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MECHANISMS OF DISEASE
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HE PRINCIPALTENET IN ONCOLOGY IS THAT CANCER IS A DISEASE THAT IS

initiated and driven by somatic aberrations of our genome. The challenge is

to decipher how these genomic alterations culminate in malignant transfor-
mation and how they can be targeted for therapeutic gain. Molecular insights pro-
vided by the study of hematopoietic cancers have elucidated many fundamental
principles in cancer biology.

Recurrent chromosomal translocations involving transcriptional regulators in sev-
eral hematopoietic cancers illustrate the importance of transcriptional dysregulation
in cancer.! The earliest detected translocations provided examples of abnormalities
in both transcriptional activation and transcriptional repression.»? The introduction
of more refined techniques in molecular biology has led to the identification of
further recurrent translocations and somatic mutations that result in pathognomon-
ic transcriptional alterations.> These gene-expression signatures have diagnostic
utility as well as prognostic significance, but as yet few new treatments have emerged.
The task of cataloguing all the genomic aberrations in cancer has now begun in ear-
nest.* Using next-generation sequencing platforms, the International Cancer Ge-
nome Consortium has already provided an unparalleled annotation of recurrent
somatic mutations in protein-coding genes for a large variety of cancers.> These ef-
forts have brought into focus a new central theme: recurrent mutations in epigenetic
regulators, which are especially prevalent in the hematopoietic cancers (Table 1).

EPIGENETICS AND CHROMATIN BIOLOGY

The term “epigenetics” (see the Glossary) remains the object of contention and ambi-
guity.>? It was originally coined by Waddington to describe heritable changes in gene
expression and cellular phenotype that were independent of alterations in the DNA
sequence.” Epigenetics is most frequently used to describe the study of chromatin
biology, and this will be the definition used in this review. Chromatin is the macro-
molecular complex of DNA and histone proteins. It provides the scaffold for the packag-
ing of our entire genome and contains the heritable material of eukaryotic cells.
The basic functional unit of chromatin is the nucleosome, which consists of an
octamer containing two each of the histones H2A, H2B, H3, and H4, around which
147 bp of DNA are wrapped® (Fig. 1A). Nucleosomes compact and package DNA in
a dynamic and highly controlled fashion that caters to the multitude of DNA-based
processes. Consecutive nucleosomes are separated by unwrapped linker DNA, typi-
cally between 20 and 50 bp in length.® Wrapped nucleosomal DNA is inherently
less accessible than linker DNA, thus the genomic positioning and compaction of
nucleosomes strongly influences the ability of proteins to bind target sequences
within DNA and to carry out their function. Broadly speaking, chromatin can be
divided into two disparate states: heterochromatin, which is tightly packaged and
contains primarily inactive genes, and euchromatin, which has a more relaxed con-
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Table 1. Epigenetic Regulators with Reader Domains Recurrently Mutated in Cancer.*

Epigenetic
Epigenetic Regulator Site Modified

Catalytically active epigenetic readers
DNA methyltransferase
DNMT3A 5mC

Histone acetyltransferases

KAT3A (CBP) H2AKS
H2BK12-K15
H3K14-K18
H4K5-K8
KAT3B (p300) H2AKS
H2BK12-K15
H3K14-K18
H4K5-K8
KAT6A (MOZ) H3K14
KAT6B (MORF) H3K14
Histone methyltransferases
MT2A (MLL1) H3K4
KMT2B (MLL2) H3K4
KMT2C (MLL3) H3K4
KMT3B (NSD1) H3K36
MMSET H3K36
H4K20
NSD3 H3K36

Histone demethylases
KDM5A (JARID1A) H3K4
KDM5C (JARID1C) H3K4
Chromatin-remodeling enzymes
SMARCA4 (BRG1)
SMARCA2 (BRM)
Noncatalytic epigenetic readers
BRD1

BRD3
BRD4
TRIM33

PBRM1
ING1
ING4
MSH6

Epigenetic
Reader Domain

PWWP

Bromodomain

Bromodomain

PHD finger
PHD finger

Bromodomain
PHD finger

PHD finger
PHD finger

PWWP
PHD finger

PWWP
PHD finger

PWWP
PHD finger

PHD finger
PHD finger

Bromodomain

Bromodomain

Bromodomain
PHD finger

Bromodomain
Bromodomain

Bromodomain
PHD finger

Bromodomain
PHD finger
PHD finger

PWWP

Tumor Types

Acute myeloid leukemia, myelodysplastic syndrome, myeloproliferative neo-
plasms

Acute myeloid leukemia, acute lymphoblastic leukemia, diffuse large B-cell
lymphoma, non-Hodgkin’s lymphoma, and transitional-cell bladder cancer

