adverse Events version 4.03. In addition, AEs were classified by whether they
were considered possibly or probably treatment related (TRAEs) by investigator assessment,
qualified as a serious AE, or led to interruption or discontinuation of study therapy.

At C1D1 in every dosing schedule cohort, a single dose was administered followed
by 168 h (i.e., 7 days) of intensive PK sampling. Following cycle 1, the multiple-dose
treatment schedules (described above) began in cycle 2. PK parameters were derived
following single dose combined across all schedules and multiple doses at cycle 2 for each
schedule. PK parameters included maximum observed plasma concentration (Cmax), time
to Cmax (Tmax), area under the plasma concentration-time curve from time 0 to time of
the last quantifiable concentration (AUC0–T) or time 0 to time 24 h post dose (AUC0–24),
half-life (T1/2), apparent total body clearance (CL/F) for the parent drug only, and apparent
volume of distribution (Vz/F) for the parent drug only. PK assessments were evaluated
for BMS-986158 and its metabolite using plasma samples at regular intervals. Both the
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parent and metabolite samples were simultaneously analyzed using a validated liquid
chromatography and tandem mass spectrometry assay.

Triplicate ECG measures were used to assess changes from baseline in the QT interval
adjusted for heart rate using Fridericia’s formula (∆QTcF) following a single dose of
BMS-986158 at C1D1. ∆QTcF was evaluated in the context of exposure response for
BMS-986158 and its metabolite of interest.

Best overall response was defined as a complete response (CR), partial response (PR),
stable disease (SD), or progressive disease per RECIST 1.1 (solid tumors). ORR was defined
as the number of patients who had a CR or PR divided by the total number of patients
evaluated. Patients who had SD or better as their best overall response were classified as
having achieved clinical benefit. These criteria must have been met at 1 time point and ≥1
subsequent time point(s) (the first of which was within 28 days of the initial time point).
PFS was determined as the time from the first dose of study medication to the date of the
first objective documentation of tumor progression or death due to any cause.

Summary changes from baseline in the expression of BET-regulated genes were
assessed in tumor tissues and blood collected at baseline and multiple on-treatment time
points after BMS-986158 administration following the 3 dosing schedules. The study also
assessed summary percent changes from baseline in expression of BET-regulated genes
in peripheral blood and tumors (such as HEXIM1 and C-MYC). Tissue and peripheral
blood samples (at baseline and on treatment) were collected for genomic, transcriptomic,
and epigenetic analyses (by DNA or mRNA) to assess pharmacodynamic changes in
BET-regulated genes. These samples were analyzed using whole-exome sequencing,
real-time quantitative polymerase chain reaction, and RNA-sequencing methods.

2.4. Statistical Analyses

All treated patients who received ≥1 dose of BMS-986158 were evaluated in the
safety population. To qualify for evaluation of response, patients must have had a tumor
measurement at baseline and ≥1 time point after treatment, clinical progression, or death
prior to their first on-treatment tumor assessment. All treated patients with available
and sufficient serum or plasma samples for the corresponding analytes were included
in the PK analyses. Dose proportionality of BMS-986158 and its metabolite, through
regressions of log[Cmax] and/or log[AUC0–24] on log[dose], was assessed at single dose,
and PK parameters were tabulated by combining across all schedules [21]. At multiple
doses, dose proportionality was assessed separately by schedule since multiple dosing
was conducted on a separate day of cycle 2 depending on schedule (e.g., day 5 at schedule
A, day 14 at schedule B, and day 7 at schedule C). ECG parameters were evaluated in a
categorical analysis, and linear mixed-effects regression modeling was used to describe
the quantitative relationship between ∆QTcF and time-matched serum concentrations of
BMS-986158 or its metabolite at a single dose.

Descriptive summary statistics, including means and 95% CIs, were calculated using
the Clopper-Pearson method for ORR and Kaplan–Meier method for PFS and OS. During
dose escalation, an mTPI design targeted a 27% DLT rate to guide escalation decisions
and the MTD selection. In the dose-escalation segment, the target enrollment was up to
30 patients per schedule and 3–13 DLT-evaluable patients at a dose level, with an aim to
determine the MTD. The totality of the data, including PK, pharmacodynamics, and patient
overall safety, including at lower dose levels, was also used to select the RP2D.

All treated patients with available biomarker measurements at baseline and ≥1 time
point were included in the biomarker analyses. Blood and tumor tissue samples were
collected at baseline, during treatment, and at end of treatment for biomarker analysis.
Markers of selected BET-regulated genes (e.g., HEXIM1) were analyzed with summary
statistics for percent changes in expression from available matched pre- and on-treatment
samples over time relative to baseline. Statistically significant changes in gene expression
were determined using the Benjamini–Hochberg procedure to calculate an adjusted p value
with an α level of 0.05.
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3. Results
3.1. Patients

A total of 83 patients (schedule A, n = 46 [including 1 patient from Part 2]; schedule B,
n = 8; schedule C, n = 29) were enrolled. Baseline demographic and clinical characteristics
are summarized in Table 1. The median age of patients in all schedule cohorts was 59.0
years, and most enrolled patients were female (77.1%) and White (83.1%). At the time of
study entry, most patients had received ≥4 prior systemic therapies (39.8%) and had a
diagnosis of stage 4 cancer (85.5%). Approximately half of the patients enrolled had ovarian
cancer (n = 41, 49.4%).

Table 1. Baseline clinical and demographic characteristics by treatment schedule for BMS-986158
monotherapy QD a.

Demographic Characteristics and Prior Treatments

Schedule A
(5 Days On, 2 Days Off)

n = 46

Schedule B
(14 Days On, 7 Days Off)

n = 8

Schedule C
(7 Days On, 14 Days Off)

n = 29

Total
N = 83

Age, median (range), years 57.0 (23–88) 64.0 (58–75) 57.0 (33–71) 59.0
(23–88)

Sex, n (%)

Male 10 (21.7) 3 (37.5) 6 (20.7) 19 (22.9)

Female 36 (78.3) 5 (62.5) 23 (79.3) 64 (77.1)

Race, n (%)

White 39 (84.8) 8 (100.0) 22 (75.9) 69 (83.1)

Black 2 (4.3) 0 0 2 (2.4)

Asian 2 (4.3) 0 2 (6.9) 4 (4.8)

Other 3 (6.5) 0 5 (17.2) 8 (9.6)

Prior systemic therapies,
n (%)

0 2 (4.3) 2 (25.0) 1 (3.4) 5 (6.0)

1 17 (37.0) 0 (0) 5 (17.2) 22 (26.5)

2 3 (6.5) 2 (25.0) 4 (13.8) 9 (10.8)

3 7 (15.2) 2 (25.0) 5 (17.2) 14 (16.9)

≥4 17 (37.0) 2 (25.0) 14 (48.3) 33 (39.8)

Disease characteristics

Current disease stage, n (%)

1 0 0 1 (3.4) 1 (1.2)

2 1 (2.2) 0 0 1 (1.2)

3 5 (10.9) 1 (12.5) 4 (13.8) 10 (12.0)

4 40 (87.0) 7 (87.5) 21 (82.8) 71 (85.5)

Tumor type, n (%)

Ovarian cancer 20 (43.5) 3 (37.5) 18 (62.1) 41 (49.4)

SCLC 5 (10.9) 2 (25.0) 3 (10.3) 10 (12.0)
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Table 1. Cont.

