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Abstract

The bromodomain and extra-terminal domain (BET) protein family, particularly BRD4, is critical for the control of oncogenic
transcriptional programs in solid tumors. Although initial-generation BET inhibitors, such as JQ1, molibresib, and birabresib,
have demonstrated preclinical efficacy in repressing MYC-dependent pathways, their clinical translation has been hampered
by low monotherapy activity, pharmacokinetic heterogeneity, and dose-limiting toxicities. This review aims to update the
mechanistic foundations, clinical trial results, and development of therapeutic approaches to BET inhibition in solid tumors,
outlining its evolving role in the next generation of cancer treatment strategies. Various clinical trials in different phases have
demonstrated heterogeneous responses among solid tumor types, with greater effects in NUT carcinoma and castration-re-
sistant prostate cancer. Resistance mechanisms, including BRD4 isoform switching and compensatory signaling activation,
emphasize the need for advanced and innovative BET-targeting modalities. BD2-selective BET inhibitors and proteolysis-tar-
geting chimeras are likely to overcome these limitations by increasing target specificity and reducing systemic side effects. In
addition, combination strategies, such as PARP inhibitors, AR antagonists, and immune checkpoint blockade, have synergistic
potential to augment anticancer activity. In conclusion, this review provides a comprehensive overview of the advances, chal-

lenges, and future directions of BET bromodomain inhibition in solid tumors.

Introduction

The bromodomain and extra-terminal domain (BET) protein fam-
ily (a key modulator of gene expression) regulates transcriptional
programs that support both healthy cellular activities and can-
cerous ones. The BET family comprises four members, BRDT,
BRD2, BRD3, and BRD4, which share a conserved domain design
that includes an extra-terminal domain and two tandem N-terminal
bromodomains (BD1 and BD2) (Fig. 1a). Bromodomains bind to
acetylated histone tails and serve as acetyl-lysine recognition mo-
tifs that attract BET proteins to active chromatin locations.! BET
bromodomains also recognize acetylated non-histone proteins, in-
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cluding transcription factors and co-activators, enabling BET pro-
teins to integrate diverse chromatin and signaling inputs beyond
classical histone-acetylation marks.?

BET proteins can act as scaffolding platforms, forming tran-
scriptional complexes and facilitating RNA polymerase II elonga-
tion.> BRD4 has been exhaustively investigated and is often re-
garded as the “master regulator” within the BET family because of
its unique capacity to remain associated with chromatin through-
out the cell cycle, including mitosis. BRD4 binds to hyperacety-
lated chromatin regions, including promoters and super-enhancers,
and to large clusters of enhancers that drive the robust expression
of lineage-specific or oncogenic genes such as MYC, BCL2, and
CCND1.4 BRD4 enables RNA polymerase II phosphorylation and
promotes the transcriptional elongation of key oncogenes by in-
teracting with positive transcription elongation factor b (P-TEFDb)
and other co-activators (Fig. 1b).5 This process is crucial in cancers
with super-enhancer reprogramming, in which BRD4 amplifies
oncogene expression far beyond physiological levels. Mechanisti-
cally, BRD4 functions as a scaffold that recruits and stabilizes the
P-TEFb complex (CDK9-Cyclin T1), enabling phosphorylation of
the RNA polymerase II C-terminal domain and release of paused
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Fig. 1. BET protein family and BRD4 mechanism of action. (a) BET protein family members. BRDT, BRD2, BRD3, and BRD4 are the four mammalian members
of this family. (b) BRD4 associates with acetylated histones and recruits P-TEFb to promote phosphorylation of RNA polymerase Il, thereby enabling tran-
scriptional elongation of oncogenic targets. BD1, bromodomain 1; BID, basic residue-enriched interaction domain; BRD2, bromodomain-containing protein
2; BRDT, bromodomain testis-specific protein; CCNT1, cyclin T1; CDK9, cyclin-dependent kinase 9; CPS, C-terminal phosphorylation sites; CTD, C-terminal
domain; ET, extra-terminal domain; NPS, N-terminal phosphorylation sites; P-TEFb, positive transcription elongation factor b; PID, P-TEFb-interacting do-

main; RNA Pol Il, RNA polymerase II.