Colorectal, breast, pancreatic, acute myeloid leukemia, acute lymphoblastic
leukemia, diffuse large B-cell lymphoma, transitional-cell bladder cancer

Acute myeloid leukemia, myelodysplastic syndrome

Acute myeloid leukemia, uterine leiomyoma

Acute myeloid leukemia, acute lymphoblastic leukemia, transitional-cell bladder
cancer

Medulloblastoma, renal, diffuse large B-cell lymphoma, follicular lymphoma
Medulloblastoma, transitional-cell bladder cancer

Acute myeloid leukemia
Multiple myeloma

Acute myeloid leukemia

Acute myeloid leukemia

Renal

Lung, rhabdoid, medulloblastoma, breast, prostate, pancreas

Squamous-cell carcinomas of the head and neck

Acute lymphoblastic leukemia

NUT midline carcinoma
NUT midline carcinoma

Papillary thyroid

Renal, breast
Melanoma, breast
Head and neck

Colorectal

* The epigenetic regulators listed contain chromatin reader domains and have been described as mutated in the cancer genomes sequenced
to date. Only genes that have been reproducibly detected on multiple occasions are listed. The names in parentheses are those in common
use. MLL denotes mixed-lineage leukemia, NUT nuclear protein in testis, PHD plant homeodomain, and PWWP the domain characterized
by the proline-tryptophan—tryptophan—proline motif. Information courtesy of Dr. Peter Campbell, Cancer Genome Project, Wellcome Trust
Sanger Institute, Cambridge, United Kingdom.
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Figure 1. The Nucleosome.

around which DNA is wrapped. Octamers are separated by

tions, which may facilitate different biologic outcomes.

The basic functional unit of chromatin is the nucleosome (Panel A), which is composed of a histone octamer

histone H3:H4 tetramer and two H2A:H2B dimers. The histone tails of all four core histones are subject to a variety
of post-translational modifications (Panel B). These include methylation (Me), acetylation (Ac), phosphorylation (Ph),
ubiquitylation (Ub), and proline isomerization (Iso), all of which occur at the site of a specific amino acid, such as K4
and K9 on the histone H3 tail. The same histone amino acid may be subject to different post-translational modifica-

linker DNA. The histone octamer is assembled from a

formation that provides a more permissive envi-
ronment for active transcription. Several factors
influence both local and global chromatin archi-
tecture, but perhaps the most influential ele-
ments that coordinate this process are the cova-
lent modifications of either DNA or histones

(Fig. 1B).® These chromatin modifications play
an instructive role in regulating DNA-templated
processes, including transcription, repair, and
replication.®?®

Chromatin modifications serve two main func-
tions: first, they physically enhance or weaken the
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noncovalent interactions between histones or be-
tween histones and DNA, determining accessibil-
ity to specific DNA loci, and second, they pro-
vide an informative platform for the recruitment
of epigenetic regulators. At least 4 different DNA
modifications'®!* and at least 16 distinct classes
of histone modification have been described
(Fig. 1B).>12 All of these chemical modifications
are dynamic; they are laid down by “chromatin
writers” and removed by “chromatin erasers” in
a highly regulated manner (Fig. 2A). Chromatin
immunoprecipitation coupled with next-generation

sequencing has made it possible to annotate com-
prehensive global maps in specific cellular con-
texts for many of these modifications.*>** The vast
array of modifications are not random and often
adopt a predictable genomic distribution that can
be used to define specific cellular processes, such
as active transcription.** A fundamental advance
in our understanding of chromatin regulation was
the realization that many chromatin regulators
possess specialized domains that allow these pro-
teins to survey the epigenetic landscape and dock
at specific regions within the genome. The bind-

Glossary

Acetylation: A reaction that results in the addition of a functional acetyl group to an organic compound. Deacetylation is the removal of the
acetyl group. Acetylation is a post-translational chemical modification of both histones and nonhistone proteins.