Demographic Characteristics and Prior Treatments

Schedule A
(5 Days On, 2 Days Off)

n = 46

Schedule B
(14 Days On, 7 Days Off)

n = 8

Schedule C
(7 Days On, 14 Days Off)

n = 29

Total
N = 83

TNBC 6 (13.0) 1 (12.5) 2 (6.9) 9 (10.8)

NUT carcinoma 6 (13.0) 0 1 (3.4) 7 (8.4)

UM 4 (8.7) 0 1 (3.4) 5 (6.0)

ACC 1 (2.2) 1 (12.5) 2 (6.9) 4 (4.8)

CRPC 1 (2.2) 0 1 (3.4) 2 (2.4)

Ewing sarcoma 1 (2.2) 0 0 1 (1.2)

Metastatic high-grade
NEC 0 0 1 (3.4) 1 (1.2)

PPSC 1 (2.2) 0 0 1 (1.2)

SpCC 0 1 (12.5) 0 1 (1.2)

UCS 1 (2.2) 0 0 1 (1.2)
a All study sites participated in all dosing schedules. ACC, adenoid cystic carcinoma; CRPC, castration-resistant
prostate cancer; NUT, nuclear protein in testis; NEC, neuroendocrine carcinoma; PPSC, primary peritoneal serous
carcinoma; QD, once daily; SCLC, small cell lung cancer; SpCC, spindle cell carcinoma; TNBC, triple-negative
breast cancer; UCS, uterine carcinosarcoma; UM, uveal melanoma.

3.2. Safety

Among all treatment schedule cohorts, diarrhea was the most common TRAE at 43.4%,
with all cases being grade ≤ 2 (Table 2). Thrombocytopenia occurred as a TRAE in 38.6% of
all patients and was the most reported grade ≥ 3 TRAE at 25.3%. The next most common
any-grade TRAEs (≥10% incidence) were fatigue (19.3%), nausea (16.9%), anemia (14.5%),
decreased appetite (14.5%), and vomiting (12.0%). Treatment discontinuation due to a
TRAE of grade 3 myocardial infarction occurred in 1 patient (1.2%) in the schedule A group
at the 4.5-mg dose.

TRAEs had a numerically higher incidence rate in the schedule B cohort vs. the A
and C cohorts (100% vs. 71.7% and 72.4%, respectively), although the patient number on
schedule B (n = 8) may not have been large enough to draw a definitive conclusion about
this difference. Overall, serious TRAEs occurred in 5 of 83 patients (6% of the overall study
population). On schedule A, 3 of 46 patients (6.5%) experienced serious TRAEs comprising
grade 4 thrombocytopenia (n = 1) as well as grade 3 myocardial infarction (n = 1) and
nausea (n = 1). Serious TRAEs occurred in 2 of 8 patients (25.0%) on schedule B, including
grade 3 anemia (n = 1) and grade 4 thrombocytopenia (n = 2). Among the schedule C cohort
(n = 29), no serious TRAEs were reported. Among 83 patients, 9 experienced DLTs (all in
part 1). The most common DLT was grade 4 thrombocytopenia, which was schedule and
dose dependent (dose, n/N: schedule A—2.0 mg, 1/13; 3.0 mg, 1/10; 4.5 mg, 2/13; schedule
B—3.0 mg, 2/4; schedule C—4.5 mg, 2/10). Of 4 patients, 1 experienced grade 3 nausea
as a DLT in the schedule B, 2.0-mg cohort. One patient with grade 4 thrombocytopenia
reported a bleeding event (grade 1 hemorrhoidal bleeding), which was considered related
to the study drug.
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Table 2. Safety summary of TRAEs by dosing schedule.

BMS-986158 Monotherapy QD

Schedule A
(5 Days On, 2 Days Off)

n = 46

Schedule B
(14 Days On, 7 Days Off)

n = 8

Schedule C
(7 Days On, 14 Days Off)

n = 29

Total
N = 83

Any Grade
n (%)

Grade ≥ 3
n (%)

Any Grade
n (%)

Grade ≥ 3
n (%)

Any Grade
n (%)

Grade ≥ 3
n (%)

Any Grade
n (%)

Grade ≥ 3
n (%)

Patients with any TRAE 33 (71.7) 19 (41.3) 8 (100.0) 4 (50.0) 21 (72.4) 5 (17.2) 62 (74.7) 28 (33.7)

TRAEs in ≥10% of all pts

Diarrhea 19 (41.3) 0 4 (50.0) 0 13 (44.8) 0 36 (43.4) 0

Thrombocytopenia 20 (43.5) 16 (34.8) 5 (62.5) 2 (25.0) 7 (24.1) 3 (10.3) 32 (38.6) 21 (25.3)

Fatigue 8 (17.4) 2 (4.3) 4 (50) 1 (12.5) 4 (13.8) 0 16 (19.3) 3 (3.6)

Nausea 7 (15.2) 1 (2.2) 1 (12.5) 1 (12.5) 6 (20.7) 0 14 (16.9) 2 (2.4)

Anemia 6 (13.0) 2 (4.3) 2 (25.0) 2 (25.0) 4 (13.8) 1 (3.4) 12 (14.5) 5 (6.0)

Decreased appetite 5 (10.9) 0 4 (50.0) 0 3 (10.3) 0 12 (14.5) 0

Vomiting 5 (10.9) 0 2 (25.0) 1 (12.5) 3 (10.3) 1 (3.4) 10 (12.0) 2 (2.4)

Serious TRAEs 3 (6.5) a,d 3 (6.5) a,d 2 (25.0) b 2 (25.0) b 0 0 5 (6.0) c,d 5 (6.0) c,d

Discontinuations due to TRAEs 1 (2.2) d 1 (2.2) d 0 0 0 0 1 (1.2) d 1 (1.2) d

a Serious TRAEs were grade 4 thrombocytopenia (n = 1), and grade 3 myocardial infarction (n = 1) and nausea (n = 1); b Serious TRAEs were grade 4 thrombocytopenia (n = 2) and
grade anemia (n = 1); c Serious TRAEs were grade 4 thrombocytopenia (n = 3), grade 3 anemia (n = 1), grade 3 myocardial infarction (n = 1), and grade 3 nausea (n = 1); d Reason for
discontinuation was grade 3 myocardial infarction (n = 1). pt, patient; QD, once daily; TRAE, treatment-related adverse event.
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3.3. BMS-986158 Pharmacokinetics

BMS-986158, as a single dose, resulted in plasma concentrations that were dose
proportional from 0.75–4.5 mg and achieved peak concentrations within 1–4 h of the
initial doses (Figure 1). The single dose mean T1/2 ranged from 34–54 h across the various
doses. The metabolite of BMS-986158 achieved peak concentrations at 2–24 h and had a
T1/2 ranging from 35–51 h across doses. Additional single-dose PK results are shown in
Supplemental Table S1.
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the metabolite through 168 h.