polymerase into productive elongation.> In some reports, BRD4
has been suggested to display intrinsic kinase activity toward RNA
polymerase II, CDK9, TAF7, and MYC, and a significant part of
the PDID with phosphorylated NPS and BID (amino acids 351—
359) has been coined as being responsible for its intrinsic kinase
activity.® However, later structural and enzymology analyses ques-
tion whether this activity is truly intrinsic to BRD4, suggesting
rather that the phosphorylation effects arise through recruitment of
P-TEFb and associated co-activators.>8

BRDA4 is expressed predominantly as two isoforms: the long iso-
form (BRD4-L), which contains an extended C-terminal domain
that engages P-TEFb and supports transcriptional elongation, and
the short isoform (BRD4-S), which lacks this domain and has been
implicated in promoting chromatin compaction and therapy resist-
ance. Similar isoform diversity is evident in BRD2 and BRD3,
which contain alternative splicing variants that differentially influ-
ence enhancer selection and lineage-specific transcription.®1?

In triple-negative breast cancer (TNBC) and prostate cancer,
dysregulation of BRD4 binding to the super-enhancer region di-
rectly upregulates MYC, thus triggering unchecked prolifera-
tion, metastasis, and therapeutic resistance. Thus, BRD4 acts as a
critical node in tumor cell survival, proliferation, and therapeutic
resistance owing to its key role in sustaining aberrant gene ex-
pression.!! Although the basic mechanism of BET-mediated tran-

scriptional activation is similar across malignancies, differences
exist between hematologic cancers and solid tumors. Acute my-
eloid leukemia (AML) and certain other hematologic malignancies
usually depend on well-defined transcriptional genes sustained by
BET proteins such as BRD4. Thus, blocking BRD4 alone is often
sufficient to downregulate these genes.!”!3 However, in tumors,
complex transcriptional networks and signaling cross-talk exist
that compensate for BET blockade, resulting in more modest re-
sponses to monotherapy. Moreover, the tumor microenvironment
in solid cancers can indirectly modulate BET protein function,
thereby impacting treatment outcomes. %13

Several preclinical studies have demonstrated that disruption of
BRD4 binding to chromatin leads to the downregulation of MYC
and other oncogenic drivers, inducing tumor cell cycle arrest and
apoptosis.'®!7 Small-molecule BET bromodomain inhibitors have
been developed as a result of this molecular insight. The first of
these, JQ1, showed that binding to BRD4 prevents it from bind-
ing to acetylated histones, and its pharmacological inhibition may
limit tumor growth.'® Although BET inhibitor (BETi) therapy has
shown promising efficacy in preclinical studies, early clinical trials
in solid tumors have revealed significant challenges. Dose-limiting
toxicities (DLTs) and modest single-agent activities, largely due to
intrinsic and acquired resistance mechanisms, are predominant.!”
One mechanism involves BRD4 isoform overexpression, specifi-
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cally BRD4-L, which further increases resistance to chemothera-
py.'? Additionally, feedback activation of compensatory pathways,
including PI3K/AKT or WNT signaling, can restore oncogene
expression or promote survival despite BET blockade.?"?! These
resistance mechanisms highlight the need for next-generation in-
hibitors, degraders, and rational combination therapies to achieve
consistent responses in solid tumors.

Recent research has focused on creating novel proteolysis-
targeting chimeras (PROTACs:) that cause BET protein degrada-
tion in addition to inhibition, as well as next-generation BETi with
enhanced selectivity.?? Furthermore, combination strategies, such
as pairing BETi with PARP inhibitors (PARPi), androgen recep-
tor (AR) antagonists, or immune checkpoint blockades, have re-
newed hope for overcoming resistance and improving therapeutic
outcomes.?325 Therefore, the present review aims to summarize
the molecular basis of BET protein function in solid tumors, along
with the development of BET-targeted treatments and new ap-
proaches to fully utilize BET inhibition in clinical oncology.