Bromodomain and extraterminal (BET) proteins: A family of proteins (BRD2, BRD3, BRD4, and BRDT) characterized by tandem bromodo-
mains that interact with acetylated histones and influence gene expression, cell-cycle regulation, and development.

Bromodomains: Regions within proteins capable of recognizing acetylated histones. Proteins containing bromodomains are involved in
transcription, DNA repair, replication, and chromosome condensation.

Chromatin: The complex of DNA and protein that composes chromosomes. Chromatin allows the nearly 2 m of DNA material in each cell
of the body to fit in a nucleus measuring just 4 to 8 ym in diameter. Chromatin provides the context for mitosis, meiosis, and gene ex-
pression. Changes in chromatin structure are affected by modifications in DNA and histones.

Chromatin immunoprecipitation (ChIP) assay: An experimental procedure designed to determine whether a given protein binds to a specific
DNA sequence in the cell. DNA-bound protein is cross-linked to DNA, chromatin is then isolated, and the DNA—protein complexes are
sheared into small fragments. Antibodies to the proteins are used to pull down fragments of DNA bound to specific proteins. The pres-
ence and quantification of specific or global DNA sequences can then be detected by polymerase-chain-reaction assay or massively par-
allel sequencing (ChIP-Seq) assay.

Chromodomains: Regions in proteins that are capable of detecting and binding methylated histones. Examples include the chromodomain
of heterochromatin protein 1 (HP1), which recognizes the trimethylation of lysine 9 on histone H3 (H3K9me3).

Epigenetic erasers: Proteins capable of removing the chemical modifications of DNA or histones.

Epigenetic or chromatin readers: Protein complexes capable of detecting the precise temporal and spatial patterns of chromatin modifications
and subsequently initiating regulatory processes based on these patterns. Readers are capable of initiating or silencing transcription,
DNA repair, and other vital processes. Some readers are the products of tumor-suppressor genes.

Epigenetic writers: Proteins capable of adding chemical modifications to DNA or histones.

Epigenetics: The study of heritable changes to DNA structure that do not alter the underlying sequence; DNA methylation and histone mod-
ification are well-known examples.

Interactome: The complete set of physical molecular interactions among proteins that take place within a cell.
Linker DNA: The double-stranded DNA between two nucleosome cores.

Mediator complex: A multiprotein complex (comprising up to 26 subunits in humans) required for transcription. The complex binds to the
C-terminal domain of RNA polymerase Il and bridges the enzyme to transcription factors.

Methylation: The chemical addition of a methyl group (CH,) to a substrate. Relevant targets for methylation include DNA, where it is generally
focused on cytosine—phosphate—guanine (CpG) sites and results in the generation of 5-methylcytosine from cytosine. Protein methylation
generally occurs on either arginine or lysine residues. Arginine may be monomethylated or dimethylated; lysine may be monomethylated,
dimethylated, or trimethylated. Each of these states of methylation may convey different information.

Next-generation sequencing: A variety of new techniques that can generate a DNA sequence from a single molecule of DNA rather than
from pools of DNA templates, allowing hundreds of millions of DNA fragments to be sequenced at the same time on a single platform
(also known as massively parallel sequencing).

Nucleosome: The fundamental building block of chromatin; it is composed of 147 base pairs of DNA wrapped around two copies each of
four histone proteins, H2A, H2B, H3, and H4.

NUT-midline carcinoma: A poorly differentiated midline epithelial neoplasm of the aerodigestive tract, characterized by a t(15;19) transloca-
tion; this genetic alteration creates a fusion protein between the NUT (nuclear protein in testis) gene on chromosome 15 and the BRD4
(bromodomain 4) gene on chromosome 19.

Plant homeodomain (PHD) finger: A region within a protein capable of detecting methylated histones. Examples include the PHD finger of
RAG2, which recognizes the trimethylation of lysine 4 on histone H3 (H3K4me3).
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Glossary (Continued)

Polymerase-associated factor complex (PAFc): A protein complex that facilitates transcriptional initiation and elongation, in part through

the recruitment of the MLL compass complex and the RNF20-RAD6 complex, which leads to H3K4 trimethylation and H2AK119
monoubiquitylation.