The rapid-to-moderate absorption of BMS-986158 was also observed across different
doses and schedules of multidose administrations. Table 3 displays the PK parameters
of BMS-986158 by multiple-dose schedule at steady state. The Tmax across all doses and
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schedules ranged from 1.00–3.14 h with multiple-dose administration. In addition, over the
dose range of 0.75–4.5 mg across all 3 dosing regimens, no apparent dose dependency was
observed in geometric mean of CL/F at steady state, which ranged from 4.60–5.41 mL/min
across doses on schedule A, 3.76–9.72 mL/min on schedule B, and 3.89–6.65 mL/min on
schedule C. BMS-986158 PK profile with multiple-dose administration was approximately
dose proportional on schedule A but less than dose proportional on schedule C. Dose
proportionality was not assessed on schedule B because data were only available for
1 patient each at the 2.0- and 3.0-mg doses. The mean effective T1/2 ranged from
25.7–36.0 h (schedule A), 14.4–37.3 h (schedule B), and 27.3–31.6 h (schedule C). With
multiple doses, the geometric mean AUC(0–T) of BMS-986158 for schedule A ranged from
3449–29,517 h × ng/mL from 0.75–4.5-mg doses. Schedule B had geometric mean AUC(0–T)
values ranging from 6321–33,978 in the 2.0–3.0-mg dose groups. On schedule C, all dose
groups (2.0–4.5 mg) showed less variability in AUC(0–T) values (range, 18,266–19,995) due
to a lower evaluated dose range. Based upon AUC(0–24) at multiple doses, the PK of
BMS-986158 was found to be approximately dose proportional, ranging from 2716–14,551
(schedule A), 3430–13,305 (schedule B), and 8561–11,286 (schedule C). Overall, schedule
A was determined to allow continuous BMS-986158 exposure above the predicted active
concentration of 46.5 ng/mL (Supplemental Figure S2).

On multiple-dose schedules, the metabolite had an extended disposition (relative to
BMS-986158) with an effective T1/2 range (depending on dose) of 72.1–80.9 h (schedule
A), 35.2–105 h (schedule B), and 63.5–72.8 h (schedule C; Table 3). The geometric mean
metabolite-to-parent AUC ratio (MR AUC[0–T]) ranged from 0.14–0.23 h× ng/mL (schedule
A), 0.16–0.22 h × ng/mL (schedule B), and 0.19–0.29 h × ng/mL (schedule C). In addition,
the metabolite appeared to be approximately dose proportional, as the MR AUC(0–24)
showed a narrow range in each treatment schedule (schedule A, 0.13–0.20; schedule B,
0.15–0.19; schedule C, 0.15–0.23).

When cardiac parameters were evaluated at single dose, neither BMS-986158 nor its
metabolite had a statistically significant effect on ∆QTcF. The highest observed Cmax of
BMS-986158 or its metabolite was predicted to have a small increase in ∆QTcF (<5 msec),
with 2-sided 90% CI upper bounds of <7 msec, which is below the threshold of concern
(1-sided 95% CI upper bound of 10.0 msec).
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Table 3. Pharmacokinetics of BMS-986158 and its metabolite at steady state after multiple-dose treatment schedule.

Pharmacokinetic Parameter

Schedule A
(5 Days On, 2 Days Off)

Schedule B
(14 Days On, 7 Days Off)

Schedule C
(7 Days On, 14 Days Off)

0.75 mg
n = 4

1.25 mg
n = 4

2.0 mg
n = 7

3.0 mg
n = 8

4.5 mg
n = 8

2.0 mg
n = 1

3.0 mg
n = 1

2.0 mg
n = 5

3.0 mg
n = 8

4.5 mg
n = 7

BMS-986158

Cmax (ng/mL), GM (%CV) 136 (43) 284 (16) 442 (29) 624 (44) 898 (39) 279 855 520 (34) 588 (47) 901 (62)

Tmax (h), median
(range)

3.14
(2.00–6.05)

1.50
(0.50–2.00)

2.00
(0.50–4.02)

2.01
(0.50–2.10)

2.00
(1.00–4.05) 1.00 1.00 1.00

(0.83–4.00)
1.66

(0.97–2.03)
2.00

(0.17–2.03)

AUC(0–24) (h × ng/mL), GM (%CV) 2716 (51) a 3852 b N/A c 9817 (56) d 14,551 (32) 3430 13,305 8561 (36) 8637 (71) 11,286 (104)

AUC(0–T) (h × ng/mL), GM (%CV) 3449 (93) 4961 (73) 7612 (71) 13,378 (77) 29,517 (36) 6321 33,978 19,868 (45) 18,266 (97) 19,995 (135)

Effective T1/2 (h), mean (SD) 36.0 (16.0) a N/A c N/A c 25.7 (14.9) d 27.3 (8.7) 14.4 37.3 31.6 (10.5) 27.3 (15.2) d 27.6 (19.1) e

CL/F (mL/min), GM (%CV) 4.60 (55) a 5.41 b N/Ac 5.09 (43) d 5.15 (29) 9.72 3.76 3.89 (57) 5.79 (39) 6.65 (60)

Metabolite of BMS-986158

Cmax (ng/mL), GM (%CV) 25.8 (82) a 31.0 (25) 49.4 (46) 83.3 (57) 126 (50) 32.7 127 80.7 (53) 64.5 (55) 146 (83)

MR Cmax, GM (%CV) 0.17 (41) a 0.11 (29) 0.11 (25) 0.13 (37) 0.14 (18) 0.12 0.15 0.16 (33) 0.11 (32) 0.16 (33)

Tmax (h), median (range) 24.0
(24.0–24.0)a

4.00
(1.50–6.00)

2.07
(0–4.02)

2.01
(1.00–6.10)

4.00
(1.00–24.0) 1.00 1.00 4.08

(3.83–24.0)
4.00

(0–6.32)
4.00

(1.00–27.1)