First-generation BETi: Achievements and limitations

The development of first-generation BETi has marked a turning
point in the pursuit of epigenetic cancer therapies. JQ1, discovered
as a prototype small-molecule BET bromodomain inhibitor, dem-
onstrated that pharmacologically displacing BRD4 from acetylat-
ed chromatin could effectively suppress oncogene expression, no-
tably MYC.2¢ Although JQI itself remains a research compound,
its promising results in preclinical models have provided a founda-
tion for clinical candidates. Trotabresib (CC90010/BMS986378),
molibresib (GSK525762/1-BET762), and birabresib (OTX-015/
MK8628) have emerged as early-generation BETi with improved
drug-like properties, advancing into phase I and II clinical trials
for both hematologic and solid tumors.?-? Preclinical studies on
these compounds have demonstrated promising antitumor activ-
ity in solid tumors. JQ1 and molibresib were shown to disrupt
super-enhancer function, downregulate MYC, induce cell cycle ar-
rest, and promote apoptosis in tumor models highly dependent on
BRD4-driven transcriptional programs.3! In early clinical trials,
molibresib showed modest responses in NUT midline carcinoma
(NMC), where BRD4 fusions directly drive tumorigenesis, while
birabresib demonstrated disease stabilization in subsets of solid
tumors, such as TNBC and prostate cancer.?82° Despite promis-
ing preclinical results, first-generation BETi have faced significant
challenges in clinical studies. One major challenge is suboptimal
pharmacokinetics due to the short half-lives of many compounds,
which require frequent dosing and reduce patient compliance.
Furthermore, DLTs, including thrombocytopenia, gastrointestinal
effects, and fatigue, restrict the maximum tolerated dose, thereby
affecting the effective dose range.3* Additionally, acquired resist-
ance has emerged as a formidable barrier, driven by mechanisms
such as BRD4 isoform switching, activation of bypass signaling
pathways (e.g., PI3K/AKT), and adaptive rewiring of transcrip-
tional networks. Thus, there is a need for next-generation BETi
with improved selectivity and alternative modes of action to en-
hance efficacy and overcome resistance in solid tumors.