Positive transcription elongation factor b (P-TEFb) complex: A complex comprising CDK9 and cyclin T1 or T2 that phosphorylates the

C-terminal domain of RNA polymerase Il and the NELF-DSIF (negative elongation factor-DRB sensitivity-inducing factor) inhibitory
complex, thereby facilitating the release of RNA polymerase Il from a paused state into productive transcriptional elongation.

Proline-tryptophan-tryptophan—proline motif: A sequence of amino acids that make up the PWWP domain, which characterizes proteins

involved in DNA methylation, DNA repair, and transcription regulation. Proteins with this motif are capable of detecting and binding
methylated histones. Examples include the PWWP domain of the protein BRPF1, which recognizes the trimethylation of lysine 36 on
histone H3 (H3K36me3).

RNA interference (RNAI) screening: The inhibition of gene expression by small noncoding RNA molecules. These molecules can hybridize

with messenger RNA (mRNA) in the cell and direct the destruction of the message by Dicer, an endonuclease. Experimental screening is
performed by exposing cells to many different RNAi sequences and assessing the effect on cell function or specific gene expression.

Sumoylation: A post-translational modification that plays a role in various cellular processes. Small ubiquitin-like modifier, or SUMO, proteins

are a family of covalently linked small proteins (consisting of approximately 100 amino acids, or 12 kD) that are enzymatically attached
to specific proteins (in a process analogous to ubiquitylation). Sumoylation influences the function of proteins by inhibiting the usual
interaction between the target of sumoylation and another protein. The interaction involves the provision of a new binding surface or
the initiation of conformational changes in the target protein. Sumoylated proteins are not destined for destruction. Chemically, sumoy-
lation involves the formation of a peptide bond between a lysine on the target protein and a C-terminal glycine on the SUMO protein
that is generated by the cleavage of the last four amino acids in the SUMO protein.

Superelongation complex (SEC): An assembly of transcription elongation factors that aids in the reinitiation of transcription by the proximal-

promoter—paused RNA polymerase II.

Tudor domains: Regions within proteins that are capable of detecting and binding methylated histones. An example is the tudor domain of

53BP1, which recognizes the dimethylation of lysine 20 on histone H4 (H4K20me2).

Ubiquitylation: The ubiquitins are a family of small proteins that control the activity of larger proteins by reversibly marking them — either

for destruction by the proteasome or for transport to different cellular compartments. This marking process involves a cascade of three
types of enzymes known as E1, E2, and E3. The E1 enzyme activates ubiquitin and transfers it to an E2 enzyme, which interacts with a
specific E3 partner to mediate the ligation of the ubiquitin moiety to the target protein. There are hundreds of E3 ubiquitin ligases, each
of which (with help from various E2 conjugating enzymes) selects the specific protein that will receive the ubiquitin tag, thus determining
the destination — such as the proteasome or the nucleus — of the protein. A major class of E3 ubiquitin ligases is the RING (named for
“really interesting new gene”) group of proteins, which act as scaffolds that juxtapose the target protein and the catalytic ubiquitin E2 enzyme.

ing modules within these “chromatin readers”
recognize different covalent modifications of the
nucleosome and assemble functional complexes
onto specific loci to facilitate DNA-templated
processes (Fig. 2B).15:1¢

In contrast with the static somatic alterations
in DNA, the dynamic plasticity of the epigenome
lends itself well to therapeutic manipulation. Epi-
genetic therapies targeting the catalytic activity of
chromatin regulators have been developed and
approved by the Food and Drug Administration
for use in a small number of hematopoietic can-
cers.'”1 These therapies include small molecules
that target epigenetic writers (DNA methyltrans-
ferase inhibitors)”1® and epigenetic erasers (his-
tone deacetylase inhibitors).'® Despite these clin-
ical successes, the pleiotropic effects of these
compounds have made it difficult to decipher their
exact molecular mechanism of action and have
hampered their broader application in oncology.
More recently, it has been possible to develop and
deploy small molecules that specifically target
the protein—protein interaction modules of cer-

tain epigenetic readers. This new therapeutic ap-
proach will be the primary subject of this review.