MR AUC(0–24) (h × ng/mL), GM (%CV) 0.20 (37) a 0.13 b N/Ac 0.18 (36) d 0.18 (25) 0.15 0.19 0.21 (35) 0.15 (35) 0.23 (45)

MR AUC(0–T) (h × ng/mL), GM (%CV) 0.23 (40) a 0.14 (18) 0.15 (25) 0.22 (34) 0.23 (24) 0.16 0.22 0.25 (43) 0.19 (39) 0.29 (48)

Effective T1/2 (h), mean (SD) 80.9 (40.4) a N/A c N/A c 72.1 (47.1) d 80.4 (29.6) 35.2 105 72.7 (19.4) 63.5 (39.5) 72.8 (74.2)
a n = 3; b n = 1; c n = 0, d n = 7; e n = 5. AUC(0–24), area under the plasma concentration-time curve from time 0 to time 24 h post dose; AUC(0–T), area under the plasma concentration-time
curve from time 0 to time of the last quantifiable concentration; CL/F, apparent total body clearance; Cmax, maximum observed plasma concentration; %CV, coefficient of variation; GM,
geometric mean; MR, metabolite-to-parent; N/A, not available; T1/2, half-life; Tmax, time to Cmax.
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3.4. Efficacy

Preliminary efficacy data are presented in Table 4 and Supplemental Figure S3. Overall,
31.3% (n = 26) of patients experienced SD or better across treatment schedules and doses.
No patients experienced a CR, and 2 patients on schedule A had a PR (1 patient on the
4.5-mg dose, and 1 patient on the 4.5-mg dose for 2 weeks followed by 3.75 mg for the
remainder of the study), for ORRs of 2% on schedule A and 0% on schedules B and C.
SD was achieved in 26.1% (schedule A), 37.5% (schedule B), and 31.0% (schedule C) of
patients. Approximately half (50.0–52.2% across the treatment schedules) of the patients
had progressive disease as best response. The best overall response was unable to be
determined in 17.4% (schedule A), 12.5% (schedule B), and 17.2% (schedule C) of patients.

Table 4. Preliminary efficacy by dosing schedule.

Schedule A
n = 46

Schedule B
n = 8

Schedule C
n = 29

Best overall response by investigator, n (%)

Complete response 0 0 0

Partial response 2 (4.3) a 0 0

Stable disease 12 (26.1) 3 (37.5) 9 (31.0)

Progressive disease 24 (52.2) 4 (50.0) 15 (51.7)

Unable to determine 8 (17.4) b 1 (12.5) c 5 (17.2) d

ORR (95% CI), % 2 (0.5–14.8) 0 (0.0–36.9) 0 (0.0–11.9)

Median PFS (95% CI), weeks 8.29
(7.14–9.71)

8.43
(5.57–40.14)

9.00
(7.86–13.29)

PFS rate, n (95% CI)

24 weeks 18.1
(8.0–31.5)

42.9
(9.8–73.4)

13.5
(3.4–30.6)

48 weeks 10.3
(3.3–22.1)

14.3
(0.7–46.5)

6.8
(0.6–24.4)

Median OS (95% CI), months 7.52
(4.17–11.99)

9.23
(2.79–11.83)

5.32
(3.52–11.83)

OS rate, n (95% CI)

6 months 52.6
(37.0–66.0) NR e 48.4

(27.3–66.7)

12 months 34.3
(20.8–48.2) NR e 30.8

(13.7–49.7)
a Partial responses observed in 1 patient with ovarian cancer treated with 4.5 mg BMS-986158 and 1 patient with
NUT carcinoma treated with 4.5 mg/3.75 mg; b Reasons unable to determine: death prior to disease assessment
(n = 4) and other (n = 4); c Reason unable to determine: other (n = 1); d Reasons unable to determine: death prior
to disease assessment (n = 1) and other (n = 4); e OS rate not reported for schedule B due to insufficient patient
number. NR, not reported; NUT, nuclear protein in testis; ORR, objective response rate; OS, overall survival; PFS,
progression-free survival.

Supplemental Table S2 and Figure S4 display the baseline characteristics and treatment
assignments of patients who achieved clinical benefit (i.e., SD or better as best overall
response). Although the patient numbers were insufficient for a subgroup analysis,
some qualitative differences were observed. Of the patients who received the 4.5-mg
dose on schedule A, 64% (9/14) experienced clinical benefit. Tumor types in which over
half the patients achieved clinical benefit included NUT carcinoma (57.1%, 4/7), uveal
melanoma (60%, 3/5), and adenoid cystic carcinoma (100%, 4/4). The 2 patients with a
PR on schedule A had ovarian cancer (4.5-mg dose) and NUT carcinoma (4.5-mg/3.75-mg
dose). Figure 2 shows radiographs from a 66-year-old woman with stage IIIC serous
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papillary ovarian cancer harboring somatic BRCA2 and TP53 mutations. Following initial
diagnosis and tumor resection (prior to study entry), the patient was treated with 6 cycles
of carboplatin-paclitaxel as a first-line therapy. She experienced recurrence 17 months later
with lesions in the retroperitoneal and mediastinal lymph nodes, which were rechallenged
with 6 cycles of carboplatin-paclitaxel and another 6 cycles, 24 months later, which resulted
in a PR. Over the next approximately 8 years, tumor recurrence was treated with doxorubicin,
topotecan, carboplatin, gemcitabine, or an investigational bispecific anti–mesothelin-CD40
antibody before progressive disease occurred prior to enrollment in the current trial
reported here. In the current study, the patient was assigned to receive BMS-986158
4.5 mg on schedule A. Prior to the C1D1 visit, the patient had elevated levels of the tumor
marker cancer antigen (CA) 125 (3032 U/mL), which decreased and remained stable after
treatment initiation (Figure 2B). The patient achieved a PR at day 170, with a 35% reduction
in tumor burden. She had a PR for 155 days on study treatment until she experienced
clinical progression.
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Figure 2. BMS-986158 4.5-mg treatment on schedule A in a 66-year-old female patient with serous
papillary ovarian cancer. (A) The patient had tumors in the lymph nodes (top 2 rows), adrenal
glands (third row), and peritoneum (bottom row), with tumor shrinkage observed in the lymph
nodes. (B) The patient had elevated levels of the tumor marker cancer antigen (CA) 125 at C1D1
(5 November 2018), which decreased and stabilized. Dates are shown as month-day-year.