Advances in BETi design

Over the past few years, the field has expanded beyond classic
pan-BETi to include selective bromodomain targeting, PROTACs,
and novel dual-action molecules. Next-generation strategies fo-
cus on enhancing on-target efficacy, reducing systemic toxicity,
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and overcoming resistance mechanisms that restrict efficient re-
sponses in solid tumors. BD2-selective BETi represents a prom-
ising approach to improve selectivity and minimize side effects.
Conventional BETi typically target both bromodomains (BD1 and
BD2) in BRD2, BRD3, and BRD4. Emerging evidence suggests
that BD1 and BD2 have distinct biological roles in different con-
texts. BD2 binds to acetylated histones to induce gene expression,
whereas BD1 contributes to the attachment of proteins to chroma-
tin to maintain basal gene expression. Hence, selective targeting
of BD2 or BD1 may have a differential impact on disease activ-
ity.3¥ GSK620 is one significant BD2-selective inhibitor and dis-
plays effective reduction in the expression of proinflammatory and
profibrotic genes in liver biopsies taken from treated animals.?*
ABBV-744 is a prominent BD2-selective inhibitor in the clinical
development phase, showing promising early results in prostate
cancer xenografts and acute myeloid leukemia.3 Preclinical data
demonstrate that ABBV-744 preferentially displaces BRD4 from
inflammatory and oncogenic transcriptional programs while spar-
ing the BD1-related pathways that underlie thrombocytopenia, one
of the main DLTs of pan-BETi.?¢ In a preclinical study, it has been
shown to suppress the growth of gastric cancer cells in a xenograft
mouse model. However, its phase I clinical trial (NCT03360006)
in relapsed/refractory (R/R) AML patients was terminated for non-
drug-related reasons. INCB054329, a pan-BETi, as monotherapy,
and INCB057643, a BD2-selective compound, as monotherapy or
in combination with standard of care, were studied in two separate
phase I/II trials (NCT02431260 & NCT02711137, respectively)
for advanced solid tumors, where treatment-related thrombocyto-
penia leading to limited target inhibition was observed.’” However,
the studies were terminated owing to pharmacokinetic variability
and safety issues. Growing interest in BD2 selectivity has further
kindled drug discovery efforts to develop isoform-specific BET
modulators that can balance efficiency and safety. Recent mecha-
nistic studies also demonstrate that BD1 plays a dominant role in
regulating stimulus-responsive transcription, including rapid acti-
vation of inflammatory and oncogenic genes, whereas BD2 con-
tributes variably depending on chromatin context and cell type.3837
GSK778 and GSK789 are potent selective BD1 inhibitors and
have demonstrated promising efficacy in both in vitro and animal
oncological models and have a significant role in the downregu-
lation of IL-1B-stimulated inducible nitric oxide synthase expres-
sion.3*#! Beyond selective inhibition, an exciting frontier in BET
targeting involves PROTAC S, bifunctional molecules designed to
hijack the cell’s ubiquitin-proteasome system for targeted protein
degradation (Fig. 2a). Instead of merely blocking bromodomain
activity, as in the case of inhibition (Fig. 2b), PROTACs induce
the complete removal of BET proteins from the cell, potentially
offering a more profound and sustained suppression of oncogenic
transcription. Among the leading BET-targeting PROTACs, ARV-
771 and ARV-825 have demonstrated potent BRD4 degradation
in preclinical models of solid tumors such as prostate cancer and
TNBC.*** These degraders link a BET ligand to an E3 ligase-
recruiting moiety, such as a von Hippel-Lindau protein ligand or
Cereblon ligand, forming a ternary complex that tags BRD4 for
proteasomal destruction.** By achieving near-complete depletion
of BRD4, PROTACS can circumvent resistance mechanisms linked
to BRD4 isoform switching and residual bromodomain activity.
MZ1, a prototypical BET PROTAC developed as an academic
tool compound, further validated this concept by showing that
targeted degradation yields stronger and longer-lasting transcrip-
tional suppression than conventional inhibitors.*5 Preclinical stud-
ies have indicated that BET degraders may display distinct phar-
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Fig. 2. BET inhibition and BRD4 degradation. (a) Schematic representation of PROTAC-mediated BRD4 degradation. The PROTAC molecule simultaneously
engages BRD4 and an E3 ubiquitin ligase, resulting in BRD4 ubiquitination and subsequent proteasomal degradation. (b) BET inhibitors (BETi) competitively
prevent BRD4 from binding to acetylated chromatin, leading to functional inhibition without protein degradation. BRD4, bromodomain-containing protein 4.

macodynamic and toxicity profiles. As they do not depend on the
continuous high-level presence of bromodomains, degraders may
also allow exploration of intermittent dosing schedules that reduce
hematologic toxicity.*® However, making this approach tangible for
patients will require careful optimization of linker design, E3 ligase
selection, and degradation efficiency to avoid off-target effects. In
addition to BD2 selectivity and targeted degradation, other emerg-
ing BET modalities have sought to fine-tune the pharmacological
profile of BET inhibition. Dual BETi, which simultaneously target
additional oncogenic pathways, are under development to enhance
synergistic antitumor effects. For example, dual BET/kinase inhibi-
tors and BET/HDAC inhibitors are being explored to exploit syn-
thetic lethality and prevent compensatory pathway activation.’#8
Likewise, bivalent ligands (molecules designed to simultaneously
engage both bromodomains within a BET protein) can increase
binding affinity and residence time, potentially improving potency
at lower doses.** AZD5153 is a bivalent BET/BRD4 bromodomain
inhibitor that binds to both BD1 and BD2 and has shown preclinical
activity against various solid tumors. It is in the clinical develop-
ment phase.5 In a first-in-human phase I study, AZD5153, alone or
with olaparib, was given to patients with R/R solid tumors. Toxici-
ties observed included fatigue, hematologic adverse events (AEs),
and gastrointestinal AEs. Successful peripheral target interaction
was observed.5! MT-1 is another bivalent ligand, significantly potent
against prostate cancer cells and mouse xenografts.> Additionally,
BET bromodomain-mediated acetylated internucleosome multi-
valent scaffolding may maintain cellular chromatin interactions in
active genetic regions.3? Another notable area of innovation is the
development of BETi that modulate phase separation, a recently ac-
knowledged mechanism through which BRD4 organizes transcrip-
tional condensates at super-enhancers.>* Disrupting BRD4-driven
phase separation may dismantle transcriptional hubs that sustain
high-level oncogene expression, providing an additional angle to
combat tumors that remain dependent on BRD4 even after conven-
tional bromodomain blockade.3