EPIGENETIC READERS

Many chromatin regulators, including several cat-
alytic enzymes, act as “chromatin readers,” pos-
sessing specialized domains that bind to distinct
covalent modifications of the nucleosome and re-
spond to information conveyed by upstream sig-
naling cascades.'> Critical residues within the
binding pocket of the reader domain confer a
preference for specific modification states, where-
as residues outside the binding pocket contribute
to determining the histone-sequence specificity.
This modular combination allows proteins with
similar binding domains to dock at different
modified residues, or at the same amino acid dis-
playing a different modification state.

For example, lysine residues have been shown
to contain at least eight different covalent modi-
fications, including acetylation, methylation, ubig-
uitylation, and sumoylation. Further complexity
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exists by virtue of the fact that each lysine residue
may be unmethylated, monomethylated, dimethyl-
ated, or trimethylated. For instance, the plant ho-
meodomain (PHD) finger is a region within a
protein that is capable of detecting methylated
histones. The PHD fingers of the proteins BHC80
and DNMT3L preferentially bind unmethylated
lysine residues,2%2* whereas the PHD finger of
ING2 binds most avidly to dimethylated and tri-
methylated lysines.?23 Other, similar methyl-ly-
sine-recognition motifs exist, including chromo-
domains, tudor domains, and the PWWP domain,
named for its characteristic proline—tryptophan—
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Figure 2. Epigenetic Regulation.

The main epigenetic regulators (Panel A) can be broad-
ly categorized as epigenetic writers, which include the
chromatin enzymes responsible for the deposition of
covalent modifications on histones and DNA, the epi-
genetic erasers, enzymes that catalyze the removal of
the covalent modifications of histones and DNA, and
the epigenetic readers, proteins with specialized binding
domains that recognize and bind to covalent modifica-
tions of histones and DNA. Epigenetic reader domains
(Panel B) consist of specialized protein—protein inter-
action motifs that recognize and discriminate between
various post-translational modifications. Domains with-
in a class or family can have subtle variations that alter
their preferred binding substrate. For instance, some
plant homeodomain (PHD) fingers prefer binding to
either unmodified or monomethylated lysines, whereas
others show a binding preference for trimethylated ly-
sines. The primary epigenetic reader domains shown
represent those described in the literature to date. Panel
B is adapted from Bannister and Kouzarides.™*

tryptophan—proline motif (Fig. 2B).242° Notably,
when the same lysine residue undergoes another
modification, such as acetylation, it may then pro-
vide docking sites for other proteins containing
acetyl-lysine binding domains, such as bromo-
domains.?”2¢ Finally, to add to the complexity,
many chromatin regulators have more than one
type of reader domain, and their chromatin
binding can be further influenced by neighboring
histone modifications, so-called multivalent en-
gagement-of-histone modifications.?® These exam-
ples highlight the multifaceted mechanisms that
chromatin readers use to decipher the intricate
epigenetic landscape. (The best-characterized pro-
tein-binding pockets contained within chroma-
tin-associated proteins are summarized in Fig. 2B.)

The importance of chromatin reader domains
in maintaining homeostasis was initially revealed
in the seminal observation that mutations in
the PHD finger of RAG2 abrogate the protein’s
ability to bind trimethylated-H3K4, reduce V(D)J
recombination (in which variable, diverse, and
joining gene segments are randomly combined),
and result in immunodeficiency syndromes.3° Mu-
tations that abrogate the chromatin-reading ca-
pacity of many epigenetic regulators play an in-
fluential role in a variety of diseases, including
cancer.?! Using these chromatin reader modules
as therapeutic targets may offer a unique oppor-
tunity to tailor therapies to specific diseases. An
exemplar of this process has recently been pro-
vided with small molecules that specifically and
avidly inhibit the tandem bromodomains of the
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bromodomain and extraterminal (BET) family of
proteins.3234

BET BROMODOMAIN INHIBITORS

Bromodomains are highly conserved motifs
present in a number of proteins throughout phy-
logeny.?” More than 40 different human proteins
contain a bromodomain, and some have multiple
bromodomains. They can be clustered into nine
major families according to sequence identity.
Although the acetyl-lysine binding pocket for all
bromodomains is hydrophobic, there can be con-
siderable variation in the electrostatic interac-
tions at the opening of the pocket among bromo-
domain families. This variation determines the
specificity of individual bromodomains and pro-
vides the opportunity to develop specific small mol-
ecules that are targeted against certain families of
bromodomains, including the BET proteins.3>3°