Overall, the median (95% CI) PFS was 8.29 (7.14–9.71) weeks on schedule A, 8.43
(5.57–40.14) weeks on schedule B, and 9.00 (7.86–13.29) weeks on schedule C. The PFS rates
(95% CI) at 24 and 48 weeks, respectively, were 18.1% (8.0–31.5%) and 10.3% (3.3–22.1%) on
schedule A, 42.9% (9.8–73.4%) and 14.3% (0.7–46.5%) on schedule B, and 13.5% (3.4–30.6%)
and 6.8% (0.6–24.4%) on schedule C. The OS rates at 6 and 12 months, respectively, were
52.6% (37.0–66.0%) and 34.3% (20.8–48.2%) on schedule A and 48.4% (27.3–66.7%) and 30.8%
(13.7–49.7%) on schedule C. OS rates were not reported on schedule B due to insufficient
patient numbers.

3.5. Biomarker Analyses

Changes in gene expression were evaluated in 41 patients, using peripheral whole blood
samples (collected at baseline and 8 h after BMS-986158 treatment) on C1D1. Based on a
nonlinear model of >18,000 genes measured for transcriptional changes in matched pre- and
post-treatment biopsies, 4500 showed significant changes in expression in patients treated
with BMS-986158 (Benjamini–Hochberg–adjusted p < 0.05). CCR2 showed transcriptional
suppression during BMS-986158 treatment and was maintained on days off treatment
(Figure 3). CCR2 mRNA had dose-dependent expression changes to single-dose BMS-986158
up to 4.5 mg. HEXIM1 mRNA, an established BET inhibitor pharmacodynamic biomarker [22],
was dose dependently upregulated by BMS-986158.
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4. Discussion

Over 15 BET inhibitors have been in early phase clinical development across a variety of
cancer types [23], and, as a whole, have shown modest efficacy in clinical trials [24,25].

BMS-986158 is a highly potent and selective BET inhibitor that has shown preclinical
antitumor activity in hematologic and solid tumors [19]. Our phase 1/2a trial of BMS-986158
evaluated safety and preliminary clinical efficacy in patients with advanced solid tumors.
On schedule A, the most common TRAEs (defined as occurring in ≥10% of patients) were
thrombocytopenia, diarrhea, fatigue, nausea, anemia, decreased appetite, and vomiting,
and serious TRAEs occurred in 6.0% of all patients. These TRAEs are typical within the
BET inhibitor class; a recent meta-analysis of BET inhibitors found that the most common
AEs included thrombocytopenia, anemia, neutropenia, gastrointestinal symptoms, and
fatigue [24]. The only grade 3/4 TRAE reported in our trial with an incidence of ≥5% on
schedule A treatment was thrombocytopenia.

Schedule A provided more continuous drug exposure than schedules B and C, and a
Cmax value comparable to that on schedule B. The results from Part 1 of this study supported
the more continuous dosing of schedule A in the dose expansion. Study CA011-001
was terminated early after 1 patient enrolled in Part 2 of the study and received 4.5 mg
for 2 weeks followed by 3.75 mg for the remainder of the trial. The study termination
was due to a business decision and not related to safety reasons. As no additional
patients were enrolled in Part 2 prior to study termination, the aforementioned patient is
included in the schedule A, 4.5-mg dose cohort in this report. On schedule A, BMS-986158
exhibited a dose-proportional PK profile. Rapid absorption and slow elimination were
observed on all schedules. In addition, CCR2 transcriptional suppression and HEXIM1
transcriptional activation were observed after BMS-986158 dosing, showing an on-target
pharmacodynamic response and inhibition of the BET pathway, since HEXIM1 [26,27] and
CCR2 mRNA [28] have been shown to be upregulated and downregulated, respectively, in
tumor cell lines treated with BET inhibitors.

We also assessed the PK of a disproportionate metabolite of interest for BMS-986158,
which demonstrated approximately dose-proportional kinetics on schedule A. The metabolite
showed generally consistent ranges in MR Cmax (11–17%) and AUC(0–T) (14–29%) at
multiple doses across all the clinically evaluated dosing schedules. This demonstrates that
the tested metabolite may be a major metabolite of interest. The metabolite achieved lower
relative plasma concentrations than the parent drug, BMS-986158, while having a relatively
longer effective T1/2 at multiple doses, as would be expected for a metabolite exhibiting
elimination rate–limited metabolite kinetics. In addition, single doses of BMS-986158 were
not found to cause significant QTc prolongation within the tested dose range.

Although this study was primarily focused on safety, some indications of clinical
activity were observed. On schedule A, 30.4% of patients achieved clinical benefit (a
well-accepted measure of disease stabilization in oncology clinical trials [29]) across doses
and treatment schedules, and 2 patients had a PR (1 with ovarian cancer treated with
the 4.5-mg dose and 1 with NUT carcinoma treated with 4.5 mg for 2 weeks followed
by 3.75 mg). This rate of clinical benefit was within the range of what was reported in a
systematic review of 12 BET inhibitors, which showed an overall SD rate of 27.4% (range,
8.0–60.0%) and a PR rate of 5.7% (range, 2.0–21.0%) [24].

Trends observed in our study suggested that a higher proportion of patients experienced
clinical benefit among those who received 4.5 mg on schedule A (compared with all
tested doses on schedule B or C) or had baseline NUT carcinoma, uveal melanoma, or
adenoid cystic carcinoma (relative to other cancer types). As demonstrated in a patient
case, a female patient with ovarian cancer receiving BMS-986158 4.5 mg on schedule A
experienced a reduction of 35% in tumor burden by day 170 after treatment initiation,
providing some preliminary evidence of potential efficacy of BMS-986158. In addition, the
trend that patients with baseline NUT carcinoma experienced clinical benefit is consistent
with antitumor activity found among patients with NUT carcinoma treated with the
BET inhibitors molibresib, birabresib, and OTX015 [18,23], which may be indicative of
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altered BET inhibitor interactions with BRD3-NUT, BRD4-NUT, or NSD3-NUT fusions.
Preclinical research has demonstrated inhibition of gene expression and antitumor effects
with BET inhibitors in uveal melanoma [14] and adenoid cystic carcinoma cell lines [30],
with preliminary dose-dependent efficacy found in uveal melanoma in humans [31] The
antitumor effect of a BET inhibitor in uveal melanoma [14] or adenoid cystic carcinoma [30]
has been postulated to occur via cell cycle arrest due to inhibition of BRD4.

The PFS ranged from 8.29–9.00 weeks depending on treatment schedule. The PFS
rates at 24 and 48 weeks ranged from 13.5–42.9% and 6.8–14.3%, respectively, depending
on treatment schedule. Due to the population heterogeneity and other limitations of a
dose-escalation trial, future studies will be required to confirm any potential antitumor
activity in patients with these histologies and treatment schedule.