Combination therapeutic strategies

Although there is complete remission in both NMC and non-NMC
cancer with BETi monotherapy, these remissions are often short-
lived, and DLTs can be observed in patients. Further, primary as
well as acquired resistance may emerge. Therefore, the combina-

tion of BETi with other traditional and targeted therapies can pro-
vide meaningful clinical benefit. Emerging data from preclinical
studies reveal that BETi have better activity when used in com-
bination therapy.'® The rationale for combination approaches also
stems from the unique position of BET proteins such as BRD4
as central nodes within complex transcriptional and signaling net-
works. When BET activity is arrested, tumor cells can activate
other mechanisms, such as the PI3K/AKT, WNT, or DNA damage
response pathways, which restore oncogene expression or support
survival. Combining BETi with agents that target these compensa-
tory pathways can deepen antitumor effects and potentially delay
resistance. One of the most promising avenues is the combination
of BET and PARPi.5¢ BET inhibition causes the downregulation of
DNA repair genes and dysregulation of homologous recombination
repair, thereby sensitizing tumor cells to DNA damage. In TNBC
and ovarian cancer models, combining BETi, such as birabresib or
JQ1, with PARPI, such as olaparib, results in enhanced DNA dam-
age accumulation and tumor size reduction.5” Several early-phase
trials are now investigating this combination in patients, aiming to
expand the benefit of PARP inhibition beyond traditional indica-
tions.¥ ZEN-3694 (ZEN-003694/EN-003694), along with talazo-
parib, has displayed anticancer properties in pretreated metastatic
TNBC without BRCA1/2 mutations.> Further, BETi (JQ1 or I-
BET762) were evaluated in combination with PARPi (olaparib or
veliparib) in CCA cell lines, with enhanced activity.50

Another notable tactic has been BETi in combination with AR
antagonists, particularly against castration-resistant prostate can-
cer.®%1 Emerging evidence also supports improved activity with
the combination of BETi and immune checkpoint blockade.®? To
evaluate the efficacy of BETi (e.g., JQ1) and the checkpoint inhibi-
tor ipilimumab, a mathematical model was prepared, and the two
drugs are positively correlated in reducing tumor volume.% Fur-
ther, an enhanced effect of the combined administration of TW9,
an adduct of the BETi (+)-JQI and the class I HDAC inhibitor
CI-994, was observed in inhibiting the proliferation of PDAC cells
compared with treatment alone.** BETi MS436 and HDAC inhibi-
tor CI-944 scaffolds were merged with a class I HDAC-selective
benzamide moiety, which resulted in promising biological activi-
ties in PDAC and NMC cells. Likewise, dinaciclib, a kinase in-
hibitor, and AZD5153, a BETi, together decreased tumor size and
increased tumor lymphocyte infiltration in vivo and can be effec-
tive against MYCN-amplified and TERT-overexpressing neuro-
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blastoma tumors.% In a study, the combination of RO6870810 and
atezolizumab was given to patients. Although target engagement
was confirmed by established BETi pharmacodynamic markers in
both blood and tumor samples, the study was withdrawn prema-
turely due to prominent immune-related adverse effects.25

(continued)