The BET family has four members, including
bromodomain-containing proteins 2, 3, and 4
(BRD2, BRD3, and BRD4), whose expression is
ubiquitous, and BRDT, whose expression is con-
fined to the germ cells. BET proteins share a
common structural design, featuring a tandem
bromodomain at the N-terminal end of the pro-
tein, and play an integral role in transcription
and cell growth.3” Early studies characterizing
the BET proteins showed that BRD4 is associat-
ed with the mediator complex,?® an important
multicomponent protein complex facilitating the
initiation of transcription.>® BRD4 also associ-
ates with the active form of positive transcrip-
tion elongation factor b (P-TEFb), a complex that
regulates RNA polymerase II activity at the onset
of transcriptional elongation.*>* BET proteins
also maintain an association with chromatin
throughout mitosis, and this feature facilitates
“gene bookmarking,” a process of rapid transcrip-
tional reactivation of critical genes after mitosis.*?
Underscoring the physiological importance of
the BET proteins in cellular homeostasis is the
observation that the experimental knockout of
either Brd2** or Brd4** in mice results in early em-
bryonic lethality.

The essential nature of the BET proteins and
their fundamental importance in the regulation
of transcription has increased interest in eluci-
dating the molecular mechanisms of their ac-
tion. These efforts will be aided considerably by
the recent identification of the complete nuclear
BET-protein interactome.>? In this study, three

complementary global proteomic strategies were
used to isolate the nuclear complexes containing
the BET proteins. These data show that BET pro-
teins are integral components of a large number
of nuclear protein complexes that play a role in
DNA replication, chromatin remodeling, DNA
damage, and transcriptional regulation. Recurrent
translocations of both BRD3 and BRD4 underpin
the pathogenesis of NUT (or nuclear protein in
testis) midline carcinoma,3* and more recently,
RNA interference (RNAI) screening strategies have
been used to identify a central role for BRD4 in
acute myeloid leukemia.*> These findings have
provided the impetus for investigating the po-
tential of BET bromodomain inhibitors as novel
anticancer agents.

BET INHIBITORS IN CANCER

Three different BET inhibitors (I-BET762,34JQ1,33
and I-BET1513?) show highly specific binding to
both of the tandem domains of BRD2, BRD3,
and BRD4 and inhibit their ability to engage with
acetyl-lysine residues (Fig. 3A). These agents in-
hibit growth in a range of hematopoietic malig-
nant cell lines®?%547 and in human NUT midline
carcinoma cell lines.?? Although the therapeutic
efficacy of BET inhibition has not yet been tested
in patients, its efficacy has been shown in vivo in
murine models.

NUT MIDLINE CARCINOMA
NUT midline carcinoma is a rare but aggressive
epithelial malignant disease that is invariably fatal,
with a mean survival of less than 1 year.*® It is
most often manifested in the midline of the upper
aerodigestive tract and mediastinum. Histologic
diagnosis of NUT midline carcinoma is difficult,
and confirmation relies primarily on the demon-
stration of rearrangement of the NUT gene with the
use of fluorescence in situ hybridization.*® BRD4
and BRD3 represent the NUT translocation partners
in the majority of cases, and these fusions result in
the aberrant localization of NUT to chromatin.
Knockdown of the NUT fusions resulted in dra-
matic differentiation and growth arrest of the ma-
lignant cells, providing a therapeutic rationale for
the targeting of BET proteins. Remarkably, the
BET bromodomain inhibitor JQ1 was able to dis-
place the BRD4-NUT fusion protein from chroma-
tin and induce a rapid differentiation and arrest
of proliferation in NUT midline carcinoma cell
lines.33 In addition, JQ1 showed excellent efficacy
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in murine xenograft models of NUT midline car-
cinoma, resulting in tumor differentiation and
regression and increased survival.??