5. Conclusions

BMS-986158 had a well-tolerated safety profile on schedule A (5 days on, 2 days off),
with the most common TRAE being thrombocytopenia. PK was dose proportional, favoring
a more continuous dosing approach (schedule A) over intermittent schedules (B and C).
Preliminary efficacy results indicated antitumor activity noted by 30.4% of patients on
schedule A achieving clinical benefit. Currently BMS-986158 is under investigation in a
phase 1b/2 study evaluating combination therapy of BMS-986158 with the Janus kinase
inhibitors ruxolitinib or fedratinib in patients with myelofibrosis (NCT04817007) [32].
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www.mdpi.com/article/10.3390/cancers14174079/s1, Figure S1: Study design. Figure S2: Predicted
pharmacokinetic profile at BMS-986158 3-mg dose for each treatment schedule. Figure S3: Kaplan–Meier
survival curves by treatment schedule for (A) PFS and (B) OS. Figure S4: Patients who achieved
clinical benefit (SD or better) by (A) dose and schedule and (B) tumor type. Table S1: Pharmacokinetics
of BMS-986158 and its metabolite at single dose by treatment schedule. Table S2: Baseline treatment
assignments for BMS-986158 monotherapy and tumor type.

Author Contributions: Conceptualization, J.H. and J.R.D.; Methodology, K.X.; Formal Analysis, S.D.;
Investigation, J.H., M.C., S.P.-V., C.B., M.V., W.E., G.I.S., M.L.C., J.V., B.C. and J.R.D.; Resources,
all authors; Data Curation, A.A., S.D. and K.X.; Writing—Original Draft Preparation, all authors;
Writing—Review and Editing, all authors. All authors have read and agreed to the published version
of the manuscript.

Funding: This phase 1/2a trial was supported and funded by Bristol Myers Squibb.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board or Ethics Committee of all
authors’ and investigators’ institutions.

Informed Consent Statement: Informed consent was obtained from all patients involved in the study.

Data Availability Statement: Data may be shared upon request to the corresponding author.

Acknowledgments: The patients and families who made this study possible. The clinical teams who
participated. Writing and editorial assistance was provided by Jenna Kotak and Ray Beck, Jr, of
SciMentum, Inc., a Nucleus Holdings Ltd. Company, and funded by Bristol Myers Squibb.

Conflicts of Interest: J.H. has served in an advisory capacity for Bristol Myers Squibb, AstraZeneca,
Novartis, Merck, Seattle Genetics, and Eli Lilly; has received research funding from GlaxoSmithKline;
and has participated in data monitoring committees with Bristol Myers Squibb. M.C. has served on
advisory boards funded by AstraZeneca and AbbVie and owns stock in Regeneron Pharmaceuticals.
S.P.-V. has conducted research with AbbVie, Adaptimmune, Adlai Nortye USA Inc, Aduro Biotech,
Agios Pharmaceuticals, Amgen, Astex Pharmaceuticals, AstraZeneca Ab, Aveo, Basilea Pharmaceutica
International Ltd., Bayer Healthcare Ag, Bbb Technologies Bv, Beigene, BicycleTx Ltd., Blueprint
Medicines, Boehringer Ingelheim, Boston Pharmaceuticals, Bristol Myers Squibb, Casi Pharmaceuticals,
Inc., Celgene Corporation, Cellcentric, Chugai Pharmaceutical Co, Cullinan-Apollo, Curevarc, Daiichi
Sankyo, Debiopharm, Eisai, Eisai Limited, Eli Lilly, Exelixis, Faron Pharmaceuticals Ltd., Forma
Therapeutics, Gamamabs, Genentech, GlaxoSmithKline, H3 Biomedicine, Hoffmann La Roche Ag,

https://www.mdpi.com/article/10.3390/cancers14174079/s1
https://www.mdpi.com/article/10.3390/cancers14174079/s1


Cancers 2022, 14, 4079 18 of 19

Imcheck Therapeutics, Incyte Corporation, Innate Pharma, Institut De Recherche Pierre Fabre,
Iris Servier, Iteos Belgium SA, Janssen Cilag, Janssen Research Foundation, Janssen R&D LLC,
Kura Oncology, Kyowa Kirin Pharm. Dev, Lilly France, Loxo Oncology, Medimmune, Menarini
Ricerche, Merck Sharp & Dohme Chibret, Merrimack Pharmaceuticals, Merus, Molecular Partners Ag,
Nanobiotix, Nektar Therapeutics, Novartis Pharma, Octimet Oncology Nv, Oncoethix, Oncopeptides,
Orion Pharma, Genomics, Ose Pharma, Pfizer, Pharma Mar, Pierre Fabre Medicament, Relay
Therapeutics, Inc, Roche, Sanofi Aventis, Seattle Genetics, Sotio A.S, Syros Pharmaceuticals, Taiho
Pharma, Tesaro, Transgene S.A, Turning Point Therapeutics, and Xencor; received reasearch funding
from AstraZeneca, Bristol Myers Squibb, Boehringer Ingelheim, GlaxoSmithKline, INCA, Janssen
Cilag, Merck, Pfizer, Roche, and Sanofi; and received non-funding research support (e.g., drug supply)
from AstraZeneca, Bristol Myers Squibb, Boehringer Ingelheim, GlaxoSmithKline, Medimmune,
Merck, NH TherAGuiX, Pfizer, and Roche. C.B. has received funding from the Bristol Myers
Squibb Foundation; has served in a consulting/advisory role for Bicycle Therapeutics, Rising Tide
Foundation, ITEOS, Janssen, GlaxoSmithKline, Bristol Myers Squibb, AstraZeneca, Amgen, and
Sanofi; and has received travel accommodations from MSD. M.V. has received honoraria from MSD
and has served in an advisory role for AstraZeneca. W.E. has served in a consulting/advisory role for
Chimerix Corporation. G.I.S. has received research funding from Eli Lilly, Merck KGaA/EMD Serono,
Merck, and Sierra Oncology as well as served in a consulting/advisory role for Almac, Angiex, Astex,
Bayer, Bicycle Therapeutics, Cybrexa Therapeutics, Daiichi Sankyo, Eli Lilly, Fusion Pharmaceuticals,
G1 Therapeutics, Ipsen, Merck KGaA/EMD Serono, Pfizer, Roche, and Sierra Oncology. M.L.C. has
received honoraria from the Lynx Group, WebMD, and Potomac Center for Medical Education; has
served as a consultant or in an advisory role for AstraZeneca, Inivata, Boehringer Ingelheim, Cepheid,
Mirati, and Janssen; has been granted research funding from Palleon Pharmaceuticals; and has been
reimbursed for travel expenses by Daiichi Sankyo, AstraZeneca, and Genzyme. J.V. has received
research funding from Agendia, Arvinas, Astellas Pharma, AstraZeneca, Blueprint Medicines, Bristol
Myers Squibb, Celldex, Clovis Oncology, Deciphera, Eisai, Exelixis, Fortis, Roche/Genentech, Ignyta,
Incyte, Innocrin Pharma, Lilly, Loxo, Merck, Novartis, Pfizer, Polyphor, and Rgenix; and has served
in a consulting/advisory role for Seattle Genetics/Astellas. B.C. has served on advisory boards with
AstraZeneca, Immunogen, Novocure, Merck, and GlaxoSmithKline and has received research support
from Clovis. S.D., A.A., K.X., M.K., K.Ü.-K., A.H., G.W., P.R., G.K., O.E., and S.C. are employees of
and have stock or stock options in Bristol Myers Squibb. J.R.D. has received research funding to her
institution from Adlai Norte, Takeda, Gilead, Merck, AstraZeneca, Astellas, AbbVie, Bristol Myers
Squibb, OnKure, Deciphera, Bayer, Hutchison, Genentech, Consulting Gilead, and OnKure and has
stock options in OnKure.