BETi in clinical trials for solid tumors

Therapeutic exploration of BET bromodomain inhibitors has
steadily advanced from preclinical models to clinical testing in the
past decade. Several BETi, alone or in combination, have entered
phase I and II trials targeting a range of solid tumors, with differ-
ent levels of success and unique challenges that have been shaping
ongoing drug development (Table 1). In the phase I study with
TEN-010 in patients with NUT carcinoma and other solid tumors
(NCTO01987362), safety, favorable pharmacokinetics, target inter-
action, and preliminary single-agent activity were established, val-
idating proof of principle for BET inhibition in MYC-driven can-
cers. A study was conducted on the NUT carcinoma cohort (phase
I, NCT01587703) with molibresib. Several patients with NUT
carcinoma achieved partial responses or durable stable disease,
confirming BET dependency in fusion-positive tumors. Thrombo-
cytopenia was the dominant DLT, so an intermittent dosing pattern
was applied that prevented sustained BET inhibition. Similarly, in
a solid tumor expansion (phase I, NCT02259114) study, birabresib
produced partial responses in a subset of NUT carcinoma patients
and occasional disease stabilization in selected solid tumors, in-
cluding prostate cancer. Future studies of birabresib must consider
intermittent scheduling to possibly mitigate the toxicities of chron-
ic dosing. A combination study with ZEN-3694 and enzalutamide
in metastatic castration-resistant prostate cancer (phase Ib/Il,
NCTO02711956) showed improved radiographic progression-free
survival in patients resistant to AR-targeted therapy. In the same
trial, early-phase TNBC combination studies (ZEN-003694 with
PARPi or chemotherapy) demonstrated manageable safety and
signs of disease stabilization in heavily pretreated patients. These
trials highlighted combination potential but also underscored the
low activity of single-agent BET inhibition in TNBC.

continuous dosing) intermittent scheduling to
possibly mitigate the toxicities of chronic dosing

Observations: Partial responses in NUT
carcinoma, CRPC; thrombocytopenia,
nausea, decreased appetite, dose

reduction & interruptions
Observations: RP2D - 80 mg (OD with

Primary endpoint: Cmax, Tmax,
AUCIO0-T], total radioactivity, cumulative

Primary endpoint: PFS
Primary endpoint: DLT
elimination of radioactivity

Key notes

NCT02259114/C/2014-17
NCT02296476/T/2014-15

(lack of clinical activity)
NCT02698176/T/2016-17

(limited efficacy)
NCT05678283/W/2023-24

(business objectives

NCT01587703/C/2012-19
changed)

NCT number/sta-

tus/duration
I. BET monotherapy & domain selective agents

Phase I/11, open-label, dose
escalation, interventional
Phase Ib, dose exploration
Phase |, 2-Part, open-label

Trial phase
Phase Ib
Phase lla

Future perspective and limitations

The potential of BET inhibition in solid tumors lies in overcom-
ing the current limitations through improved drug design and stra-
tegic combinations. The creation of BD2-selective inhibitors and
BET degraders will be essential to maximize therapeutic benefit
while minimizing systemic toxicity. Efforts must be focused on
biomarker-stratified patient selection and finding genetic or epige-
netic markers, such as MYC amplification or BRD4 dependency,
to inform therapy. The combination of BETi shows promising syn-
ergy and can potentially overcome resistance. Hence, the rational
design of combination therapies, guided by mechanistic insights, is
fundamentally important. In addition, intermittent administration
and improved formulations will be able to improve tolerability.
Their upfront use is still experimental, except in rare cancers like
NUT carcinoma, where the tumor strongly depends on BET pro-
teins. Hence, ongoing attention to rare but responsive tumor types,
such as NUT carcinoma, could further define its clinical use and
facilitate regulatory advancement.

Solid tumor indications
NUT carcinoma,

TNBC, PC, LC, CRC

NUT, TNBC, PDAC, CRPC
Recurrent glioblastoma
NMC, TNBC, NSCLC, CRPC
Advanced solid tumors

Conclusions

Molibresib (BETi)
Birabresib (BETi)
Birabresib (BETi)

Birabresib (BETi)
Trotabresib (BETi)

Drug name

Table 1. Clinical trials for BET inhibitors in solid tumors

The translational paradigm of BET bromodomain inhibitors in solid
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tumors is a promising yet challenging path. Despite the clear mecha-
nistic rationale and strong preclinical efficacy, first-generation BETi
have demonstrated limited clinical success in monotherapy settings,
probably because of modest activity, resistance development, and
DLTs, particularly thrombocytopenia. Although combination ap-
proaches have shown encouraging safety profiles and early signs
of synergism, several trials have also been withdrawn or terminated
due to a lack of efficacy, toxicity, or sponsor-related decisions, point-
ing to problems in translating preclinical potential to clinical benefit.
This signals that the field is still in a developmental and optimization
phase rather than near regulatory approval. Therefore, it is equally
crucial to design combination therapies based on mechanistic under-
standing rather than relying solely on empirical escalation.
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