ACUTE MYELOID LEUKEMIA WITH MLL
TRANSLOCATIONS

Recurrent translocations of MLL, the mixed-lineage
leukemia gene, result in aggressive leukemias
with a poor prognosis that are often refractory to
conventional therapies.*® More than 70 different
MLL-translocation partners have been identified in
leukemia.*® Despite this variation, a central ab-
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normality in transcriptional elongation appears to
underpin the molecular pathogenesis of this dis-
ease.>® Many MLL fusion partners are members
of the superelongation complex (SEC), an impor-
tant regulator of transcriptional elongation.51-53
Moreover, the N-terminal portion of MLL, a region
conserved in all MLL fusion proteins, associates
with another critical transcriptional complex
called the polymerase-associated factor complex
(PAFc).5+5 The functional integrity of these com-
plexes is critical for malignant transformation by
MLL fusion proteins.>?>> Two recent studies using
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Figure 3 (facing page). The BET Inhibitors.

In Panel A, the chemical structures of the bromo-
domain and extraterminal (BET) inhibitors I-BET762,
I-BET151, and JQL are shown, as is a surface diagram of
the binding of I-BET151 (magenta). I-BET151 binds in
the first bromodomain of BRD4, displacing the acety-
late H3K14 peptide (yellow). In Panel B (left), the his-
tone methyltransferase mixed-lineage leukemic (MLL)
complex is enzymatically cleaved to generate two sub-
units. The amino (N) terminal subunit interacts with
several cofactors, including menin and the poly-
merase-associated factor complex (PAFc). The carboxy
(C) terminal subunit contains the methyltransferase
activity and is lost in the various chromosomal translo-
cations observed in acute myeloid and lymphoblastic
leukemia. Many of the common translocation partners
of MLL (including AF9, ENL, AF4, and ELL) are mem-
bers of a critical transcription elongation complex
called the superelongation complex (SEC). This com-
plex also contains the positive transcription elongation
factor b (P-TEFb) complex, which is composed of
CDK9 and cyclin T1 or T2. The SEC-P-TEFb complex
phosphorylates (P) RNA polymerase Il (POL I1), facili-
tating transcriptional elongation. MLL fusions there-
fore abnormally co-opt the activity of these complexes,
which leads to aberrant transcriptional programs that
culminate in leukemia (middle). Recent studies®?
showing that BET proteins are integral components of
both the PAFc and SEC-P-TEFb complexes provide the
rationale and molecular mechanism for the preclinical
results observed when MLL-fusion leukemias are treat-
ed with the BET bromodomain inhibitors (BET-1). A
proposed model (right) for the mechanism of action of
BET inhibitors in MLL-translocated leukemia is that
they prevent the binding of the BET-associated com-
plexes (SEC and PAFc) to acetylated histones on chro-
matin. As a result, there is a decrease in the transcrip-
tional activity exerted by the leukemic MLL fusions.
TSS denotes the transcriptional start site of a gene
critical to the maintenance of leukemia.

complementary approaches have identified an es-
sential role for the BET proteins in a broad range
of acute myeloid leukemias, including MLL-trans-
located leukemias.324>

Dawson and colleagues used a global pro-
teomic approach that identified BRD3 and BRD4
as key components of both PAFc and SEC.32 In
contrast, Zuber and colleagues used an RNAi
screen to show that the depletion of BRD4 dra-
matically reduced the viability of MLL-AF9 leu-
kemia in vitro and in vivo.*> Both JQ1 and the
novel BET inhibitor I-BET151 showed remark-
able efficacy in vitro and in vivo against MLL
fusion leukemia, resulting in the rapid induction
of cell-cycle arrest and apoptosis. Both studies
highlighted a reduction in expression of critical
regulators of transformation, including MYC,

BCL2, and CDKG (a cyclin-dependent protein ki-
nase), after treatment with a BET inhibitor. Daw-
son and colleagues also found that the therapeutic
efficacy of I-BET151 could be attributed at least in
part to the inhibition of BRD3-BRD4-mediated
recruitment of PAFc and SEC to chromatin (Fig. 3).
These molecular events resulted in reduced recruit-
ment of RNA polymerase II to the promoters of
crucial oncogenes such as MYC, BCL2, and CDK6.32
BET inhibition was also effective against primary
human acute myeloid leukemia cells in vitro.3245
Notably, in primary human MLL-translocated leu-
kemia cells, BET inhibition dramatically reduced
the clonogenic capacity of the leukemia stem-cell
compartment, suggesting that disease eradication
may be possible.

Although Zuber and colleagues focused pri-
marily on MLL-translocated leukemias, they also
showed the efficacy of BET inhibition in a range
of acute myeloid leukemia subtypes in which MLL
rearrangement was absent. These findings raise
the intriguing possibility that BET inhibition may
be a more broadly applicable therapy in this ge-
netically heterogeneous disease.