References
1. Bennett, R.L.; Licht, J.D. Targeting epigenetics in cancer. Annu. Rev. Pharmacol. Toxicol. 2018, 58, 187–207. [CrossRef]
2. Kumar, V.E.; Nambiar, R.; De Souza, C.; Nguyen, A.; Chien, J.; Lam, K.S. Targeting epigenetic modifiers of tumor plasticity and

cancer stem cell behavior. Cells 2022, 11, 1403. [CrossRef]
3. Kulikowski, E.; Rakai, B.D.; Wong, N.C.W. Inhibitors of bromodomain and extra-terminal proteins for treating multiple human

diseases. Med. Res. Rev. 2021, 41, 223–245. [CrossRef]
4. Loven, J.; Hoke, H.A.; Lin, C.Y.; Lau, A.; Orlando, D.A.; Vakoc, C.R.; Bradner, J.E.; Lee, T.I.; Young, R.A. Selective inhibition of

tumor oncogenes by disruption of super-enhancers. Cell 2013, 153, 320–334. [CrossRef]
5. Rahman, S.; Sowa, M.E.; Ottinger, M.; Smith, J.A.; Shi, Y.; Harper, J.W.; Howley, P.M. The Brd4 extraterminal domain confers

transcription activation independent of pTEFb by recruiting multiple proteins, including NSD3. Mol. Cell. Biol. 2011, 31,
2641–2652. [CrossRef]

6. Taniguchi, Y. The bromodomain and extra-terminal domain (BET) family: Functional anatomy of BET paralogous proteins. Int. J.
Mol. Sci. 2016, 17, 1849. [CrossRef]

7. Donati, B.; Lorenzini, E.; Ciarrocchi, A. BRD4 and cancer: Going beyond transcriptional regulation. Mol. Cancer 2018, 17, 164.
[CrossRef]

8. French, C.A.; Miyoshi, I.; Kubonishi, I.; Grier, H.E.; Perez-Atayde, A.R.; Fletcher, J.A. BRD4-NUT fusion oncogene: A novel
mechanism in aggressive carcinoma. Cancer Res. 2003, 63, 304–307.

9. French, C.A.; Ramirez, C.L.; Kolmakova, J.; Hickman, T.T.; Cameron, M.J.; Thyne, M.E.; Kutok, J.L.; Toretsky, J.A.; Tadavarthy,
A.K.; Kees, U.R.; et al. BRD-NUT oncoproteins: A family of closely related nuclear proteins that block epithelial differentiation
and maintain the growth of carcinoma cells. Oncogene 2008, 27, 2237–2242. [CrossRef]

10. Liao, Y.F.; Wu, Y.B.; Long, X.; Zhu, S.Q.; Jin, C.; Xu, J.J.; Ding, Y.J. High level of BRD4 promotes non-small cell lung cancer
progression. Oncotarget 2016, 7, 9491–9500. [CrossRef]

http://doi.org/10.1146/annurev-pharmtox-010716-105106
http://doi.org/10.3390/cells11091403
http://doi.org/10.1002/med.21730
http://doi.org/10.1016/j.cell.2013.03.036
http://doi.org/10.1128/MCB.01341-10
http://doi.org/10.3390/ijms17111849
http://doi.org/10.1186/s12943-018-0915-9
http://doi.org/10.1038/sj.onc.1210852
http://doi.org/10.18632/oncotarget.7068


Cancers 2022, 14, 4079 19 of 19

11. Crawford, N.P.S.; Alsarraj, J.; Lukes, L.; Walker, R.C.; Officewala, J.S.; Yang, H.H.; Lee, M.P.; Ozato, K.; Hunter, K.W. Bromodomain
4 activation predicts breast cancer survival. Proc. Natl. Acad. Sci. USA 2008, 105, 6380–6385. [CrossRef]

12. Urbanucci, A.; Barfeld, S.J.; Kytola, V.; Itkonen, H.M.; Coleman, I.M.; Vodak, D.; Sjoblom, L.; Sheng, X.; Tolonen, T.; Minner, S.;
et al. Androgen receptor deregulation drives bromodomain-mediated chromatin alterations in prostate cancer. Cell Rep. 2017, 19,
2045–2059. [CrossRef]

13. Baratta, M.G.; Schinzel, A.C.; Zwang, Y.; Bandopadhayay, P.; Bowman-Colin, C.; Kutt, J.; Curtis, J.; Piao, H.; Wong, L.C.; Kung,
A.L.; et al. An in-tumor genetic screen reveals that the BET bromodomain protein, BRD4, is a potential therapeutic target in
ovarian carcinoma. Proc. Natl. Acad. Sci. USA 2015, 112, 232–237. [CrossRef]

14. Ambrosini, G.; Sawle, A.D.; Musi, E.; Schwartz, G.K. BRD4-targeted therapy induces Myc-independent cytotoxicity in
Gnaq/11-mutatant uveal melanoma cells. Oncotarget 2015, 6, 33397–33409. [CrossRef]

15. Lockwood, W.W.; Zejnullahu, K.; Bradner, J.E.; Varmus, H. Sensitivity of human lung adenocarcinoma cell lines to targeted
inhibition of BET epigenetic signaling proteins. Proc. Natl. Acad. Sci. USA 2012, 109, 19408–19413. [CrossRef]

16. Shorstova, T.; Marques, M.; Su, J.; Johnston, J.; Kleinman, C.L.; Hamel, N.; Huang, S.; Alaoui-Jamali, M.A.; Foulkes, W.D.; Witcher,
M. SWI/SNF-compromised cancers are susceptible to bromodomain inhibitors. Cancer Res. 2019, 79, 2761–2774. [CrossRef]

17. Loganathan, S.N.; Tang, N.; Fleming, J.T.; Ma, Y.; Guo, Y.; Borinstein, S.C.; Chiang, C.; Wang, J. BET bromodomain inhibitors
suppress EWS-FLI1-dependent transcription and the IGF1 autocrine mechanism in Ewing sarcoma. Oncotarget 2016, 7,
43504–43517. [CrossRef]