MULTIPLE MYELOMA AND BURKITT’S LYMPHOMA
Multiple myeloma is an incurable plasma-cell dys-
crasia. Although the disease is genetically hetero-
geneous,>¢ disordered expression of the myelocy-
tomatosis viral oncogene homolog MYC is a
prominent feature, providing the rationale to test
for BET inhibition.5” Similarly, Burkitt’s lympho-
ma, an aggressive lymphoproliferative disorder, is
characterized by recurrent translocations of MYC,
most frequently involving the IGH locus that re-
sults in constitutive high-level expression of MYC.
Several multiple myeloma cell lines show a dra-
matic response to BET inhibition with JQ1.4647
Treatment with JQ1 leads to a profound cell-cycle
arrest and apoptosis of the cell lines; this cellular
phenotype is associated with a reduction in MYC
transcription and protein expression. This tran-
scriptional repression of MYC is linked to a re-
duction in the binding of chromatin by BRD4,
upstream of the MYC promoter. Delmore and col-
leagues further translated these findings into work
with primary human multiple myeloma cells and
murine models of multiple myeloma, further in-
dicating the therapeutic potential of BET inhibi-
tion in this disease.*® In addition, Mertz and col-
leagues extended their findings to reveal a survival
benefit in murine xenograft models of Burkitt’s
lymphoma and acute myeloid leukemia.*”
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Taken together, the studies involving BET bro-
modomain inhibitors further validate the use of
epigenetic targets in cancer therapy. They show
that it is possible to target epigenetic readers as
well as catalytic writers and erasers. Moreover,
the studies establish that the specific targeting
of protein—protein interactions can have antitu-
mor effects in vitro and in animal models. Sev-
eral questions warrant further investigation. It is
unclear why these drugs have effects in hemato-
poietic cancers but not in the majority of com-
mon solid tumors, including malignant tumors of
the breast and cervix.*” It is also unclear why a
compound that inhibits the localization of pro-
teins germane to transcription in general alters the
expression of only a few hundred specific and
reproducible genes. Although we have some in-
sights into the molecular mechanism determin-
ing efficacy in the MLL fusion leukemias®? and
in NUT midline carcinoma,?? it is largely unclear
what molecular events dictate efficacy in the other
sensitive cancers. A central theme in all the stud-
ies cited is the down-regulation of MYC. How-
ever, even though MYC has a prominent role in
cancer,*® it is unlikely that the profound effects
observed with the introduction of BET inhibition
are mediated solely by MYC inhibition. There are
many malignant cell lines that overexpress MYC
yet fail to respond to BET inhibition*’; MYC expres-
sion is not always affected by BET inhibition,*
and MYC down-regulation is not predictive of a
response to BET inhibition.324> Furthermore, MYC
overexpression fails to prevent the apoptosis in-
duced by BET inhibition.#> Identification of the
complete BET protein interactome has shown
that the BET proteins are integral components of
a large number of nuclear protein complexes.3?

This finding suggests that BET proteins are in-
volved with a variety of molecular mechanisms.

CONCLUSIONS

Cancer epigenetics is an area of ongoing research
that continues to inform our understanding of
the molecular pathogenesis of cancer and to iden-
tify novel therapeutic targets. Advances in me-
dicinal chemistry have now made it possible to
specifically target not just the catalytic activity of
epigenetic regulators but also the protein—protein
interaction modules that localize many of these
proteins to chromatin. However, as is the case for
the majority of tumors sensitive to BET inhibition,
epigenetic therapeutic targets are not necessarily
mutated in sensitive tumor types. Therefore, simple
mutational screening may not provide a predictor
of response. Potential means of identifying sen-
sitive tumor types include combining drug sensi-
tivity with mutational screening, as has recently
been reported in two large screening studies,>%°°
and using transcriptional or epigenetic biomark-
ers to predict response. The successful use of the
bromodomain inhibitors in cancer therapy is like-
ly to further energize basic scientists, clinicians,
and the pharmaceutical industry to search for
compounds that may similarly target and disrupt
other chromatin reader motifs, including chro-
modomains and PHD fingers, which are already
known to play key roles in certain cancers.?!

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.
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