18. Stathis, A.; Zucca, E.; Bekradda, M.; Gomez-Roca, C.; Delord, J.-P.; de la Motte Rouge, T.; Uro-Coste, E.; de Braud, F.; Pelosi,
G.; French, C.A. Clinical response of carcinomas harboring the BRD4–NUT oncoprotein to the targeted bromodomain inhibitor
OTX015/MK-8628. Cancer Discov. 2016, 6, 492–500. [CrossRef]

19. Gavai, A.V.; Norris, D.; Delucca, G.; Tortolani, D.; Tokarski, J.S.; Dodd, D.; O’Malley, D.; Zhao, Y.; Quesnelle, C.; Gill, P.; et al.
Discovery and preclinical pharmacology of an oral bromodomain and extra-terminal (BET) inhibitor using scaffold-hopping and
structure-guided drug design. J. Med. Chem. 2021, 64, 14247–14265. [CrossRef]

20. Ji, Y.; Liu, P.; Li, Y.; Bekele, B.N. A modified toxicity probability interval method for dose-finding trials. Clin. Trials 2010, 7, 653–663.
[CrossRef]

21. Hummel, J.; McKendrick, S.; Brindley, C.; French, R. Exploratory assessment of dose proportionality: Review of current
approaches and proposal for a practical criterion. Pharm. Stat. 2009, 8, 38–49. [CrossRef]

22. Bartholomeeusen, K.; Xiang, Y.; Fujinaga, K.; Peterlin, B.M. Bromodomain and extra-terminal (BET) bromodomain inhibition
activate transcription via transient release of positive transcription elongation factor b (P-TEFb) from 7SK small nuclear
ribonucleoprotein. J. Biol. Chem. 2012, 287, 36609–36616. [CrossRef]

23. Martin-Romano, P.; Baldini, C.; Postel-Vinay, S. How much can we bet on activity of BET inhibitors beyond NUT-midline
carcinoma? JNCI Cancer Spectr. 2020, 4, pkz092. [CrossRef]

24. Sun, Y.; Han, J.; Wang, Z.; Li, X.; Sun, Y.; Hu, Z. Safety and efficacy of bromodomain and extra-terminal inhibitors for the
treatment of hematological malignancies and solid tumors: A systematic study of clinical trials. Front. Pharmacol. 2021, 11, 621093.
[CrossRef]

25. Doroshow, D.B.; Eder, J.P.; LoRusso, P.M. BET inhibitors: A novel epigenetic approach. Ann. Oncol. 2017, 28, 1776–1787. [CrossRef]
26. Devaraj, S.G.; Fiskus, W.; Shah, B.; Qi, J.; Sun, B.; Iyer, S.P.; Sharma, S.; Bradner, J.E.; Bhalla, K.N. HEXIM1 induction is

mechanistically involved in mediating anti-AML activity of BET protein bromodomain antagonist. Leukemia 2016, 30, 504–508.
[CrossRef]

27. Coude, M.M.; Braun, T.; Berrou, J.; Dupont, M.; Bertrand, S.; Masse, A.; Raffoux, E.; Itzykson, R.; Delord, M.; Riveiro, M.E.; et al.
BET inhibitor OTX015 targets BRD2 and BRD4 and decreases c-MYC in acute leukemia cells. Oncotarget 2015, 6, 17698–17712.
[CrossRef]

28. Yeh, T.C.; O’Connor, G.; Petteruti, P.; Dulak, A.; Hattersley, M.; Barrett, J.C.; Chen, H. Identification of CCR2 and CD180 as robust
pharmacodynamic tumor and blood biomarkers for clinical use with BRD4/BET inhibitors. Clin. Cancer Res. 2017, 23, 1025–1035.
[CrossRef]

29. Delgado, A.; Guddati, A.K. Clinical endpoints in oncology—A primer. Am. J. Cancer Res. 2021, 11, 1121–1131.
30. Wang, L.; Wu, X.; Wang, R.; Yang, C.; Li, Z.; Wang, C.; Zhang, F.; Yang, P. BRD4 inhibition suppresses cell growth, migration and

invasion of salivary adenoid cystic carcinoma. Biol. Res. 2017, 50, 19. [CrossRef]
31. Piha-Paul, S.A.; Sachdev, J.C.; Barve, M.; LoRusso, P.; Szmulewitz, R.; Patel, S.P.; Lara, P.N., Jr.; Chen, X.; Hu, B.; Freise, K.J.; et al.

First-in-human study of mivebresib (ABBV-075), an oral pan-inhibitor of bromodomain and extra terminal proteins, in patients
with relapsed/refractory solid tumors. Clin. Cancer Res. 2019, 25, 6309–6319. [CrossRef]

32. NCT04817007. A Phase 1b Study of BMS-986158 Monotherapy and in Combination with Either Ruxolitinib or Fedratinib in
Participants with DIPSS-Intermediate or High Risk Myelofibrosis. Available online: https://clinicaltrials.gov/ct2/show/NCT0
4817007 (accessed on 24 September 2021).

http://doi.org/10.1073/pnas.0710331105
http://doi.org/10.1016/j.celrep.2017.05.049
http://doi.org/10.1073/pnas.1422165112
http://doi.org/10.18632/oncotarget.5179
http://doi.org/10.1073/pnas.1216363109
http://doi.org/10.1158/0008-5472.CAN-18-1545
http://doi.org/10.18632/oncotarget.9762
http://doi.org/10.1158/2159-8290.CD-15-1335
http://doi.org/10.1021/acs.jmedchem.1c00625
http://doi.org/10.1177/1740774510382799
http://doi.org/10.1002/pst.326
http://doi.org/10.1074/jbc.M112.410746
http://doi.org/10.1093/jncics/pkz092
http://doi.org/10.3389/fphar.2020.621093
http://doi.org/10.1093/annonc/mdx157
http://doi.org/10.1038/leu.2015.142
http://doi.org/10.18632/oncotarget.4131
http://doi.org/10.1158/1078-0432.CCR-16-1658
http://doi.org/10.1186/s40659-017-0124-9
http://doi.org/10.1158/1078-0432.CCR-19-0578
https://clinicaltrials.gov/ct2/show/NCT04817007
https://clinicaltrials.gov/ct2/show/NCT04817007

	Introduction 
	Materials and Methods 
	Study Design 
	Patients 
	Study Endpoints and Assessments 
	Statistical Analyses 

	Results 
	Patients 
	Safety 
	BMS-986158 Pharmacokinetics 
	Efficacy 
	Biomarker Analyses 

	Discussion 
	Conclusions 
	References

